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1. INTRODUCTION

1.1. Neurobiological conceptualizations of Attention-Deficit Hyperactivity Disorder

(ADHD)

Attention-Deficit Hyperactivity Disorder (ADHD) is a neurodevelopmental disorder
characterized by childhood onset of age-inappropiate levels of inattention, hyperactivity
and impulsivity. Although some adverse environmental factors have been linked with
ADHD, its high heritability and the early age of onset of the disorder, suggest strong
genetic underpinnings (Faraone and Biederman 1998) (Faraone and Doyle 2001). It is
estimated to affect about 5 % of child and adolescent population (Polanczyk, de Lima et al.
2007), with around 50 % of those carrying the disorder into adulthood (Biederman,
Monuteaux et al. 2006). A meta-analysis of 32 follow-up studies showed a pooled
persistence rate of 15 % applying the full childhood criteria, although another 65 % fulfilled
adult ADHD partial remission criteria, with only about 20 % of childhood cases undergoing

spontaneous remission (Faraone, Biederman et al. 2006).

ADHD’s core symptoms involve clusters of inattention, hyperactivity and impulsivity (APA
2000). Whereas symptoms of hyperactivity, impulsivity and deficit of attention are well
characterized in children, these symptoms can be expressed in adult life in the form of
inner restlessness, inability to relax, impatience, difficulty to make decisions, affective

instability and stress intolerance, with the attentional deficit cluster of symptoms being
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usually the most functionally impairing in adults and closely related to executive

impairment (Barkley 2003) (Kooij, Bejerot et al. 2010).

Several research articles have discussed potential conceptualizations of attention-deficit
hyperactivity disorder, though none has yet produced sufficient conclusive evidence in
support of any of the different proposed causal theories. Taking into account the
heterogeneity of the disorder, it is more likely that a combination of factors underlies its
manifestation, each to different degrees within individuals and ADHD types or
presentations (predominantly inattentive, predominantly hyperactive-impulsive and

combined). Main postulated theories emphasize:

- Underlying deficits in Executive Functions (Barkley 1997) (Barkley, Murphy et al. 2001)

(Willcutt, Doyle et al. 2005) (Doyle 2006), with generalized difficulties in cognitive
processes that encompass organizing and planning and the execution of complex
responses requiring the implication of sustained attention, working memory, time
tracking, attentional shifting, self-monitoring and above all, cognitive inhibitory control. A
dysfunction of the prefrontal-dorsal-striatal and prefrontal-parieto-cerebellar neuronal
pathways would explain this cognitive deficits (Nigg and Casey 2005) (Doyle 2006).
Executive impairment constitutes a core feature of adult ADHD, persisting from childhood
into adulthood even in ADHD individuals whose other symptoms of the disorder have

remitted (Barkley, Murphy et al. 2007) (Miller, Ho et al. 2012).

- Dysfunctional Reward Processing or altered Motivation, in relation to a steeper delayed

reinforcement gradient (delay-discounting gradient), impaired reward prediction errors
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(neural signals that indicate violations of expectations) and a negative emotional response
to reward delay (delay aversion), with poorer derived decision making as a consequence
(Luman, Oosterlaan et al. 2005) (Hauser, lannaccone et al. 2014). In other words, a deficit
in behavioral inhibition during the expectation of a reinforcer that would result in a pattern
of impulsive behavior, with more impulsive responses to reward and a prioritization of
small but immediate incentives over larger but delayed rewards, due to altered processing
of incentives and rewards as a consequence of hyporesponsivity of the dopaminergic
neurons that project from the midbrain to striatal and prefrontal areas (Modesto-Lowe,
Chaplin et al. 2013) (Hauser, lannaccone et al. 2014). This is supported by the evidence of
dysfunction in the activation of brain areas associated with reward processing, mainly the
mesolimbic (medial-prefrontal and orbitofrontal) and ventral striatal circuitry, with nucleus
accumbens in the ventral striatum as its core component (Luman, Oosterlaan et al. 2005)
(Luman, Tripp et al. 2010) (Modesto-Lowe, Chaplin et al. 2013) (Hauser, lannaccone et al.

2014).

- Deficit in Arousal and Activation, conceptualized as the “cognitive-energetic’ model
(Sergeant 2005). Arousal (slow or innacurate processing of perceptual input) has been
mainly associated with the mesencephalic reticular formation and the amygdala and
activation (inadequate response output) with the basal ganglia, principally involving
striatum (Sergeant 2005). Little evidence has been found in studies for arousal deficits
while there is greater evidence for activation deficits in terms of difficulties in self-

mobilization and task initiation (Luman, Oosterlaan et al. 2005).
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- Emotional Regulation deficits have also emerged as a prevalent feature of the disorder
(Herrmann, Schreppel et al. 2009) (Marx, Domes et al. 2011). Emotional impulsiveness
has recently been proposed as a central feature of ADHD contributing to impairment
beyond the two classical ADHD dimensions of inattention and hyperactivity-impulsivity
(Barkley and Fischer 2010) with symptoms of emotional dysregulation (temper, affective
lability, and emotional overreactivity) having been found in one third of ADHD patients in
the absence of anxiety or depressive disorder diagnosis (Reimherr, Marchant et al. 2005),
and a recent study showing a pattern of inheritance of ADHD with deficient emotional self-
regulation suggesing that this could be a familial subtype of ADHD (Surman, Biederman et
al. 2011). Brain dysfunctions would be dependent on interactions between orbitofrontal
and ventromedial prefrontal cortex, anterior cingulate (ACC), amygdala, hippocampus and

ventral striatum (Plessen, Bansal et al. 2006) (Herrmann, Biehl et al. 2010).

- Models based in Multiple Pathways, including different patterns of deficit (executive
dysfunction, altered reward/reinforcement sensitivity, emotional regulation deficits and
cognitive-energetic factors), each of them affecting different patients to varying degrees.
Multiple pathway models explain ADHD in terms of the participation of different
dysfunctional neurobiological pathways that may not be incompatible, but rather may
represent more complete, alternate conceptualizations in order to capture ADHD's
heterogenity (Sonuga-Barke 2003) (Sonuga-Barke, Sergeant et al. 2008) (Sonuga-
Barke, Bitsakou et al. 2010), provided that neural circuits underlying the processes

mentioned above, are made up of overlapping networks.
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1.2. Neuroimaging studies in Attention-Deficit Hyperactivity Disorder

Neuroimaging studies constitute one of nowadays most important techniques examining
the biological basis for ADHD, with studies of brain structure and brain functioning
potentially supporting the implication of certain brain regions and networks in the

pathophysiology of the disorder.

1.2.1. Current state of Structural Neuroimaging studies in Attention-Deficit

Hyperactivity Disorder.

Structural neuroimaging research relating to ADHD is reviewed including English language
articles, covering the major databases (PubMed, Scopus, EMBASE, PsycINFO and Web
of Knowledge), selecting as eligible those studies which used structural neuroimaging
(MRI) to compare ADHD diagnosed subjects to healthy controls. The population of interest
was composed by children, adolescents and adults diagnosed with ADHD according to
recognised criteria: Diagnostic and Statistical Manual of Mental Disorders (DSM; versions:
-IV-R, -1V, -lll or -lll R), or International Classification of Diseases 10 (ICD-10). No limits
were placed on gender nor age of the study populations. Databases were searched to
January 2012 and search terms included: “ADHD and neuroimaging”, “ADHD and
structural neuroimaging”, “ADHD and MRI”, “ADHD and cortical thickness”. A permanent
hand search of relevant original, review and meta-analytic papers was also performed to

january 2015.
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Results of the review:

The two most commonly used analytical techniques in volumetric studies with magnetic
resonance imaging (MRI) are voxel based morphometry (VBM) and manual segmentation
or tracing, drawing regions of interest (ROIs). A disadvantage of the latter type of analysis
is that the non-selected areas of the brain are not evaluated. Voxel-based morphometry
(VBM) allows the simultaneous assessment of whole-brain cortical and subcortical
structures without selecting a priori a specific set of regions (Hoekzema, Carmona et al.
2012), segmenting the brain automatically and therefore minimizing experimenter’s bias in
comparison to manually segmenting a ROI. A third analytical technique, complementary to
the two previous anatomical analyses, is cortical thickness measurement, which has only
recently become possible by means of MRl computational implementations, and has not
been carried out on ADHD datasets until the last ten years. Nowadays, different algorithms
are widely available for computing cortical thickness accurately from MRI scans (Fischl

and Dale 2000).

a. Conventional Volume Measurement Studies

The two most consistently reported and replicated brain structure alterations in studies
using segmentation methods in ADHD include total cerebral volume reduction (using
morphometric analyses calculating volumes for each hemispheric region en bloc or
obtaining volumetric measurements of the whole brain) and reduced volume in the right

caudate (analyses using ROIls). Other consistently reported alterations with manual
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segmentation using ROIls are reduction in total volume of the cerebellum and cerebellar
regions (total vermis, superior vermis and posterior inferior vermis, lateral surface of the
left anterior and the right posterior cerebellar hemispheres) and volume reduction of the
splenium of the corpus callosum (Valera, Faraone et al. 2007) (Mackie, Shaw et al. 2007)
(lvanov, Murrough et al. 2014). Further regions with significant volume reductions relative
to controls in some studies are frontal lobes, principally prefrontal and medial paralimbic
regions, especially ACC (Valera, Faraone et al. 2007) (Makris, Seidman et al. 2010)
(Seidman, Valera et al. 2006) (Makris, Seidman et al. 2010) (Johnston, Mwangi et al.
2014), inferior parietal lobule, putamen (Johnston, Mwangi et al. 2014) and left
hippocampus (reduced hippocampal volumes correlated with the severity of comorbid

depressive symptoms) (Posner, Siciliano et al. 2014).

b. Voxel-Based-Morphometry (VBM) Studies

More recent studies using VBM have confirmed as prominent findings, total cerebral
volume reduction, cerebellum volume reduction and volume reduction in basal ganglia
regions, mainly in components of the right corpus striatum: right globus pallidus, right
putamen and right caudate (Ellison-Wright, Ellison-Wright et al. 2008) (Nakao, Radua et al.
2011) (Johnston, Mwangi et al. 2014). However, these studies have also found evidence of
significant volume reductions in other regions relative to controls, principally frontal lobes
(with superior and inferior frontal gyrus and dorso-lateral and ventromedial/orbitofrontal
prefrontal regions as the most replicated by studies), but also in parietal lobes (Ellison-
Wright, Ellison-Wright et al. 2008) (Shaw and Rabin 2009) (Nakao, Radua et al. 2011)

(Pironti, Lai et al. 2014) (Kessler, Angstadt et al. 2014). Findings of volumetric changes in
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other areas have been less consistent, with more evidence for volume reduction in
temporal lobes (mainly superior and medial gyri and temporal poles), occipital lobes and
ACC, posterior cingulate (PCC), amygdala, splenium and mid-corpus callosum (Brieber,
Neufang et al. 2007) (Kobel, Bechtel et al. 2010) (Sasayama, Hayashida et al. 2010)
(Makris, Seidman et al. 2010) (Ahrendts, Rusch et al. 2011) (Amico, Stauber et al. 2011)

(Cubillo, Halari et al. 2012) (Makris, Liang et al. 2013) (Kessler, Angstadt et al. 2014).

Volume reductions seem to be more pronounced in non-treated populations, diminishing
over time from child to adulthood (Frodl and Skokauskas 2012) (Makris, Liang et al. 2013).
Chronic stimulant treatment is likely to be associated with attenuation of brain structure
abnormalities in ADHD, with more normative volumes under treatment mainly for striatum,
some cerebellar subregions (principally inferior vermis), corpus callosum, ACC and
prefrontal regions (Semrud-Clikeman, Pliszka et al. 2006) (Bledsoe, Semrud-Clikeman et
al. 2009) (Nakao, Radua et al. 2011) (Frodl and Skokauskas 2012) (Spencer, Brown et al.
2013) (lvanov, Murrough et al. 2014), in spite of variability in study designs and in

anatomical regions of interest examined.

c. Cortical Thickness Studies

Cortical thickness studies constitute a very interesting complement to VBM techniques,
influenced by area and thickness, thus facilitating the study of these two measures
separately. These implementations in scanning techniques and image analysis facilitate
the presentation of prospective data determining whether there are changes in cortical

thickness across time and make it easier to track disease progression and to study how
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the normal brain develops and ages (Hutton, De Vita et al. 2008). Longitudinal data in this
type of studies point out that ADHD in childhood could be characterized by a delay in
cortical maturation and that different clinical outcomes may be associated with different
developmental trajectories in adolescence and adulthood (Shaw and Rabin 2009). When
using a brain maturation index, maturation process has been shown to progress in a way
regionally similar in children with ADHD and controls in the early childhood phase of
cortical increase. However, a significant delay in reaching the cortical thickness peak over
most of the brain (especially in the frontal lobe) has been observed in children with ADHD
(10 years) in comparison to controls (7.5 years), which documents a regional cortical
maturation delay in ADHD (2,5 year lag in brain development with respect to controls)
(Shaw, Eckstrand et al. 2007). Main findings have been of global thinning of cerebral
cortex during childhood in ADHD when compared to typically developing controls (mean
reductions about -0.1 mm), mostly in the superior and medial prefrontal/orbitofrontal
regions, and in the precentral area, and across parietal and anterior temporal cortex
(Castellanos, Lee et al. 2002) (Shaw, Lerch et al. 2006) (Fernandez-Jaen, Lopez-Martin et
al. 2014). A slower velocity rate in the phase of cortical thinning in early adolescence has
been shown, with cortical assimetries with respect to typically developing controls
normalizing with time (mainly in posterior cortical regions and right parietal cortex), but
continuing to be maintained with respect to frontal lobe during adolescence (mainly
superior prefrontal and ACC) and adulthood (mainly medial and dorso-lateral prefrontal)
(Shaw, Lerch et al. 2006) (Shaw, Lalonde et al. 2009) (Narr, Woods et al. 2009) (Shaw,
Malek et al. 2013). Children with ADHD with a more similar developmental trajectory of
cortical thickness to that of typically developing children, would seem to have a better

functional outcome than children with greater thickness reductions at baseline, specifically
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for fixed nonprogressive deficits of the medial prefrontal and cingulate regions (Shaw,
Lerch et al. 2006), suggesting that a pattern of delayed cortical development that doesn’t
catch up to levels seen in typically developing population may be central to the
pathophysiology of adult ADHD. However, a recent 33-year longitudinal follow-up study,
shows that cortical thickness reductions are observable in adults with childhood ADHD,
regardless of the remission or persistence of the diagnosis, with findings of decreased
overall mean cortical thickness and, beyond this global difference, with greatest cortical
thinning affecting regions related to top-down regulation of cognitive executive functions
(frontal poles, bilateral parietal lobes, right precuneus, left medial occiptal cortex,
cerebellar hemispheres) and motivational and emotional processes (thalamus, temporal
poles, insula, subgenual ACC, parahippocampus, caudate). Exploratory analyses
suggested that diagnostic remission may result from compensatory maturation of

prefrontal, cerebellar, and thalamic circuitry (Proal, Reiss et al. 2011).

These maturational changes may be repaired to some extent with stimulant treatment, with
positive research findings in different brain areas, mainly for right motor area, left middle/
inferior frontal area (including DLPFC and VLPFC) and right parietal and occipital cortex,
although longitudinal within-subject studies that track changes from childhood to adulthood

are still needed to confirm this (Shaw, Sharp et al. 2009) (Spencer, Brown et al. 2013).

d. Volumetric Studies in ADHD Adult population: State of the Question

Whereas volumetric neuroimaging studies in children and adolescents are plentiful, there

are fewer studies in adults with ADHD and their results are more inconsistent. Structural
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studies in ADHD adults have focused on evaluating if these patients share grey matter
(GM) abnormalities in fronto-striato-cerebellar circuits that sustain cognitive control, as the
proposed neurobiological basis of deficits that persist through the course of the disorder,

but results have been inconclusive.

Most of these adult studies applied a VBM procedure and didn’t find significant differences
between patients and controls (Seidman, Valera et al. 2006) (Seidman, Biederman et al.
2011) (Amico, Stauber et al. 2011) (Pironti, Lai et al. 2014) (Onnink, Zwiers et al. 2014),
except for the studies of Ahrendts et al. (2011) and Almeida et al. (2010). Ahrendts et al.
did show that ADHD adult patients presented a significant reduction in GM volume
bilaterally in the occipital lobes (Ahrendts, Rusch et al. 2011); and Almeida et al. showed
reductions in the right caudate (Almeida Montes, Ricardo-Garcell et al. 2010). Recently,
Makris et al. reported volume reductions in cerebellum, ACC and caudate and volume
increases for DLPFC, OFC and inferior parietal lobe; however these findings appeared to
be significant only for the finding of cerebellum volume decrease, after corrections for
multiple comparisons (Makris, Liang et al. 2013). Alternatively, in some of these VBM
studies, authors carried out an exploratory ROI analysis, and were then actually capable of
reporting deficits compared to healthy controls, in different regions within the frontal lobe
(including the orbito-frontal and dorso-lateral cortices and the inferior frontal gyrus), in the
ACC, the parietal and occipital lobes, the cerebellum, and the caudate and putamen nuclei
(Hesslinger, Tebartz van Elst et al. 2002) (Seidman, Valera et al. 2006) (Almeida Montes,
Ricardo-Garcell et al. 2010) (Seidman, Biederman et al. 2011) (Amico, Stauber et al. 2011)
(Pironti, Lai et al. 2014) (Makris, Liang et al. 2013) (Onnink, Zwiers et al. 2014). Two of

these studies however, have reported an increase of GM volume in regions within some of
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the same areas, specifically in occipital and parietal lobes and the DLPFC, and in other
regions as the dorsal and mid cingulated cortex in ADHD participants relative to controls
(Seidman, Biederman et al. 2011) (Pironti, Lai et al. 2014) (Onnink, Zwiers et al. 2014).
The inability of these VBM studies in adult ADHD to demonstrate smaller volumes of total
brain and subcortical regions, consistently reported in child and adolescent studies, gives
support to the possibility of a delayed maturation in childhood (Shaw and Rabin 2009), and
to the hypothesis of developmental structural brain differences in ADHD normalizing into
adulthood (Onnink, Zwiers et al. 2014). As stated above, stimulant medication appears to
modulate the brain volume in patients with ADHD as shown in a meta-analysis, reporting
that treatment with stimulants may be positively associated with more normative brain
structures (Frodl and Skokauskas 2012), but these results need to be replicated in larger
samples of ADHD adults because the majority of the analysed studies were undertaken in

children.

The discrepancy in adult vs. child/adolescent literature could be explained by smaller
sample sizes, inclusion rate of comorbid conditions, lack of uniformity in terms of
medication status and no-discrimination between ADHD subtypes (Cortese, Kelly et al.

2012) (Cortese and Castellanos 2012) (Spencer, Brown et al. 2013).

Therefore, little is known about structural neurobiological substrates of adult ADHD and

more research is needed to understand the disorder at this stage of life.
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e. Structural Neuroimaging - Summary -

In summary, structural imaging studies using manual segmentation ROl approaches
and VBM in children/adolescents and less consistently in adults with ADHD, have shown
atypical neural structure in the brain, with total cerebral volume reduction and specific
regions which have been found principally to be slightly smaller in ADHD patients
compared to controls. These brain regions are: the prefrontal cortex (PFC) and other
regions with reciprocal connections with PFC, including the striatum, cerebellum, parietal
regions, temporal regions, occipital cortex and cingulate (mainly ACC). All of these areas
play an important role in attention and cognitive processes, as well as emotional and
motivational processes, functions that are impaired in ADHD. In relation to cortical
thickness studies, significant global cortex thinning maintained along time has most
prominently been shown in the medial prefrontal (including ACC), superior prefrontal and
dorso-lateral prefrontal regions. These studies show a neurological development delay
which tends to normalize with advancing age. Volume reductions and differences in
cortical thickness between patients and controls could be attenuated by longterm stimulant

treatment, although more studies are needed to confirm this.

A summary of the findings of the reviewed brain structure studies in ADHD can be found in

Tables 1.1. (Children and Adolescents) and 1.2. (Adults).

References of the revised articles selected through hand search of relevant original
Structural Neuroimaging studies performed from february 2012 to january 2015 can be

found in Table 1.3.
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Table 1.1. Structural changes observed in ADHD studies with Children and Adolescents

Study and year Neuroimaging Sample number Main findings Other observations
technique ADHD (by type: |
inattentive, C ;
combined. HI Vqu.me re.ductlon (VR), .
Cortical thickness reduction (CTR)
hyperactive- : .
or Cortical maturation delay (CMD)
impulsive, NOS not
otherwise specified)/
Controls
(Aylward, Reiss | Manual 10 (types not VR:
et al. 1996) Segmentation | specified)/ 11 -Right caudate
(Baumgardner, Manual 13 (types not VR:
Singer et al. Segmentation  specified)/ 27 -Splenium
1996)
(Berquin, Giedd ' Manual 46 (DSM-1II-R ADHD VR:
et al. 1998) Segmentation  diagnosis : no -Cerebellar vermis volume -Posterior inferior vermis
correspondence with reduction volume reduction
either DSM-IV
types)/ 47
(Bledsoe, Manual 32 (C)/ 15 VR:
Semrud- Segmentation - Cerebellar vermis volume
Clikeman et al. reduction in treatment-naive
2009) ADHD children (N=14) compared
to ADHD children treated with
stimulant medication (N=18) and
controls
(Brieber, VBM 15 (types not VR: -Left inferior parietal
Neufang et al. specified)/ 15 -Left medial temporal lobe cortex volume increase
2007)
(Bussing, Manual 5(C) 19 VR: -Posterior inferior vermis
Grudnik et al. Segmentation -Total cerebral volume volume reduction
2002) -Right caudate
(Carmona, VBM 25(51,5HI,15C)/ VR: -Cerebellum (bilateral
Vilarroya et al. 25 -Total cerebral volume posterior) volume
2005) -Right orbitofrontal region reduction
-Left motor, premotor and
somatosensory cortex
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(Castellanos, Manual 57 (DSM-III-R ADHD VR: -Cerebellum volume
Giedd et al. Segmentation  diagnosis : no -Total cerebral volume reduction
1996) correspondence with -Right caudate
either DSM-IV -Prefrontal region
types)/ 55
(Castellanos, Manual 50 (C)/ 50 VR: -Cerebellum volume
Giedd et al. Segmentation -Right caudate reduction
2001) -Prefrontal region -Cerebellar vermis
volume reduction
-Posterior inferior vermis
volume reduction
(Castellanos, Manual 152 (C)/ 139 VR:
Lee et al. 2002) Segmentation -Total cerebral volume
(Durston, Manual 30(21C,4HI,51)/ VR: -Cerebellum volume
Hulshoff Pol et = Segmentation 30 -Splenium reduction
al. 2004) -Prefrontal cortex -Occipital lobe reduction
(Filipek, Manual 15 (C; close VR:
Semrud- Segmentation ' correspondence -Total cerebral volume
Clikeman et al. between DSM-III -Right caudate
1997) ADD/H type and the  -Frontal lobe (Right>Left):
DSM-IV combined posterior prefrontal cortex, motor
type)/ 15 association area, ACC and
midcingulate cortex
(Giedd, Manual 18 (DSM-III-R ADHD ' VR:
;éitgegj)nos et Segmentation  diagnosis : no -Splenium
correspondence with
either DSM-IV
types)/ 18
(Hill, Yeo etal. | Manual 23 (types not VR: -Cerebellum volume
2003) Segmentation  specified)/ 24 -Total cerebral volume reduction
-Right caudate -Posterior inferior vermis
-Splenium volume reduction
(Hynd, Semrud- Manual 10 (C; close VR:
Clikeman etal. = Segmentation ' correspondence -Total cerebral volume
1990) between DSM-III
ADD/H type and the
DSM-IV combined
type)/ 10
(Hynd, Semrud- Manual 7 (DSM-IlI-R ADHD  VR:
Clikeman etal.  Segmentation ' diagnosis : no -Splenium

1991)

correspondence with
either DSM-IV
types)/ 10
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(Hynd, Hern et
al. 1993)

(Kates,

Frederikse et al.

2002)

(Kobel, Bechtel
et al. 2010)

(Lyoo, Noam et
al. 1996)

(Mackie, Shaw
et al. 2007)

(Mataro, Garcia-

Sanchez et al.
1997)

(McAlonan,
Cheung et al.
2007)

(Mostofsky,
Reiss et al.
1998)
(Mostofsky,
Cooper et al.
2002)

(Overmeyer,
Bullmore et al.
2001)

Manual

Segmentation

Manual
Segmentation

VBM

Manual

Segmentation

Manual
Segmentation

Manual

Segmentation

VBM

Manual

Segmentation

Manual

Segmentation

VBM

11 (DSM-III-R ADHD

diagnosis : no

correspondence with

either DSM-IV
types)/ 11
13(9C,41)/13

14 (types not
specified)/ 12

25 (DSM-I1I-R ADHD

diagnosis : no

correspondence with

either DSM-IV
types)/ 20

36 (35 C, 1 HI)/ 36

11 (DSM-III-R ADHD

diagnosis : no

correspondence with

either DSM-IV
types)/ 19

28 (5HI, 91,14 C)

31

12 (10 DSM-III-R
ADHD diagnosis, 2

DSM-IV 1)/ 23
12(41,8C) 12

18 (C:

correspondence with
ICD-10 hyperkinetic

disorder)/ 16

VR:

-Left caudate

VR:

-Total cerebral volume

-Frontal lobes

(especially prefrontal region)

VR:

-Right superior temporal gyrus
(extending anteriorly to the medial
temporal gyrus)

VR:

-Total cerebral volume

-Splenium

VR:

-Superior cerebellar vermis

VR:

-Total cerebral volume

VR:

-Right corpus striatum (especially
globus pallidus)

-Right frontal lobe

VR:

-Cerebellar vermis

VR:

-Total cerebral volume

-Frontal lobes (especially
prefrontal region)

VR:

-Right superior frontal gyrus
-Basal ganglia bilaterally
(especially right globus pallidus
and putamen)

34

-Right and left
inferiorposterior
cerebellar lobes
reduction (in worse

outcome ADHD subijetcs)

-Cerebellum volume
reduction

-Right parietal lobe
volume reduction
-Posterior inferior vermis

volume reduction

-Right posterior cingulate
volume reduction
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(Pineda,
Restrepo et al.
2002)

(Plessen,
Bansal et al.
2006)

(Qiu, Ye et al.
2011)

(Sasayama,

Hayashida et al.

2010)

(Semrud-
Clikeman,
Filipek et al.
1994)

(Semrud-
Clikeman,
Pliszka et al.
2006)

(Shaw, Lerch et
al. 2006)

Manual

Segmentation

Manual
Segmentation

Manual
Segmentation
and Cortical
Thickness

Mapping

VBM

Manual

Segmentation

Manual
Segmentation

Cortical
thickness

mapping

30 (15 C, 15 1)/ 30

51 (C)/ 63

15 (1) 15

18 (10 C, 61, 2 HI)/
17

15 (C; close
correspondence
between DSM-III
ADD/H type and the
DSM-IV combined
type)/ 15

30(C)/21

163 (157 C, 41,2
HI)/ 166

No group differences

VR:

-All brain structures except for the
putamen and globus pallidus

CTR:

- Focal thinning in bilateral frontal
regions and the right cingulate

cortex
VR:

-Bilateral temporal polar cortices

-Bilateral amygdala
-Left middle frontal gyrus
VR:

-Splenium

VR:
-Bilateral caudate

CTR:

-Global cortex thinning
-Medial prefontal

(left side: initial thinning

associated with worse outcome)

-Superior prefrontal

35

-Bilateral volume
increase of the
hippocampus (mainly
head enlargement)
-No significant
differences in volume of
the amygdala with
conventional measures
(VR of bilateral
amygdalar basolateral
complex with surface

analyses)

-Right occipital cortex
reduction

-Right superior temporal
sulcus reduction

- Right ACC volume
reduction only for
treatment-naive ADHD
children (N=16)

-Thinning of precentral

regions
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(Shaw,
Eckstrand et al.
2007)

(Shaw, Lalonde
et al. 2009)

(Schnoebelen,
Semrud-
Clikeman et al.
2010)

(Sobel, Bansal
et al. 2010)

(Sowell,

Thompson et al.

2003)

(Tremols, Bielsa

et al. 2008)

(van 't Ent, Lehn

et al. 2007)

(van 't Ent, Lehn

et al. 2007)

Cortical
thickness

mapping

Cortical
thickness

mapping

Manual

Segmentation

Manual
Segmentation

Manual

Segmentation

Manual
Segmentation
(method for
semi-automatic
caudate head
and body
segmentation)
VBM

VBM

223 (types not
specified; same
ADHD cohort than
Shaw et al. 2006)/
223

218 (types not
specified; same
ADHD cohort than
Shaw et al. 2006)/
358

25(C)/ 15

47 (C) /57

27 (types not

specified)/ 46

39 (81,7 HI, 24 CY
39

High-low concordant

twin
pairs (types not
specified): 6/34

Discordant twin
pairs (types not
specified): 10/10

CMD:
-Frontal regions (most prominent
in Prefrontal regions)

CTR:
- loss of prefrontal evolving

assymetry

VR:
-Splenium (in treatment-naive
ADHD patients; N = 13)

VR:

- Putamen

- Caudate and globus pallidus
(only for treatment naive ADHD
subjects N=16)

VR:

-Inferior portions of dorsal

prefrontal cortices

-Anterior temporal cortex

VR:

-Right caudate (head and body)

VR:

-Orbitofrontal cortex

VR:
Right inferior dorsolateral prefontal
cortex

36

-Intact posterior
(occipital) evolving
assymetry

-Inferior parietal lobe
volume increase
-Posterior temporal lobe
volume increase

- Posterior corpus
callosum volume

reduction
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(Wang, Jiang et VBM 12 (types not
al. 2007) specified)/ 12
(Yang, Wang et VBM 57 (types not
al. 2008)

specified)/ 57

37

VR:
-Right prefrontal

-Right medial temporal
volume reduction
-Right basal ganglia (especially -Left parietal lobe volume
right putamen) reduction

-Right occipital lobe
volume increase

-Left posterior lateral
ventricle volume increase

VR:

-Total cerebral volume
-Caudate

-Cerebellum

VBM: Voxel Based Morphometry; ACC: Anterior cingulate cortex; ADD/H: Attention-deficit disorder with hyperactivity.

Table 1.2. Structural changes observed in ADHD studies with Adults

Study and year Neuroimaging Sample number
technique ADHD (by type: |

inattentive, C
combined, HI
hyperactive-
impulsive, NOS not
otherwise
specified)/Controls

(Ahrendts, VBM 31 (C) 31

Rusch et al.

2011)

(Almeida VBM 20 (C)/ 20

Montes,

Ricardo-Garcell

et al. 2010)

(Amico, Stauber VBM 20(types not

etal. 2011) specified)/ 20

Main findings Other observations

Volume reduction (VR),
Cortical thickness reduction
(CTR) or Cortical maturation
delay (CMD),

Volume increase (VI)

VR:

-bilateral occipital lobes
(especially located in bilateral BA
17 and 18, corresponding to
visual cortex areas V1/V2)

VR:

-Right caudate

-Right superior frontal gyrus

VR:
-Right and left ACC
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(Depue, VBM
Burgess et al.
2010)
(Frodl, Stauber  Manual
etal. 2010) Segmentation
(Hesslinger, Manual
Tebartz van Elst  Segmentation
et al. 2002)
(Makris, Cortical
Biederman et al. thickness
2007)
mapping
(Makris, Manual
Seidman et al. .
2010) Segmentation
(Perlov, Manual
Philipsen et al. .
2008) Segmentation
(Proal, Reiss et | Cortical
al. 2011) Thickness
Mapping
(Seidman, Manual
Valera et al. .
2006) Segmentation

31 (C)/ 21

20 (types not
specified)/20
8 (C) 17

24 (types not
specified)/ 18

26 (types not
specified)/ 22

27 (C) 27

59 (26 Remitting

ADHD; 17

Persistent ADHD: 7

,6 HI, 4C; 16
NOS) / 80

24 (91,2 HI, 12 C,
1 data missing)/ 18

VR:

-Inferior prefrontal regions
(especially right inferior frontal
gyrus [negatively correlated with
response inhibition and response
variability])

VR:
-Amygdala (bilateral)
VR:

-Left orbitofrontal cortex

CTR:

-Global cortex thinning

-Prefrontal regions bilaterally

(dorsolateral prefrontal cortex and

orbitofrontal cortex)

-Right ACC

-Left posterior cingulate

VR:

-Left ACC (in treatment-naive

patients)

-Right ACC (in treated patients)

-No significant differences in

hippocampus and amygdala

volumes

CTR:

*Proban
isting ADHD:

-multiple regions, including dorsal

with remitting an

attentional network, limbic areas,
right caudate, right thalamus,
bilateral cerebellar hemispheres
*Only probands with persistin
ADHD: medial occipital cortex,
insula, parahippocampus, and
prefrontal regions

VR:

-Total cerebral volume
-Frontal lobes (especially
dorsolateral prefrontal cortex)
-Medial paralimbic regions:

(especially ACC)

38

- Anterior insula reduction
(correlated with slower
speed processing)
-Superior parietal lobe
reduction (negatively
correlated with response
variability)

- Thinning of lateral
inferior parietal cortex

- Thinning of right angular
gyrus

-Nucleus accumbens
volume increase
-Greater white matter
volumes
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(Seidman, VBM 74 (types not VR: -Cerebellum volume
g(i)eﬂe)zrman etal. specified)/ 54 -Caudate reduction
-Putamen -Inferior parietal lobule
-Dorsolateral prefrontal cortex volume reduction
-ACC
VI:

-Orbitofrontal cortex
-Dorsolateral prefrontal cortex
-Visual areas (BA 19/18)

39

VBM: Voxel Based Morphometry; BA: Brodmann area; ACC: Anterior cingulate cortex; ADD/H: Attention-deficit disorder

with hyperactivity.

Table 1.3. Results of hand search of original Structural Neuroimaging articles performed

from february 2012 to january 2015.

‘Studies with Children and Adolescents
‘ VBM studies Manual Segmentation studies
(Kessler, Angstadt et al. 2014) (Ivanov, Murrough et al. 2014)

(Johnston, Mwangi et al. 2014)

|Studies with Adults
‘ VBM studies Manual Segmentation studies
(Makris, Liang et al. 2013)

(Pironti, Lai et al. 2014)

(Onnink, Zwiers et al. 2014)

Cortical Thickness studies

(Fernandez-Jaen, Lopez-Martin et al.
2014)
(Shaw, Malek et al. 2013)

(Shaw, De Rossi et al. 2014)

Cortical Thickness studies
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f. Structural Neuroimaging - Limitations of the studies -

Several limitations of the structural neuroimaging studies revised lead to potential

problems of confounding and bias:

- 43 of the studies included child and adolescents while only 12 studies focused on adult
population. Results of the hand search of articles performed from february 2012 to
january 2015 also reveales a disparity between 6 studies with children and adolescents
and 3 adult studies (see Table 1.3.). Whether structural brain abnormalities observed in
childhood persist into adult ADHD remains poorly understood in the light of the current
literature, with more research needed in adult ADHD.

- Sample sizes were relatively small (N < 20 in 47% of the reviewed studies; N < 30 in 69%
of studies).

- Only 20 studies used fully automated volumetric techniques versus 35 studies using
manual segmentation. It is known that manual tracing by ROI analyses, with voxel-by-
voxel comparison assessment and no cluster thresholding favours findings of significant
differences in many regions (type | error). Results of the hand search of articles
performed from february 2012 to january 2015 indicate a shift in the balance in favor of
fully automated volumetric techniques (7 studies versus 2 using manual segmentation) in
the last two years.

- Different ways of establishing an ADHD diagnosis were detected between studies, with
participants undergoing either clinical assesments, structured interviews, semi-structured

interviews, or simply retrospective reports of childhood symptoms.
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- Discrimination between ADHD subtypes was lacking for most of the studies, thus not
considering the effect of different underlying brain neurophysiology for the different
presentations of the disorder.

- There was not a uniform assessment of comorbid conditions across studies, with the
majority of studies not adressing the effects of comorbidity in brain structural findings.

- Misclassification in terms of medication status and wash-out periods prior and during the
acquisition of the scans was the norm. The majority of studies didn’t specify if participants
were washed out before the scans, and for most of the studies that did wash out
medicated subjects, the length of washout wasn’'t provided. Treatment histories if
assessed, were based on self-reports, with no studies considering different treatment

doses.

1.2.2. Current state of Functional Neuroimaging studies in Attention-Deficit

Hyperactivity Disorder.

Functional neuroimaging research relating to ADHD is reviewed including English
language articles, covering the major databases (PubMed, Scopus, EMBASE, PsycINFO
and Web of Knowledge), selecting as eligible those studies which used functional
neuroimaging (PET, fMRI, fcMRI) to compare ADHD diagnosed subjects to healthy
controls. The population of interest was composed by children, adolescents and adults
diagnosed with ADHD according to recognised criteria: Diagnostic and Statistical Manual
of Mental Disorders (DSM; versions: -IV-R, -1V, -lll or -lll R), or International Classification
of Diseases 10 (ICD-10). No limits were placed on gender nor age of the study

populations. Databases were searched to January 2012 and search terms included:
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‘ADHD and neuroimaging”, “ADHD and functional neuroimaging”, “ADHD and fMRI”,
“‘“ADHD and PET” and “ADHD and functional connectivity”. A permanent hand search of

relevant original, review and meta-analytic papers was also performed to january 2015.

Results of the review:

The revised studies use techniques such as positron emission tomography (PET) or more
frequently functional magnetic resonance imaging (fMRI), due to its superior temporal and
spatial resolution and lesser invasiveness (Bush 2008). Functional brain imaging
techniques use indirect methods for detecting changes in neural activity. They can study
changes in brain blood flow directly via injection of a radioactive tracer (PET) or indirectly
analysing changes in the blood oxygenation level dependent (BOLD) signal (fMRI) (Frith
and Frith 2008). These accounts of neural activity can be detected at baseline (resting
state) or using experimental paradigms that employ cognitive, emotional, sensorial or
motor tasks or stimuli. Novel functional connectivity studies involve correlation between
BOLD signal fluctuations in different brain areas during rest or under task demands. These
studies permit testing the hypothesis that interacting brain regions, rather than isolated
regions of interest, are the cortical substrate for performance. Finally, we also found one
study using Near-infrared spectroscopy (NIRS), neuroimaging approach with relatively
poor temporal resolution as compared to (EEG) and relatively poor spatial resolution as
compared to fMRI, but with minor susceptibility to movement artefacts (Ehlis, Bahne et al.
2008) (especially of interest in psychiatric patients which often find it difficult to remain still

during fMRI studies).
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Most fMRI studies with experimental paradigms in ADHD have looked at executive
functions such as response inhibition (the most studied), working memory (WM), planning
and sustained attention. The more frequently used experimental paradigms to explore
executive functions in ADHD have been: 1) response inhibition tasks such as go/no-go
tasks and stop-signal tasks; 2) cognitive interference/working memory tasks such as task-
switching paradigms, digit span tasks, delay tasks and N-back task; and 3) attention tasks
such as sustained attention tasks with continuous performance feedback and Stroop
tasks. Fewer research has studied impaired time tracking in ADHD by means of time
processing tasks such as sensorimotor synchronization tasks, time estimation tasks and
temporal discounting tasks. Recently more attention has been payed to reward and
motivational processes in functional neuroimaging in ADHD population, using reward-
related tasks such as delay-discounting or incentive delay tasks. In spite of the high rate of
emotional dysregulation in ADHD there are very few functional neuroimaging emotion
processing studies in this population (see # in Tables 2.1. and 2.2.); these studies employ
tasks involving the regulation of emotion by including the presentation of emotional stimuli

such as viewing emotionally aversive slides or facial expressions of emotion i.e..

In relation to more recent functional connectivity studies in psychiatric disorders (mainly
with resting state fMRI) that have identified various large-scale intrinsic networks (Sporns
2014), we have to mention the growing interest of some brain regions referred to as the
default mode network (DMN) since 2001 (Raichle, MacLeod et al. 2001). This network
describes a functionally connected set of brain regions that is more active at rest than
under externally oriented cognitive tasks, during which, its activation decreases, contrary

to task-positive networks (usually regions of interest in functional brain imaging studies
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using experimental paradigms) with increased activation during performance of goal-
directed cognition tasks that demand attention or mental control (Fox, Snyder et al. 2005)
(Kelly, Uddin et al. 2008) (Uddin, Kelly et al. 2009). Regions of DMN are often
anticorrelated with regions of task-positive networks (Fox, Snyder et al. 2005) (Whitfield-
Gabrieli and Ford 2012). DMN regions include: the medial prefrontal cortex, the posterior
cingulate cortex/precuneus and parts of the parietal and temporal lobe cortex and also the
hippocampus (Buckner, Andrews-Hanna et al. 2008). DMN is implicated in internally
directed mentation (self-referential processing and autobiographical recollection) and mind
wandering (Gusnard, Akbudak et al. 2001) (Raichle, MacLeod et al. 2001) (Buckner,
Andrews-Hanna et al. 2008), and deficits in attention to tasks have been linked to
inadequate suppression of the DMN during task performance in different psychiatric
populations (Broyd, Demanuele et al. 2009), therefore, recent studies have been looking

at DMN in ADHD (see ** in Tables 2.1. and 2.2.).

a. Brain Regional Activity Studies

a.1. Studies using Experimental Paradigms (Task Activation Studies)

Looking at brain regional activity studies, most frequently reported alterations have been

found in studies using experimental paradigms.

These studies have found consistent evidence of hypoactivation of the prefrontal regions
(especially dorsolateral prefrontal cortex (DLPFC) and inferior prefrontal cortex (IPFC) —

containing ventrolateral prefrontal cortex (VLPFC) -, the caudate nucleus (principally right
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caudate), the ACC, the parietal lobes (especially superior and inferior parietal), temporal
regions, right cerebellum and the supplementary motor area (SMA) for Response Inhibition
tasks (Dickstein, Bannon et al. 2006) (Paloyelis, Mehta et al. 2007) (Cubillo and Rubia
2010) (Cubillo, Halari et al. 2010) (Bush 2011) (Cubillo, Halari et al. 2012) (Hart, Radua et
al. 2013) (Hart, Chantiluke et al. 2014) (Chantiluke, Christakou et al. 2014) (Fan, Gau et al.
2014) (Morein-Zamir, Dodds et al. 2014). Stimulant medication would attenuate
hypoactivity in the prefrontal, parietal, striatal and supplementary motor regions during this
type of tasks in child and adolescent ADHD population (Rubia, Halari et al. 2011)
(Spencer, Brown et al. 2013) (Cubillo, Smith et al. 2014), with inconsistent findings for

ADHD adults (Congdon, Altshuler et al. 2014).

Frontal cortex (especially IPFC and DLPFC), occipito-parietal cortices, striatum and

cerebellum hypoactivations, have been the more replicated findings for Working Memory

tasks (Paloyelis, Mehta et al. 2007) (Silk, Vance et al. 2008) (Cubillo and Rubia 2010)
(Valera, Brown et al. 2010) (Bush 2011) (Brown, Biederman et al. 2011) (Prehn-Kristensen,
Krauel et al. 2011). Specifically in relation to IPFC hypoactivation, this has been probably
the most consistently observed finding and proposed to be disorder-specific compared
with other disorders, such as conduct disorder or obsessive—compulsive disorder (Cubillo
and Rubia 2010). Stimulant treatment with methylphenidate (MPH) would have shown a
normalizing effect for this frontal-striatal hypoactivity (McCarthy, Skokauskas et al. 2014).
A recent double-blind, placebo-controlled, cross-over study in medication-naive ADHD
boys, under a WM N-back task showed normalization effects under atomoxetine
(significant upregulation of right DLPFC activation) and MPH (significantly normalized left

IPFC underactivation) (Cubillo, Smith et al. 2014).
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In relation to tasks involving Attentional Processes, hypoactivation of temporal, insular,
parietal, cingulate and frontal regions (especially IPFC, DLPFC and SMA) are the most
replicated findings (Paloyelis, Mehta et al. 2007) (Cubillo and Rubia 2010) (Bush 2011)
(Cubillo, Halari et al. 2011) (Rubia, Smith et al. 2005) (Orinstein and Stevens 2014).
Stimulant medication has been associated with greater PFC activation during attentional

tasks (Spencer, Brown et al. 2013).

With regard to Reward-Related tasks, hypoactivation of the ventral striatum during reward

anticipation seems to be the more consistent finding (Plichta and Scheres 2014); reduced
activation in posterior cingulate during reward outcome and in fronto—striato—cerebellar
networks during reward delay have also been found (Cubillo and Rubia 2010) (Plichta,
Vasic et al. 2009) (Chantiluke, Christakou et al. 2014). Studies tend to show an attenuation
of PFC, striatal and cerebellar dysfunction during rewarded paradigms under stimulant

medication (Spencer, Brown et al. 2013).

Among studies dealing with Temporal Processing experimental paradigms, differences in
activation compared to controls have been principally located in regions of the prefrontal
cortex (mainly IPFC and DLPFC), parietal cortices, cingulate, striatum and cerebellum
(Rubia, Halari et al. 2009) (Hart, Marquand et al. 2014) (Chantiluke, Christakou et al.
2014) and in a lesser extent in primary motor cortex and premotor areas in studies with

Sensorimotor Synchronization tasks (Castellanos and Proal 2011).
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Finally, with respect to the processing of emotional stimuli and expected differences in
brain activity to affective negative stimuli i.e., divergent findings have been reported in
relation to the amygdala and other areas, and no clear picture can be discerned for ADHD
from Emotional Processing studies (Brotman, Rich et al. 2010) (Herpertz, Huebner et al.

2008) (Marsh, Finger et al. 2008).

In relation to the DMN, studies using experimental paradigms have identified a reduced
task-related deactivation of this network in ADHD, particularly in medial PFC (Fassbender,
Schweitzer et al. 2011); this inadequate suppression of the DMN has been shown to
normalise under high incentivating conditions and on medication with MPH (Peterson,
Potenza et al. 2009) (Liddle, Hollis et al. 2011) (Cubillo, Smith et al. 2014) and
atomoxetine (Cubillo, Smith et al. 2014). Brown et al. however, found greater deactivation
in the DMN in ADHD adults while performing a 2-back task, contrary to the previously
mentioned findings, pointing to the fact that the task demands dindn’'t surpass the
expected attentional or difficulty threshold, as a plausible explanation for the unexpected
results (Brown, Biederman et al. 2011); this argument however doesn’t seem very
convincing since the N-back task is recognised as difficult even for healthy subjects from a

2-back level of difficulty onwards (Gevins, Smith et al. 1998).

The vast majority of studies looking at potential brain functional effects of exposure to
stimulant treatment are cross-sectional studies with naturalistic dosing of the patients, with
the exception of three randomized drug/placebo studies, which however, lacked a control
group (Bush, Spencer et al. 2008) (Cubillo, Smith et al. 2014) (Cubillo, Smith et al. 2014).

With regards to MPH effects on altered brain regional activity, an overview of these studies
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up to date, suggests a positive acute effect in normalising brain function in ADHD patients
(Peterson, Potenza et al. 2009) (Liddle, Hollis et al. 2011) (Rubia, Halari et al. 2011)
(Rubia, Halari et al. 2011) (Rubia, Alegria et al. 2014) (Cubillo, Smith et al. 2014), whereas
long lasting or trait effects of the medication rather than acute effects, remain

undocumented.

a.2. Task Activation Studies of Working Memory in ADHD Adult population:

State of the Question

Deficits in executive functions have been replicated in numerous neuropsychological
studies both in child and adolescents and in adults with ADHD (Hervey, Epstein et al.
2004) (Willcutt, Doyle et al. 2005). Impairment of WM in particular has been one of the
most replicated findings in child and adolescents ADHD research studies, being
consistently observed to persist into adulthood, with WM deficits as a core characteristic of
adult ADHD in comparison to the general population (Seidman, Doyle et al. 2004)
(Alderson, Kasper et al. 2013), being also found in ADHD adults with high intelligence
quotient (IQ = 120) (Brown, Reichel et al. 2009), and being proposed as an
endophenotype of adult ADHD (Castellanos and Tannock 2002) (Jacob and Lesch 2006)

(Finke, Schwarzkopf et al. 2011).

Although these cognitive deficits were initially associated with reduced fMRI responses in
the prefrontal cortex (Rubia, Overmeyer et al. 1999) (Ernst, Kimes et al. 2003) (Valera,
Faraone et al. 2005), latter neuroimaging studies have shown a widespread of

neurofunctional abnormalities in other brain regions subserving executive functions, as
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well as alterations in the connectivity between those regions (Cubillo and Rubia 2010)

(Cortese and Castellanos 2012).

During performance of WM paradigms, children and adolescents with ADHD have
consitently shown reduced activity in frontal cortices (mainly dorso- and ventro-lateral
prefrontal cortex), occipito-parietal cortices, striatum and cerebellum (Rubia, Overmeyer et
al. 1999) (Smith, Taylor et al. 2006) (Kobel, Bechtel et al. 2009) (Fassbender, Schweitzer
et al. 2011) (Massat, Slama et al. 2012) (Cubillo, Smith et al. 2014) and increased activity
in right mediotemporal areas (mainly hippocampus) (Li, Li et al. 2014). In contrast, findings
in adult ADHD have been inconsistent, with reports of reduced activity in frontal cortices
(dorso- and ventro-lateral, but also medial prefrontal cortex), occipito-parietal cortices,
striatum, cerebellum, anterior cingulate and insula (Valera, Faraone et al. 2005) (Wolf,
Plichta et al. 2009) (Valera, Brown et al. 2010) (Cubillo and Rubia 2010) (Bayerl,
Dielentheis et al. 2010) (McCarthy, Skokauskas et al. 2014), but also reports of increased
activity in the same prefrontal areas, occipito-parietal cortices and cerebellum (Schweitzer,

Lee et al. 2004) (Hale, Bookheimer et al. 2007) (Dibbets, Evers et al. 2010).

This discrepancy in the adult literature relative to children and adolescents research could
be explained by smaller sample sizes, elevated inclusion rate of comorbid conditions, lack
of uniformity in terms of medication status and presence and length of wash-out periods
prior and during the acquisition of the scans, no-discrimination between ADHD subtypes
and inaccurate diagnoses due to reliance on retrospective reports of childhood symptoms

(Cortese, Kelly et al. 2012) (Cortese and Castellanos 2012) (Spencer, Brown et al. 2013).
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Moreover, no prior studies have examined the potential effects of long-term treatment with
methylphenidate (MPH) especifically on brain activity within the working memory network

in adult ADHD (Rubia, Alegria et al. 2014).

Since 2001, it has been recognized that some brain regions de-activate rather than
activate during performance of attention-demanding cognitive task (Gusnard, Akbudak et
al. 2001) (Raichle, MacLeod et al. 2001). These regions integrate the DMN (default mode
network: medial prefrontal cortex, posterior cingulate cortex/precuneus, parts of the
parietal and temporal cortices and of the hippocampus (Buckner, Andrews-Hanna et al.
2008)). Changed patterns of de-activation during task performance in the default mode
network have been found in a range of psychiatric disorders ranging from schizophrenia
(Pomarol-Clotet, Salvador et al. 2008) (Whitfield-Gabrieli, Thermenos et al. 2009) (Dreher,
Koch et al. 2012) and major affective disorders (Grimm, Boesiger et al. 2009) (Sheline,
Barch et al. 2009) (Allin, Marshall et al. 2010) (Pomarol-Clotet, Moro et al. 2012)
(Fernandez-Corcuera, Salvador et al. 2013) to autistic spectrum disorder (Kennedy,
Redcay et al. 2006) and neuropsychiatric disorders such as mild cognitive impairment (see
(Broyd, Demanuele et al. 2009)). De-activation changes have also been replicated in
children with ADHD, with findings of a reduced task-related de-activation of the default
mode network, particularly in medial prefrontal cortex (Fassbender, Zhang et al. 2009)
(Peterson, Potenza et al. 2009) (Fassbender, Schweitzer et al. 2011) (Liddle, Hollis et al.
2011). As stated above, this inadequate suppression of the default mode network has
been shown to normalise under high incentivating conditions and on acute medication with
methylphenidate (Peterson, Potenza et al. 2009) (Liddle, Hollis et al. 2011) (Cubillo, Smith

et al. 2014) and atomoxetine (Cubillo, Smith et al. 2014). However, de-activation of the
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default mode network in ADHD adults while performing WM tasks could be much stronger
than in ADHD children as reported by Brown et al. in a study with ADHD adults while
performing an N-back task (Brown, Biederman et al. 2011), with more studies needed to

understand the link between this neural network and adult ADHD symptoms.

b. Brain Connectivity Studies

b.1. Resting State Connectivity

More recent connectivity studies suggest that ADHD is characterized by abnormal patterns
of functional connectivity. These novel type of studies use resting state functional
connectivity MRI (fcMRI) as the standard technique for the analysis of functional
connectivity patterns in brain networks and the temporal dynamics of their activity
fluctuations. Resting state fcMRI examines the temporal coherence of neural activity
across disparate brain regions (Posner, Park et al. 2014). Those brain regions presenting
a positive temporal correlation of their activity fluctuations over time are “functionally
connected” and are believed to be components of distributed neural networks termed
large-scale intrinsic functional networks (Damoiseaux, Rombouts et al. 2006) (Posner,
Park et al. 2014) (Sporns 2014). An incresing volume of research is documenting that the
brain is organized into large-scale networks that structure communication between
distributed brain regions, that exhibit coherent activity, to accomplish different tasks and
objectives (Fox, Corbetta et al. 2006) (Shehzad, Kelly et al. 2009) (Sporns 2014). Altered
connectivity between these large-scale brain networks would underlie the pathophysiology

of psychiatric disorders (Menon 2011) (Sporns 2011).
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On the one hand, with these resting state approaches, the main findings in ADHD have
been of disrupted functional connectivity within different networks, especially the DMN. In
relation to it, decreases in functional connectivity (reduced correlations) between key
regions inside the network have been found in ADHD, principally between ACC/medial
prefrontal cortices, precuneus and posterior cingulate cortex regions (Cao, Zang et al.
2006) (Castellanos, Margulies et al. 2008) (Uddin, Kelly et al. 2008) (Fair, Posner et al.
2010) (Qiu, Ye et al. 2011) (Tomasi and Volkow 2011) (Fair, Nigg et al. 2012) (Sokunbi,
Fung et al. 2013) (Sripada, Kessler et al. 2014) (Elton, Alcauter et al. 2014) (Mattfeld,
Gabrieli et al. 2014) (Kessler, Angstadt et al. 2014), with less consistent findings
(increased and decreased functional connectivity) within other regions of the network
(McCarthy, Skokauskas et al. 2013). Interestingly, the only study comparing adults with
persistent ADHD vs. adults with remitted ADHD and healthy comparison adults, showed
reduced positive posterior cingulate cortex - medial prefrontal cortex connectivity only for
the persistent ADHD group, but not for the remitted ADHD and control groups, indicating
that intrinsic functional dysconnectivity within the DMN would be a more specific

neurobiological trait in persistent adult ADHD (Mattfeld, Gabrieli et al. 2014).

Findings related to other networks in resting state fcMRI studies have been mainly of
decreased connectivity within ventral and dorsal attention networks (Tomasi and Volkow
2011) (McCarthy, Skokauskas et al. 2013) (Ou, Lian et al. 2014) (Kessler, Angstadt et al.
2014), frontal-parietal-cerebellar executive control network (Li, He et al. 2014) (Kessler,
Angstadt et al. 2014) and visual network (Kessler, Angstadt et al. 2014), and of increased

connectivity within motivational-reward systems (ventral striatum and orbito-frontal cortex -
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OFC-) (Tomasi and Volkow 2011); although findings of lowered connectivity between
ventral striatum and medial prefrontal cortex have also been reported (Hauser, lannaccone
et al. 2014). Other studies analysing connectivity have revealed increased connectivity
within affective networks (ventral ACC, amygdala, nucleus accumbens, hypothalamus,
anterior insula, hippocampus, and OFC with reciprocal connections to autonomic,
visceromotor, and endocrine systems) (McCarthy, Skokauskas et al. 2013), with greater
positive intrinsic functional connectivity between the amygdala and ventral ACC,
specifically shown in ADHD youths with high ratings of emotional lability (Hulvershorn,
Mennes et al. 2014). Reduced connectivity between the left hippocampus and the left OFC
has also been observed (Posner, Siciliano et al. 2014). These findings suggest increased
emotional sensitivity and emotional impulsivity in ADHD along with a liability for anxiety
and depressive symptoms. Finally, connectivity alterations in sensory networks have also

been found (Tian, Jiang et al. 2006) (Wang, Zhu et al. 2009).

In relation to functional connectivity across networks in ADHD subjects, the more
consistent findings have been localized at the DMN's interrelationship with task-positive
networks, with increased extrinsic functional connectivity (reduced anticorrelations =
reduced “effective” connectivity = reduced segregation) during resting state found

between:

1) DMN/medial prefrontal cortex and frontoparietal network (including DLPFC, VLPFC and
ACC), pointing to inappropriate DMN - frontal cognitive control signaling during rest
(Castellanos, Margulies et al. 2008) (Sun, Cao et al. 2012) (Hoekzema, Carmona et al.

2014) (Kessler, Angstadt et al. 2014). This finding has been associated with greater
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severity of hyperactive/impulsive symptoms (Elton, Alcauter et al. 2014), but has also
been replicated in adults with remitted ADHD and not only in those with symptom
persistence (Mattfeld, Gabrieli et al. 2014).

2) the DMN and sensory brain regions (Tian, Jiang et al. 2008) (McCarthy, Skokauskas et
al. 2013) (Elton, Alcauter et al. 2014).

3) DMN and ventral attention network (“salience network”), specifically between posterior
cingulate cortex and right anterior insula and supplementary motor area (Sripada,

Kessler et al. 2014).

Other altered internetwork relations different from DMN - Task-positive networks
connectivity, have been reported in recent studies examining resting state functional
connectivity in the context of neural large-scale network organization of the entire brain of
children with ADHD compared to typically developing children, showing functional low
connectivity for: 1) networks within the “functional rich-club organization” of the brain
(dense structural neural connections linking highly connected network hubs said to form a
‘rich club” (Sporns 2014): midline frontal and midline posterior areas, insula, inferior
temporal and cingulate cortex), explained in part by reduced fractional anisotropy (Ray,
Miller et al. 2014); 2) between dorsal attention netwok and somatomotor network (Kessler,
Angstadt et al. 2014); 3) between dorsal and ventral attention networks and frontoparietal
network; and 4) between visual network and dorsal attention network, also with findings of

between network hyperconnectivity in this case (Kessler, Angstadt et al. 2014).

Resting state connectivity studies in ADHD thus far haven'’t looked at stimulant treatment

effects, with the majority of studies based in medication-naive samples.
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As a whole, however, resting state connectivity studies in ADHD still reveal apparent
inconsistencies, with findings of reduced connectivity within large-scale networks
(Castellanos, Margulies et al. 2008) (Cao, Zang et al. 2006) (Fair, Posner et al. 2010) (Qiu,
Ye et al. 2011) (Tomasi and Volkow 2011) (Uddin, Kelly et al. 2008) (Sokunbi, Fung et al.
2013) (Sripada, Kessler et al. 2014) (Elton, Alcauter et al. 2014) (Mattfeld, Gabrieli et al.
2014) (Kessler, Angstadt et al. 2014) and between large-scale networks (McCarthy,
Skokauskas et al. 2013) (Elton, Alcauter et al. 2014) (Sripada, Kessler et al. 2014)
(Hoekzema, Carmona et al. 2014) (Mattfeld, Gabrieli et al. 2014) (Kessler, Angstadt et al.
2014), but also of increased connectivity (Tian, Jiang et al. 2006) (Tomasi and Volkow
2011), with differing locations for atypical connectivity from one study to another and
different proposals for the reasons of dysconnectivity. Overall, evidence suggests
disrupted functional connectivity with difusse alterations both inside and outside different

brain networks in ADHD, but the altered network patterns remain unclear.

On the other hand, there is a paucity of studies measuring amplitude of low frecuency
fluctuations (ALFF) in the resting state (Zang, He et al. 2007). Measures of the ALFF (<
0.08 Hz) in the variance of the observed BOLD signal for a given brain region are
interpreted as a measure of local spontaneous neuronal activity during a resting state
session (Zou, Zhu et al. 2008) and are of interest to investigate the baseline brain neural
activity in ADHD. Regions with greater ALFF may have greater baseline neural activity
than regions with lower ALFF (Posner, Park et al. 2014). ALFF patterns have been also
proposed as a possible basal scaling factor, accounting for baseline individual variability,

as a marker of neural activity different from the resting state signal (ALFF) (Di, Kannurpatti
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et al. 2012) (Yuan, Di et al. 2013), but this still remains speculative. To date, all studies
computing ALFF have focused exclusively in children and adolescent ADHD population,
and have reported inconsistent findings. These studies have shown significantly different
ALFF at different brain regions, including findings of contrary results between studies for
some of those brain regions. For example, while Zang et al. found increased ALFF in the
ACC of their ADHD participants (Zang, He et al. 2007), Yang et al. found the exact
opposite, reporting reduced ALFF in the ACC (Yang, Wu et al. 2011). Both studies did
show however greater ALFF in the sensorimotor cortex (Zang, He et al. 2007) (Yang, Wu
et al. 2011). Li et al. also found regional differences in ALFF between 33 boys with ADHD
(of different subtypes but without comorbidity) and 32 healthy controls, notably: lower
ALFF in the left OFC and the left ventral superior frontal gyrus and higher ALFF in bilateral
globus pallidus and the right dorsal superior frontal gyrus (Li, He et al. 2014). In relation to
frontal cortex, previous studies with children and adolescents have reported reduced ALFF
in right VLPFC (Zang, He et al. 2007) and right DLPFC (Yang, Wu et al. 2011) and
increased ALFF in the left superior frontal gyrus (Yang, Wu et al. 2011). Sato et al.
however, reported limited accuracy to discriminate ADHD participants from typically
developing controls for ALFF maps in their study based on extensive data acquired by the
ADHD-200 Consortium which provided public release of 929 resting state scans of
children and adolescents with ADHD and typical controls (Sato, Hoexter et al. 2012).
Similar results have been found by Alonso et al. in a study with a sample of 23 children
with ADHD (of the inattentive and hyperactive-impulsive subtypes) and 23 controls, were
the ALFF analysis presented no differences between groups (Alonso Bde, Hidalgo Tobon
et al. 2014); and by An et al. in a study with 19 ADHD patients (of different subtypes and

with important comorbidity issues) and 23 controls, with significant differences found only
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for one region, the right occipital cortex, in which ADHD participants exhibited a higher
ALFF (An, Cao et al. 2013). These negative findings are in contrast with the previous
studies presented above, and would represent that ADHD didn’t influence the function of

different brain regions at rest to a significant extent.

b.2. Task Dependent Connectivity

On the other hand, connectivity studies using experimental paradigms have identified: 1)
hypoconnectivity between DMN areas (ventral ACC) and lateral prefrontal cortex during a
Stroop task, with stimulant treatment improving their connectivity to control comparable
levels (Peterson, Potenza et al. 2009); 2) reduced connectivity between left DLPFC and
DMN (left midcingulate cortex and posterior cingulate cortex) for a high-load N-back WM
task (Bedard, Newcorn et al. 2014), and strengthened connectivity of the frontoparietal
executive network (consistently identified as hypoactivated in fMRI studies using functional
executive tasks) following the administration of stimulant medication in comparison to
placebo during a Sternberg WM task (Wong and Stevens 2012); 3) increased connectivity
between amygdala and lateral PFC under negative valenced stimuli (fearful faces) during
an emotional Stroop, being attenuated by stimulant treatment (Posner, Maia et al. 2011);
and 4) hypoconnectivity between frontal, striatal and cerebellar regions during a rewarded
Continuous Performance Test (CPT), also normalised under stimulant treatment with MPH

(Rubia, Halari et al. 2009).
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b.3. Connectivity Studies in ADHD Adult population: State of the Question

While the great majority of studies have looked at brain connectivity in child and
adolescent ADHD population, these studies are lacking for adult ADHD, so alterations in
brain network connectivity are not well defined nor understood in ADHD persisting into
adulthood. In fact, all of the revised connectivity articles included children and/or
adolescent samples with only five exceptions that studied adult population, producing
inconsistent findings but mainly pointing to dysfunction of functional interacctions within
DMN and between DMN and frontoparietal/lWM and sensory networks (Castellanos,
Margulies et al. 2008), (McCarthy, Skokauskas et al. 2013), (Sokunbi, Fung et al. 2013),
(Mattfeld, Gabrieli et al. 2014) (Hoekzema, Carmona et al. 2014). Moreover, to our
knowledge, there are no studies to date analysing new emerging network measures like

ALFF in adults with ADHD.

c. Functional Neuroimaging - Summary -

In summary, functional brain imaging studies using experimental paradigms have found
functional alterations in structures implicating more importantly fronto-parietal cortices,
frontostriatal-cerebellar loops and the limbic system (mainly ACC and striatum), all of them
structures mediating cognitive control and the regulation of emotion and response
inhibition. More recent studies show decreased deactivation of the DMN during task
performance. With respect to intranetwork functional connectivity studies, a reduced
connectivity within DMN regions would be the main finding. Functional connectivity studies

across networks have found preliminary evidence of reduced effective connectivity
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between the DMN and sensorimotor, attentional and cognitive networks. Acute stimulant
treatment would seem to normalise activation and connectivity but future studies are

needed to confirm such improving effects.

A summary of the findings of the reviewed functional brain imaging studies in ADHD can

be found in Tables 2.1. (Children and Adolescents) and 2.2. (Adults)

Table 2.1. Functional changes observed in ADHD studies with Children and Adolescents

Study Neuroimagi Sample number Task Main findings
ng ADHD (by type: |
LZE IO inattentive, C
combined, HI
hyperactive-

impulsive, NOS not
otherwise
specified)/ Controls

(Anderson, fMRI 10 (C)/ 6 Resting state  -Hypoactivation in cerebellar vermis under MPH
Polcari et al. (on MPH vs. compared to placebo in ADHD subjects with
2002) placebo) more hyperactivity symptoms

-Hyperactivation in cerebellar vermis under MPH
for less hyperactive ADHD subjects

(Booth, fMRI 12(8C,41)/12 Go/No-Go -During response inhibition:

Burman et al. Hypoactivation of inferior, middle and superior

2005) frontal gyri as well as caudate nucleus and

globus pallidus

(Braet, fMRI high risk Go/No-Go -Succesful inhibition:

Johnson et DAT1 genotype Hypoactivation in left inferior parietal cortex, right

al. 2011) (types not cuneus and prefrontal regions (left superior
specified): 6/15 frontal gyrus and ACC)

* High risk DAT1 genotype subjects:
Hyperactivation of ACC, MPFC, caudate, middle

low risk temporal gyrus and middle occipital gyrus

DAT1 genotype
(types not
specified): 11/16 - :
Hypoactivation in the left superior frontal gyrus,
the ACC and right insula

* High risk DAT1 genotype subjetcs:
Hypoactvation of parahippocampal gyrus
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(Brotman, fMRI 18 (types not

Rich et al. specified)/ 37

2010) A

(Cao, Zang  fMRI 29(151,8C, 4

et al. 2006) comorbid
oppositional defiant
disorder, 2
comorbid conduct
disorder)/ 27

(Durston, fMRI 731,4C)7

Tottenham et

al. 2003)

(Epstein, fMRI 9(@4I1,1HIL,4C)9

Casey et al. Children/

2007) Adolescents
9(41,5C)/ 9Adults
This study included
an Adults sample
too

(Fair, Posner fMRI 23 (types not

etal. 2010) ** specified)/ 23

(Fassbender, fMRI 12 (C)/ 13

Zhang et al.

2009) **

(Herpertz, fMRI 13 (types not

Huebner et specified)/ 13

al. 2008) »

(Kobel, fMRI 14 (C)/ 12

Bechtel et al.

2009)

(Konrad, fMRI 16 (9C, 61, 1HIY

Neufang et 16

al. 2006)

Viewing facial
expressions of
emotion
(Pictures of
Facial Affect
series/Ekman
faces and
NimStim set of
facial
expressions)

Resting state

Go/No-Go

Go/No-Go

Resting state

Working
memory and
control tasks:
Visual Serial
Addition Task
(VSAT)
Addition Task
Matching-to-
Sample Task

Viewing of
negative,
positive and
neutral scene
pictures (IAPS)

N-back task

Modified
version

of the Attention
Network Test

60

-Left amygdala hyperactivation while rating
subjective fear of neutral faces

Reduced DMN deactivation (decreased regional
homogeneity in the frontal-striatal-cerebellar

circuits; specifically in regions that included
bilateral inferior frontal gyrus, right inferior ACC,
left caudate, bilateral pyramis and left
precuneus)

-Controls:
Activation of VLPFC, ACC and caudate nucleus

More diffuse activation pattern of other regions
(including more posterior and dorsolateral
prefrontal regions).

Children/Adolescents:

-Hypoactivation of bilateral middle frontal gyrus,

right IFC, right inferior parietal lobule, ACC and
bilateral caudate nucleus

Adults:

-Hypoactivation of bilateral IFC and left caudate
-Hyperactivation of left ACC, left inferior parietal
lobe, striatum and cerebellum

- Hypoconnectivity within the DMN

-Attenuated deactivation with increased working
memory load in frontal DMN regions (mainly
medial prefrontal cortex — including VMPFC-)

(less deactivation in ADHD subjects with
greatest reaction time variability -distractibility
index-)

-Hypoactivation of insula without abnormalities in
amygdala activation in pure ADHD patients

-Hypoactivation in left frontal cortex, bilateral
parietal lobe and right cerebellum

-Hypoactivation:
Right-sided in ACC during alerting

Fronto-striatal for executive control
-Hyperactivation:

Fronto-striatal-insular during reorienting
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(Liddle, Hollis
etal. 2011) **

(Marsh,
Finger et al.
2008) ~

(Mostofsky,
Rimrodt et al.
2006)

(Passarotti,
Sweeney et
al. 2010) ~

(Peterson,
Potenza et
al. 2009) **

(Pliszka,
Glahn et al.
2006)

(Posner,
Maia et al.
2011) 7

(Prehn-
Kristensen,
Krauel et al.
2011)

(Qiu, Ye et al.
2011) **

fMRI 18 (C)/ 18

fMRI 12 (types not
specified)/ 12

fMRI 11(21,9C)Y 11
fMRI 15 (C)/ 14
fMRI 16 (C)/ 20
fMRI 17 (C)/ 15
fMRI 15(13C, 21)/ 15
fMRI 12 (C)/ 12
fMRI 15 (1)/ 15

Go/No-Go +
variable
motivational
incentive
(on and off
MPH)

Viewing facial
expressions of
emotion
(Pictures of
Facial Affect
series/Ekman
faces)

Self-paced
sequential
finger tapping

Emotional
Stroop

Color and
Word Stroop
(on and off
MPH)

Go/No Go
(Stop signal
task)

Cognitive and
emotional
Stroop (on and
off MPH)

Delayed
match-to-
sample task
with face
distractor

Resting State

-Off MPH + low task incentive:

Event-related DMN deactivation significantly
attenuated compared to controls

-Off MPH + high task incentive:

No significant differences in DMN deactivation
-On MPH:

No differences with controls (no attenuation in
either motivational condition)

- No differences in amygdala activity to negative
facial expressions

-Hypoactivation in contralateral primary motor
cortex during simple motor tapping
-Hyperactivation in right parietal cortex during
simple motor tapping

* Hyperactivation in DLPFC and parietal cortex
* Hypoactivation of VLPFC

* Decreased VLPFC engagement

-Attenuated task-related DMN deactivation in
ADHD (mainly ventral anterior cingulate) during
the inhibitory control task, normalised by

MPH

-Failure to activate the ACC and the left VLPFC
after unsuccessful inhibition

-Treatment with MPH associated with ACC
activity attenuation; no effect in VLPFC

-Atypical activity in the MPF: ring th

motional Str task:
*Greater deactivation in billateral MPFC under
negatively valenced stimuli
*Greater activation in left MPFC under positively
valenced stimuli

*Increased connectivity between amygdala and
lateral PFC under negative valenced stimuli
(fearful faces)

-Effects normalised by MPH

-Hypoactivation in frontal, ACC and temporo-
parieto-occipital regions

-Hyperactivation in right insula

- If the delay was interrupted by a distractor, only
healthy controls showed activation of the
caudate

- MPH enhances prefrontal activity during the
delay in ADHD patients when no distractor is
present. MPH did not enhance caudate activity
with or without distractor presence.

- Decreased functional connectivity in the ACC,
posterior cingulate cortex, lateral prefrontal
cortex,left precuneus and thalamus

- Increased functional connectivity in bilateral
posterior medial frontal cortex in the DMN
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(Rubia, fMRI
Overmeyer et
al. 1999)

(Rubia, Smith fMRI
et al. 2005)

(Rubia, fMRI
Halari et al.
2009)

(Rubia, fMRI
Halari et al.
2009)

(Rubia, fMRI
Halari et al.
2011)

7 (types not
specified but all C
or HI)/ 9

16 (C)/ 21

12 (C)/ 12

13 (C)/ 13

12 (C) /113

Stop task
and

Delay task/
Motor timing
task

Stop task

Time
discrimination
task

Rewarded
Continuous
Performance
Test on MPH
vs placebo

Simon Oddball
Task on MPH
vs placebo

-Hypoactivation in the right mesial prefrontal
cortex during both tasks

-Hypoactivation in the right inferior prefrontal
cortex and left caudate during the stop task

-Hypoactivation in the right inferior prefrontal
cortex during successful motor response
inhibition

-Hypoactivation in the precuneus

and posterior cingulate gyrus during inhibition
failure

-Hypoactivation in bilateral OFC, IPFC, MPFC,
ACC, caudate, and in right cerebellum.
-Hyperactivation in left middle frontal gyrus,
superior temporal gyrus, occipital region and
cerebellum.

-On medication with MPH group activation
differences were normalized

ADHD patients on pl :

-Hypoactivation in right IPFC, VMPFC, OFC,
hyppocampus, left basal ganglia, left and right
insula/parahippocampal gyrus and cerebellum

-Underconnectivity in fronto-striatal-cerebellar
circuits

ADHD patients on MPH:
-Hyperactivation in right DLPFC, inferior

cerebellar vermis, bilateral inferior parietal and
right superior parietal lobe, and superior
temporal gyrus

-Underconnectivity in fronto-striatal-cerebellar
circuits normalized

ADHD patients on placebo:

-Hypoactivation in right IPFC, left VMPFC,
supplementary motor area, superior parietal
lobe, superior and middle temporal gyri, basal
ganglia, thalamus and occipital lobe.

-Hypoactivation in left supplementary motor area,

ACC, precuneus, superior and middle temporal
gyri, inferior parietal lobe, occipital lobe.
-Normalized underactivity in IPFC, VMPFC and
striatum
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(Rubia, fMRI
Halari et al.
2011)

(Scheres, fMRI
Milham et al.
2007)

(Schulz, Fan fMRI
et al. 2004)

(Shafritz, fMRI
Marchione et
al. 2004)

(Silk, Vance  fMRI
et al. 2008)

(Smith, fMRI
Taylor et al.
2006)

(Spinelli, Joel fMRI
et al. 2011)

12 (C)/ 13

11 (types not
specified)/ 11

10 (C)/ 9

19 (C)/ 14

12 (C)/ 12

19 (C) 27

13 (10 C, 3 1)/ 17

Stop task on
MPH vs
placebo

Monetary
incentive delay
task

Go/No-Go

Divided
Attention Task
ans Selective
Attention Task
on MPH vs
placebo

Raven’s
Standard
Progressive
Matrices task

Go/No-Go
Motor-Stroop
Switch task

Go/No-Go
(looking at
brain activation
patterns
immediately
preceding
errors)
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ADHD patients on placebo/ Unsuccesful
inhibition:

-Hypoactivation in left IPFC, posterior cingulate
cortex, precuneus, rigt premotor cortex, pre-
supplementary motor area, inferior and superior
parietal lobe, pulvinar, inferior temporal lobe,
cerebellum, bilateral dorsal-medial PFC, occipital
lobe

ADHD patients on pl ful inhibition:
-Hypoactivation in left IPFC, right medial
temporal lobe, occipital lobe, lyngual gyrus,
inferior parietal lobe, posterior cingulate cortex,
precuneus, ACC, pre-supplementary motor area,
pulvinar, cerebellum and bilateral insula

-No significant differences with controls
-Normalized underactivity in IPFC, VMPFC and
striatum

-Hypoactivation of ventral striatum

-Hyperactivation of the left ACC, bilateral
frontopolar regions, bilateral VLPFC, and left
medial frontal gyrus, during inhibition

-Hypoactivation in middle temporal gyrus and
dorsal striatum

-Hypoactivation in middle temporal gyrus
persisted, dorsal striatum underactivity
normalized for divided attention task (not for
selective attention)

-Hypoactivation of VLPFC, right lateral prefrontal
cortex, ACC, bilateral occipito-parietal cortices,
bilateral temporal cortex, cerebellum and
striatum

Go-No Go:
-Hypoactivation in left rostral mesial frontal cortex

-No significant differences

Switch task:

-Hypoactivation in bilateral prefrontal and
temporal lobes and right parietal lobe

- Comparing pre-error with pre-corr rials:
* Activation in the cerebellum, DLPFC and basal
ganglia

- Between-group comparison for the pre-error

versus pre-correct contrast:

* Hyperactivity in the cerebellum, DLPFC and
VLPC
* Precuneus/posterior cingulate cortex less
active in ADHD children
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(Suskauer, fMRI
Simmonds et
al. 2008)

(Tamm, fMRI
Menon et al.
2004)

(Teicher, fMRI
Anderson et
al. 2000)

(Tian, Jiang  fMRI
et al. 2006) **

(Tian, Jiang  fMRI
et al. 2008)

(Tomasiand fMRI
Volkow 2011)

(Vaidya, fMRI
Austin et al.
1998)

(Vaidya, fMRI
Bunge et al.
2005)

(Wang, Zzhu  fMRI
et al. 2009)

25(17.C, 61, 2 HI)/
25

10 (C)/ 12

11 (C)/ 6

12 (101,2 C)/ 12

12 (101,2C) 12

255 (148 HI, 5 1,
102 C)/ 304 (from a
public magnetic
resonance imaging
database)

10(8C,21)/6

10 (C)/ 10

19 (types not
specified but all | or
C)/ 20

Go/No-Go

Go/No-Go

Resting state
on MPH vs
placebo

Resting state

Resting state

Resting state

Go/No-Go with
and without
MPH

Modified
Eriksen
Flanker + Go-
No Go

Resting state
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-Intra-subject variability (ISV) positively related to
pre-supplementary motor area (pre-SMA)
activation in children with ADHD, whereas in
healthy controls variability was inversely related
to pre-SMA activation

-Children with ADHD with less ISV showed
greater prefrontal activation, whereas controls
with more prefrontal activation demonstrated
more ISV

During r nse inhibition:

-Hypoactivation of ACC extending to SMA
-Hyperactivation of left temporal gyrus

ADHD patients on pl
- Hyperactivity in putamen

ADHD patients on MPH:

- Attenuation of hyperactivity in putamen for more
hyperactive ADHD subjects

Increased DMN deactivation (increased resting
state functional connectivity of DMN with dorsal
ACC and within DMN itself)

Increased resting-state activities in basic sensory
and sensory-related cortices

-Increased connectivity within reward-motivation
regions :
* Ventral striatum and OFC

-Decreased connectivity within regions from the
DMN (precuneus) and dorsal attention networks
(superior parietal cortex) and cerebellum

-OFC (region involved in salience attribution) had
higher connectivity with reward-motivation
regions (striatum and ACC) and lower
connectivity with superior parietal cortex(region
involved in attention processing)

-With MPH:

Frontal hyperactivation in patients and controls
and striatal hyperactivation only in patients
-Without MPH:

Greater frontal activation on one

task and reduced striatal activation on the other
task

Interference suppression:
-Hypoactivation of left inferior frontal

gyrus (including insula and thalamus)

S ful R inhibition:
-Hypoactivation of left inferior frontal and

premotor area
-Hyperactivation of right superior temporal gyrus

-Decreased network nodal efficiency in multiple
brain regions involving prefrontal, temporal and
visual cortex regions
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(Wong and fMRI
Stevens
2012)

(Yang, Wu et  fMRI
al. 2011)

(Zang, Jinet fMRI
al. 2005)

(Zang, He et  fMRI
al. 2007) **

(Zhu, Zang et fMRI
al. 2008) **

18 (C) on and off Sternberg
working

stimulant
memory task

medication (MPH or
dextroamphetamine
/amphetamine

combination)

17 (51,12 C)/ 17 Resting state

9(61,3C)9 Stroop

13(101,3C)/ 12 Resting state

9 (types not Resting state
specified)/ 11

-Independent component analysis: identification

of six frontoparietal networks with hemodynamic
responses to encoding maintenance or retrieval
phases of the Sternberg task

On medication: three of these networks
significantly increased activation

E . o |
Led to recruitment of additional brain
regions that were not engaged into the
networks when participants were on
placebo

Strengthened connectivity of some
frontoparietal regions

Regional functional connectivity
changes following medication in
structures previously implicated as
abnormal in ADHD, such as ACC,
VLPFC cortex and precuneus
M f i E f
fluctuations (ALFF) in the BOLD signal:
-Reduced ALFF in bilateral ACC, bilateral middle
cingulate cortex and right middle frontal gyrus

-Increased ALFF in the left superior frontal gyrus
and sensorimotor cortex

-Interference conditions: Hypoactivation in
prefrontal cortex, cingulate cortex, basal ganglia,
insula and cerebellum

1 | e

*Hyperactivation in basal ganglia, insula and
cerebellum

*Hypoactivation in prefrontal cortex

M re of amplit! f low fr n
fluctuations (ALFF) in the BOLD signal:
-Reduced ALFF in right inferior frontal cortex,

bilateral cerebellum and vermis

-Increased ALFF in the right ACC, left lateral
cerebellum, left fusiform gyrus, right inferior
temporal gyrus, left sensorimotor cortex and
bilateral brain stem

Fisher discriminative analysis on regional

I . ‘ . .
ivity:

-Correct classification rate of 85% using leave-

one-out cross validation, and a sensitivity and

specificity of 78% and 91%, respectively

-Highly discriminative brain regions were the

prefrontal cortex, ACC and thalamus

ACC: anterior cingulate cortex; CPT: continuous performance task; DMN: default-mode network; DLPFC: Dorsolateral
prefrontal cortex; fMRI: functional magnetic resonance imaging; IAPS: International Affective Picture System; IFC:
inferior frontal cortex; MPFC: medial prefrontal cortex; MPH: methylphenidate; NIRS: near-infrared spectroscopy;
OFC: orbitofrontal cortex; SMA: supplementary motor atea; VLPFC: ventrolateral prefrontal cortex; VMPFC:

vetromedial prefrontal cortex.
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Table 2.2. Functional changes observed in ADHD studies with Adults

Study Neuroima Sample number Task Main findings
ging ADHD (by type: |
technique inattentive, C
combined, HI
hyperactive-
impulsive, NOS not
otherwise specified)/
Controls
(Banich, fMRI 23 (C) 23 Colour-Word -Hypoctivation in right DLPFC for sustained
Burgess et al. Stroop attentional control
2009) -Hyperactivation in right IFC for transient
aspects of attentional control
(Brown, fMRI 53 (17 C, 181, 1 HI;  N-back task -Task positive network: Hypoactivation of
Biederman et al. 17 remitted ADHD)/ right DLPFC, SMA and middle cingulum
2011) ** 38
-DMN:
*Greater suppression of medial prefrontal
cortex (ACC, OFC, superior medial frontal
region) in DAT1 genotype
*Relationship of task-related suppression of
DMN to inattentive ADHD symptoms
(Bush, Frazier et fMRI 8 (types not Counting Stroop  -Failure to activate the ACC
al. 1999) specified)/ 8
-Compensatory activation of frontostriatal-
insular network instead
(Bush, Spencer fMRI 21 (C) (Double blind  Multi Source reatment with MPH associated with
et al. 2008) randomized placebo- ' Interference - Hyperactivity in ACC, right DLPFC and left
controlled study: 10  Task and right superior parietal region
patients on MPH and - Greater hyperactivity in dorsal anterior
11 patients on midcingulate cortex for treatment
placebo) responders than for nonresponders
(Carmona, fMRI 19(C)/ 19 Go-No Go -No differences during response inhibition
Hoekzema et al. Monetary -Hypoactivation in bilateral ventral striatum
2012) incentive delay  during reward anticipation
task
(Castellanos, fMRI 20 (C) 20 Resting state Disrupted functional connectivity between
Margulies et al. ACC and regions of the DMN (mainly
2008) ** precuneus/posterior cingulate cortex regions
and VMPFC)
(Cubillo, Halari  fMRI 11(5 C, 6 HI)/ 14 Stop task -Successful inhibition:
et al. 2010) Hypoactivation in right and left IFC, premotor
cortex, ACC, SMA, right basal ganglia and
right thalamus
Hypoactivation in right IFC and right striatum
Cognitive -Hypoactivation in right and left IFC, insula,
Switch task right and left striatum, and left inferior
(modified parietal lobe

version of the
Meiran Switch
task)
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(Cubillo, Halari  fMRI 11 (5 C,6 HI)/ 15 Simon task -Hypoactivation in IFC (left OFC, left MPFC)
et al. 2011) (interference and left ACC
inhibition) -Hypoactivation of left striatum
Oddball task -Hypoactivation in left IFC and DLPFC
(perceptual
attention
allocation)
(Dibbets, Evers  fMRI 16 (C)/ 13 Modified Go/No- -During response inhibition:
et al. 2009) Go with *Hyperactivation in inferior frontal gyrus and
presentation of  putamen
negative -Duri - :
feedback *Hypoactivation in IFC/OFC, hippocampus/

nucleus accumbens and caudate nucleus
*Hyperactivation in inferior frontal gyrus

(Dibbets, Evers fMRI 15 (C)/ 14 Task-switching  -ADHD patients:

et al. 2010) paradigm Hyperactivation of dorsal ACC, middle
temporal gyrus, precuneus, lingual gyrus,
precentral gyrus and insula
-Controls:
Hyperactivation of putamen, posterior
cingulate gyrus, medial frontal gyrus,
thalamus, OFC and postcentral gyrus

(Dillo, Goke et fMRI 15 (5C, 71,3 HI)) 15  Go/No-Go -Hyperactivation in parietal regions

al. 2010)

(Ehlis, Bahne et  NIRS 13 (C: N-back task -Hypoactivation of right and left IFC/VLPFC

al. 2008) correspondence with

ICD-10 hyperkinetic
disorder)/ 13

(Epstein, Casey fMRI 9(4¢C,51)/9 Go/No-Go -Hypoactivation in bilateral IFC and left
et al. 2007) caudate

-Hyperactivation in left parietal lobe and ACC
(Ernst, Kimes et  PET 10(6C,41)/12 Gambling task  -Hypoactivation of left insula, left temporal
al. 2003) lobe and left occipital cortex

-Hyperactivation of right ACC, right temporal
lobe and left parietal gyri

(Hale, fMRI 10(71,3C) 10 Digit span -Hypoactivation of bilateral superior parietal
Bookheimer et lobe, right inferior parietal lobe, left temporal
al. 2007) lobe and left occipital cortex

-Hyperactivation of right DLPFC, right IFC,
right medial superior parietal lobule, right
precuneus, left cingulate gyrus, left posterior
temporal-occipital border and occipital

cortex.
(Mulligan, fMRI 12 (C)/ 12 Go/No-Go -Hypoactivation of right PFC and pre-SMA,
Knopik et al. left precentral gyrus, bilateral inferior parietal
2011) lobe
(O'Gorman, fMRI 9 (C) 11 on and off  Resting state -Hyperactivation in left caudate, IPFC, ACC,
Mehta et al. MPH precuneus, middle frontal gyrus, postcentral
2008) gyrus, parahippocampal gyrus and

supramarginal gyrus

-Treatment with MPH attenuates
hyperactivity in frontal and parietal regions
and in caudate

(Plichta, Vasic et fMRI 14 (C)/ 12 Temporal -Immediate rewards:

al. 2009) discounting task = Hypoactivation of ventral striatum/nucleus
accumbens and bilateral amygdala
-Delayed rewards:
Hyperactivation of dorsal caudate and
bilateral amygdala
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(Schweitzer, Lee PET
et al. 2004)

(Stoy, fMRI
Schlagenhauf et
al. 2011)

(Strohle, Stoy et  fMRI
al. 2008)

(Uddin, Kelly et fMRI
al. 2008) **

(Valera, fMRI
Faraone et al.
2005)

(Valera, Brown  fMRI
et al. 2010)

(Valera, fMRI
Spencer et al.
2010)

(Wolf, Plichta et fMRI
al. 2009)

(Zametkin, PET
Nordahl et al.
1990)

10 (C)/ 11

23 (C)/ 12

10(41,2HI,4C)/ 10

20 (C)/ 20

20 (types not
specified)/ 20

44 (13 C, 171, 1 HIy/

49

21(5C, 121, 4 NOS)/

19

12(9C,21,2HI)/ 12

25 (C; close
correspondence
between DSM-III

ADD/H type and the
DSM-IV combined

type)/ 50

Paced Auditory
Serial Addition
Task (PASAT)

Monetary
Incentive Delay
Task

Monetary
incentive delay
task

Resting state

N-back

N-back

Paced and
unpaced finger

tapping

Delay task

CPT
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-Hypoactivation of left IFC and insula, ACC
and left temporal and parietal lobes
-Hyperactivation of MPFC, right midbrain and
right caudate and cerebellar vermis

-Hypoactivity in bilateral inferior frontal gyrus
-No differences between groups
During loss anticipation

-Hypoactivity in right middle frontal gyrus

-Hypoactivity in insula and right precentral
gyrus

Hypoactivation in the left ventral striatum/
nucleus accumbens

-In response to gain outcomes:
Hyperactivation of the right OFC, right
DLPFC, left IFC and right basal ganglia

Reduced DMN network homogeneity (mainly
altered precuneus connectivity)

-Hypoactivation of left cerebellum (posterior
lobe) and left inferior occipital gyrus

-Hypoactivation of bilateral MPFC and left
ACC

-Hypoactivation in different regions
associated with sensorimotor timing,
including prefrontal and precentral gyri, basal
ganglia, cerebellum, inferior parietal lobe,
superior temporal gyri and insula

-Hypoactivation in left VLPFC/IFC, right
cerebellum, right occipital regions, right
MPFC and right insula

-Hypoactivation of ACC, premotor and
somatosensory areas

ACC: anterior cingulate cortex; CPT: continuous performance task; DMN: default-mode network; DLPFC: Dorsolateral
prefrontal cortex; f/MRI: functional magnetic resonance imaging; IAPS: International Affective Picture System; IFC:
inferior frontal cortex; MPFC: medial prefrontal cortex; MPH: methylphenidate; NIRS: near-infrared spectroscopy;
OFC: orbitofrontal cortex; SMA: supplementary motor area; VLPFC: ventrolateral prefrontal cortex; VMPFC:

vetromedial prefrontal cortex.
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Table 2.3. Results of hand search of original Functional Neuroimaging articles performed
from february 2012 to january 2015.

Studies with Children and Adolescents

‘ Task Activation studies Resting State Connectivity studies Task Dependent Connectivity studies
(Chantiluke, Christakou et al. (Sato, Hoexter et al. 2012) (Wong and Stevens 2012)

2014) (Sun, Cao et al. 2012) (Bedard, Newcorn et al. 2014)

(Cubillo, Smith et al. 2014) (Fair, Nigg et al. 2012)

(Cubillo, Smith et al. 2014) (An, Cao et al. 2013)

(Fan, Gau et al. 2014) (Alonso Bde, Hidalgo Tobon et al.

(Hart, Chantiluke et al. 2014) 2014)

(Hart, Marquand et al. 2014) (Elton, Alcauter et al. 2014)

(Orinstein and Stevens 2014) (Hulvershorn, Mennes et al. 2014)

(Rubia, Alegria et al. 2014) (Li, He et al. 2014)

(Ou, Lian et al. 2014)
(Posner, Siciliano et al. 2014)
(Ray, Miller et al. 2014)
(Sripada, Kessler et al. 2014)

(Kessler, Angstadt et al. 2014)

Studies with Adults
Task Activation studies Resting State Connectivity studies Task Dependent Connectivity studies
(Congdon, Altshuler et al. 2014) (McCarthy, Skokauskas et al. 2013)

(Morein-Zamir, Dodds et al. 2014) | (Sokunbi, Fung et al. 2013)

(Mattfeld, Gabrieli et al. 2014)

(Hoekzema, Carmona et al. 2014)
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d. Functional Neuroimaging - Limitations of the studies -

Limitations of the functional neuroimaging studies revised that may lead to potential

confounding factors and bias are:

- 47 of the studies included in our first systematic review of the literature to January 2012,
studied child and adolescents, while only 27 studies focused on adult population. The
result of the hand search of articles performed from february 2012 to january 2015 also
reveales a disparity between 23 studies with children and adolescents and 6 adult
studies (see Table 2.3.). As there is a considerable variability between children and adult
studies, more adult studies are needed to better characterize adult ADHD neural
functioning.

- Sample sizes were small for the majority of the studies revised (N < 20 in 89% of the
studies), thus implicating insufficient statistical power and increasing the risk of type Il
errors.

- Matching procedures were often inappropriate (not considering 1Q i.e.).

- Different ways of establishing ADHD diagnosis were used between studies with very few
using structured interviews and a number of them relying on retrospective reports of
childhood symptoms involving unreliable memory issues.

- No distiction was made between ADHD subtypes in some of the studies, with other
studies including all of the subtypes (predominantly inattentive, predominantly
hyperactive-impulsive and combined). This clinical heterogeneity may account for

inconsistent findings due to physiological group differences.
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- The assessment of comorbid conditions was not uniform across the revised studies with
some of the studies not even considering or reporting the exclusion of comorbid
conditions. Comorbidity assessment and adequate adressing of its effects is very
important in adult ADHD, provided that up to 50% of cases present a co-ocurring anxiety
or depressive disorder (Kessler, Adler et al. 2006) (Mcintosh, Kutcher et al. 2009),
besides other frequent comorbid disorders such as substance use disorders and
personality disorders (Asherson, Chen et al. 2007).

- In terms of medication status, presence and length of wash-out periods prior and during
the acquisition of the scans weren’t clearly stated in all the studies, with predominance of
wash-out periods of only 48 hours, which could explain to some extent group differences

due to rebound effects as a result of short discontinuation periods of stimulant treatment.
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2. GENERAL OBJECTIVES of the THESIS

The aim was to investigate brain structural and functional changes of a large sample of
ADHD adults and to explore to what extent these changes could be corrected by long-term

exposure to methylphenidate (MPH).

To this end a group of adults with a positive diagnosis of ADHD-Combined subtype (as a
means to select a more neurophysiologically homogeneous sample) and a matched group
of healthy volunteers were recruited. Anatomical MRI images were carried out to explore
regional brain differences in grey matter using voxel-based morphometry (VBM). fMRI
images from participants were obtained to examine brain activations and deactivations
during performance of a well-validated working memory task (N-back task). And resting
state fMRI was carried out to look at the levels of brain activity at rest quantified by the
Amplitude of Low Frequency Fluctuations (ALFF) and to evaluate the general levels of

functional connectivity measured by the Global Brain Connectivity maps (GBC).

To investigate the potential corrective effect of long-term exposure to MPH, our adult
ADHD group was subdivided in a group of patients who had been treated with this drug in

the long term and a group of patients naive to stimulant treatment.
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3. SPECIFIC OBJECTIVES of the THESIS

3.1. STUDY 1: Structural Neuroimaging

In order to shed some light on the volumetric neurobiological correlates and potential

neuro-structural effects of MPH in adult ADHD, the present study aimed to:

1) evaluate changes in whole-brain analysis in a large sample of adults with ADHD with

the combined presentation and no other psychiatric comorbid conditions, compared with

a healthy comparison group (HCG),

2) assess the association between ADHD symptom severity and volumetric abnormalities,

3) and investigate the potential volume corrective effect of long-term exposure to

methylphenidate (MPH).

3.2. STUDY 2: Functional Neuroimaging

3.2.1. Sequence during Task Performance of a Working Memory paradigm

(N-back task)

In order to address potential confounders and to shed light on adult ADHD neural activity

literature, the present study aimed to:
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1) investigate brain activity (activations and deactivations) in a larger sample than in most
previous studies, of ADHD-Combined presentation adults (either naive to
pharmacological treatment or chronically, but exclusively, treated with MPH) during
performance of the N-back working memory task (that has shown the ability to activate
the dorso-lateral prefrontal cortex (DLPFC) along with other brain areas associated with
working memory and executive function in general), compared to a sample of healthy

comparison participants,

2) assess the association between ADHD symptom severity and brain functional

alterations,

3) and investigate the potential attenuation effect of functional abnormalities of long-term

exposure to methylphenidate (MPH).

3.2.2. Sequence during Resting State

To fill the gap in adult literature looking at functional connectivity in ADHD, the aim was to:

1) investigate the presence of abnormalities in the levels of intrinsic activity in the different

parts of the brain of the ADHD participants by means of ALFF images,

2) evaluate potential ADHD related alterations in brain connectivity by means of maps of
Global Brain Connectivity (GBC). Individual GBC maps summarize the connectivity
levels at each location of the brain by portraying the average correlation of each grey

matter voxel with the remaining voxels of the brain (Cole, Pathak et al. 2010) allowing
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the quantification of overall connectivity in a single image. Once areas of abnormal GBC

are located, a more standard seed based connectivity analysis may be applied to

identify the specific connections that are affected;

3) and study the potential corrective effect in both ALFF and GBC alterations of long-term

exposure to methylphenidate (MPH)

4. HYPOTHESIS

Based on previous research, the hypotheses of the thesis are:

4.1. STUDY 1: Structural Neuroimaging

1) Reduced volume in frontal, striatal and cerebellar brain areas will be found in adult

ADHD participants when compared with healthy controls.

2) The magnitude of these differences in volume will be associated with ADHD symptoms

intensity.

3) Chronic treatment with MPH will have a normalising effect on the above structural

differences.
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4.2. STUDY 2: Functional Neuroimaging

During the performance of the working memory paradigm:

1) ADHD participants will show reduced activation in prefrontal (mainly dorso- and ventro-

lateral prefrontal cortex) and in parietal cortices, compared to healthy participants.

2) Failure of DMN regions de-activation is also predicted to be seen.

3) In line with an expected ‘normalization’ effect due to long-term treatment with MPH,
ADHD participants chronically treated with MPH will sit in between healthy participants
and ADHD medication-naive participants with regards of functional differences in brain

activity.

During resting state:

1) ADHD participants will show abnormal levels of amplitude of fluctuations (ALFF) and of
global connectivity (GBC) in DMN regions, specially in the precuneus/PCC, medial PFC

and ACC and lateral prefrontal cortex.

2) ADHD participants under long-term stimulant treatment with MPH will show a tendency
to normalization of these pathological patterns in comparison to medication-naive

participants.
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5. METHODS

5.1. Subjects

Forty-six right-handed adult ADHD-Combined type (30 men and 16 women) participiants

were recruited from the Hospital Universitari Vall d’Hebron and from private practice.

Forty-six healthy controls were recruited from non-medical staff working in the hospital,
their relatives and acquaintances, plus independent sources in the community. They were

selected to be age, sex and IQ (current and premorbid) matched to the patients.

ADHD clinical diagnosis was obtained from a full clinical interview by an experienced
psychiatrist and based on the assessment of ADHD on the Diagnostic and Statistical
Manual of Mental Disorders, Fourth Edition, Text Revised (DSM-IV-TR) (APA 2000).
Additional assessment instruments applied to confirm the diagnosis were the Conners’
Adult ADHD Diagnostic Interview for DSM-IV (CAADID) (Epstein, Johnson et al. 2001)
(Ramos-Quiroga, Bosch et al. 2012), the Wender Utah Rating Scale (WURS) (Ward,
Wender et al. 1993), the ADHD Rating Scale (DuPaul, Power et al. 1998) and the Conners
Adult ADHD Rating Scale (CAARS) (Conners, Erhardt et al. 1999). Also, all subjects were
evaluated to exclude comorbidity with other psychiatric or personality disorders applying
the Structured Clinical Interview for Axis | (SCID-I) (First, Spitzer et al. 2002) and Axis |l

(SCID-II) (First, Gibbon et al. 1997).
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The healthy comparison samples consisted of right-handed healthy individuals with no
personal or family (1st degree) history of mental disorders. ADHD diagnosis was ruled out
in the comparison group by means of a checklist including DSM-IV criteria for ADHD and
all subjects in the group were also assessed to exclude other psychiatric or personality
disorders administering the Structured Clinical Interview for Axis | (SCID-I) (First, Spitzer et

al. 2002) and Axis Il (SCID-II) (First, Gibbon et al. 1997).

On the full sample, premorbid 1Q was estimated using the Word Accentuation Test (Test de
Acentuacién de Palabras, TAP (Del Ser, Gonzalez-Montalvo et al. 1997)); a test requiring
pronunciation of Spanish words with removed accents. Scores can be converted into 1Q
estimates (Gomar, Ortiz-Gil et al. 2011). Current IQ was also evaluated with two subtests

of the Wechsler Adult Intelligence Scale Ill (Wechsler 1997): vocabulary and block design.

Other exclusion criteria that applied to the entire sample were: (a) age younger than 18 or
older than 65 years, (b) history of brain trauma or neurological disease and (c) drug or

alcohol use meeting diagnostic criteria for abuse/dependence.

Two ADHD participants were excluded from the analyses in STUDY 1 - Structural
sequence; five were excluded from STUDY 2 - Functional sequence during Task (N-back);
and ten from STUDY 2 - Functional sequence during Resting State, respectively, due to
excessive movement in the fMRI images (see fMRI data acquisition section). Therefore,
the final sample included 44 ADHD participants (15 medication-naive and 29 stimulant-
treated) and 44 matched controls for STUDY 1 - Structural sequence; 41 ADHD

participants (15 medication-naive, 26 stimulant-treated) and 41 matched controls for
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STUDY 2 - Functional sequence during Task; and 36 ADHD participants (13 medication-

naive, 23 stimulant-treated) and 36 matched controls for STUDY 2 - Functional sequence

during Resting State (demographic data for the samples is shown in Table 3.).

Table 3. Demographic Data for ADHD patrticipants and Controls.

STUDY 1 - Structural sequence ADHD N = 44 Controls N = 44
Mean (SD) Mean (SD)
Age (years) 31.61 (11.38) 32.57 (10.63)
Sex (male/female) 29/15 29/15
TAP scores (premorbid 1Q) 22.42 (4.49) 23.10 (3.88)
Current 1Q (WAISII) 105.00 (7.53) 105.97 (11.38)
STUDY 2 - Functional sequence during Task ADHD N = 41 Controls N = 41
Mean (SD) Mean (SD)
Age (years) 31.00 (10.85) 31.73 (9.59)
Sex (male/female) 28/13 28/13
TAP scores (premorbid 1Q) 22.40 (4.54) 22.97 (3.92)
Current |1Q (WAIS-III) 104.87 (7.48) 106.06 (11.53)
STUDY 2 - Functional sequence during Resting State ADHD N =36 Controls N = 36
Mean (SD) Mean (SD)
Age (years) 31.86 (10.73) 32.75(10.07)
Sex (male/female) 23/13 23/13
TAP scores (premorbid 1Q) 23.06 (4.37) 23.56 (4.19)
Current 1Q (WAISII) 106.19 (7.23) 105.25 (12.53)
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ADHD stimulant-treated participants had a history of pharmacological treatment only with
MPH and were medicated with the following relative daily doses and treatment duration

(Table 4):

Table 4. MPH relative daily doses and treatment duration

Relative daily doses (mg/day) Treatment duration (months)
Mean £ SD Mean £ SD

STUDY 1 42.24 + 1617 25.20 £ 24 .41
Structural
STUDY 2 41.15 £ 16.98 23.55 +22.63
Functional during Task
STUDY 2 42.31 £ 15.73 27.91 £ 25.56
Functional during Resting State

The methylphenidate-treated ADHD patients were discontinued from medication at least 4
days prior to the MRI hence avoiding short-term withdrawal effects. ADHD medication-
naive participants had never received pharmachological treatment for their psychiatric

condition.

The study was approved by the Ethics Committee of Hospital Universitari Vall d’Hebron
and FIDMAG Research Foundation Germanes Hospitalaries and all participants gave

written informed consent.
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5.2. Procedure

During a single fMRI session per participant the following sequences were acquired:

- High-resolution T1 sequence for volumetric analysis (VBM).

- Functional resting state sequence taken with open eyes.

- Functional during task sequence taken while participants performed a blocked designed
verbal N-back task (Gevins and Cutillo 1993) with two-memory load conditions (i.e. 1 and

2-back).

5.2.1. STUDY 1 - Structural Neuroimaging -

a. Structural magnetic resonance imaging (MRI) data acquisition

All participants were scanned in the same 1.5-T GE Signa scanner (General Electric
Medical Systems, Milwaukee, WI, USA) at Sant Joan de Déu Hospital in Barcelona
(Spain). The high-resolution structural T1 MRI data were obtained with the following
parameters: 180 axial slices, 1 mm slice thickness with no gap, 512x512 matrix size,
0.5x0.5x1mm3 voxel resolution, 4 ms echo time (TE), 2000 ms repetition time (TR), 15°

flip angle.
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b. Structural MRI image processing

Raw structural images had the non-brain matter removed with the ‘brain extraction
tool’ (BET) (Smith 2002) and were segmented into gray matter and other tissues with FSL

(Zhang, Brady et al. 2001).

Normalization of the gray matter segments to a common template was conducted with the
‘advanced normalization tools’ (ANTS) high-resolution diffeomorphic symmetric
normalization (SyN) based on directly manipulated free form deformation (Avants, Epstein
et al. 2008) (Avants, Yushkevich et al. 2010), which has shown to substantially improve the
accuracy of other methods (Klein, Andersson et al. 2009). Normalization steps were as
follows: a) affine registration of the native-space GM images to a Montreal Neurological
Institute (MNI) GM template (voxel-size: 1.5x1.5x1.5mm3); b) creation of a template using
the registered GM images; c) non-linear registration of the native-space gray matter

images to the template; and d) four extra iterations of the steps b and c.

Modulated and non-modulated images were Gaussian-smoothed with a 0=4mm
(FWHM=9.4mm) kernel, which has shown to yield increased sensitivity as compared to
narrower kernels (Radua, Canales-Rodriguez et al. 2014). Note that the non-linear
registration is able to capture gross differences such as brain shape abnormalities, but not
more subtle differences such as fine cortical thinning. Thus, unmodulated images may
better detect mesoscopic (i.e. between microscopic and macroscopic) differences not
captured by the non-linear registration, as in that case the modulation would only introduce

macroscopic noise, ultimately reducing the statistical power (Radua, Canales-Rodriguez et
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al. 2014). Conversely, modulated images may better detect macroscopic differences
captured by the non-linear registration, as a great part of these differences might be
removed during the non-linear registration but re-introduced with the modulation

(Ashburner and Friston 2001).

c. Structural MRI statistics

Voxel-based anatomical differences between patients and controls were fitted with a
general linear model with sex, age and cumulated stimulant dose as regressors. The
‘threshold-free cluster enhancement’ (TFCE) was used due to its increased sensitivity as
compared to voxel- or cluster-based statistics (Smith and Nichols 2009) (Salimi-Khorshidi,
Smith et al. 2011) (Radua, Canales-Rodriguez et al. 2014). Statistical significance was

assessed with the permutation test included in FSL.

Maps were thresholded twice, once using a FWE corrected p < 0.05 and once using an
uncorrected p<0.001 (in both cases excluding clusters with less than 10 voxels), with the
understanding that the former minimized false positive results whilst the latter minimized

false negative results (Durnez, Moerkerke et al. 2014).

GM volume within clusters of statistically significant difference between patients and
controls was extracted for further analysis within the patients’ sample (note that these
analyses did not include the patient-control comparison and thus were not circular).
Specifically, we correlated these volumes with the cumulated stimulant dose, the ADHD
Rating Scale scores and the inattentive, hyperactive-impulsive and ADHD total subscales

of the CAARS.
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5.2.2. STUDY 2 - Functional Neuroimaging -

For task sequence, the participants performed a sequential-letter version of the N-back
task (Gevins and Cutillo 1993). Two levels of memory load (1-back and 2-back) were
presented in a blocked design manner. Each block consisted of 24 letters that were shown
every 2 s (1 s on, 1 s off) and all blocks contained five repetitions (1-back and 2-back
depending on the block) located randomly within the blocks. Individuals had to indicate
repetitions by pressing a button. Four 1-back and four 2-back blocks were presented in an
interleaved way, and between them a baseline stimulus (an asterisk flashing with the same
frequency as the letters) was presented for 16 s. To identify which task had to be
performed, characters were shown in green in 1-back blocks and in red in the 2-back
blocks. All participants first went through a training session outside the scanner. This task
has already been effectively used to show the neural correlates of cognitive deficiencies in

several disorders (Madre, Pomarol-Clotet et al. 2013).

The behavioural measure used was the signal detection theory index of sensitivity,
d‘ (Green and Swets 1966/1974). Higher values of d’ indicate better ability to discriminate
between targets and distractors. If subjects showed negative d’ values in either or both of
the 1-back and 2-back versions of the task, which suggests that they were not performing

it, they were not included in the study.
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For resting state sequence, participants received no other special instructions, except to
try to remain still with their eyes open to avoid falling asleep and to try to remain quiet and

as relaxed as possible.

a. Functional magnetic resonance imaging (fMRI) data acquisition

In each individual scanning session during task sequence 266 volumes were acquired
from a 1.5-T GE Signa scanner. A gradient echo echo-planar imaging (EPI) sequence
depicting the blood oxygenation level-dependent (BOLD) contrast was used. Each volume
contained 16 axial planes acquired by descending order with the following parameters:
TR=2000 ms, TE=20 ms, FOV=20, flip angle=70°, section thickness=7 mm, section
skip=0.7 mm, in-plane resolution=3x3 mm. The first 10 volumes were discarded to avoid

T1 saturation effects.

Resting state fMRI data was obtained using a gradient echo EPI sequence depicting the
BOLD contrast. Each volume contained 16 axial planes acquired with the following
parameters: TR = 2000 ms, TE = 20 ms, flip angle = 70°, section thickness = 7 mm,
section skip = 0.7 mm, in-plane resolution = 3.125 x 3.125 mm. The first 10 of a total of

266 volumes acquired were discarded to avoid T1 saturation effects.
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b. Functional MRl image processing

fMRI image analyses during task sequence were performed with FEAT (fMRI Expert
Analysis Tool) Version 5.98, included in FSL (FMRIB's Software Library) (Smith, Jenkinson
et al. 2004). At a first level, images were corrected for movement using MCFLIRT
(Jenkinson, Bannister et al. 2002), brain-extracted using BET (Smith 2002), spatial
smoothed using a Gaussian kernel of FWHM 5mm, normalized to the grand-mean
intensity and filtered with a high-pass temporal Gaussian-weighted least-squares straight
line fitting (sigma=65.0s). To minimize unwanted movement-related effects, individuals with
an estimated maximum absolute movement >3.0 mm or an average movement >0.3 mm

were excluded from the study.

General linear models (GLMs) including the 1- and 2-back blocks, their temporal
derivatives, and the six motion parameters were fitted using FILM with local
autocorrelation correction (Woolrich, Ripley et al. 2001) to generate individual activation
maps for the 1-back vs. baseline and 2-back vs baseline contrasts. Individual statistical
images were then co-registered to a common stereotactic space (Montreal Neurological
Institute template) using FLIRT (Jenkinson and Smith 2001) (Jenkinson, Bannister et al.

2002).

For processing of individual resting state fMRI images, prior to the calculation of global
brain connectivity (GBC) and amplitude of low frequency fluctuations (ALFF) images, a

common preprocessing pipeline based on FSL functions (Smith, Jenkinson et al. 2004)
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and inhouse C programs, was applied to the fMRI volumes. This included sequentially: 1)
extraction of non-brain signal (FSL BET), 2) volume coregistration (FSL MCFLIRT), 3)
checking of movement levels (allowed thresholds of maximum movement > 3.0 mm and a
mean movement > 0.3 mm), 4) minimization of movement artifacts by regressing
independent components with clear edge effects (FSL MELODIC), 5) removal of linear and
quadratic trends in time series, 6) normalization to MNI template (FSL FLIRT), 7) spatial
filtering with Gaussian kernel (o0 = 3 mm) and finally 8) regression of spurious trends
characterized by the signal from a region of interest (ROI) in the lateral ventricles and six

spherical ROls located in white matter locations.

Resting state images were used to calculate both GBC maps and the images of ALFF.
Prior to their calculation, a common preprocessing pipeline was applied to them. In the
GBC calculations, following Cole et al. (Cole, Pathak et al. 2010) the correlation between
each gray matter voxel and the remaining gray matter voxels was calculated, assigning the
mean (of the absolute value) of these correlations to that voxel. Such quantity is an
indicator of the average levels of functional connectivity of the voxel with the rest of the
brain. To lower the computational burden of these calculations, normalized images were
resampled to a 4 x 4 x 4 mm3 voxel size. Before calculating correlations time series were
filtered to remove patterns outside the 0.01 — 0.1 Hz interval. A second spatial filter (o = 7
mm) was applied to the 4 x 4 x 4 mm3 resolution GBC images, before group comparisons.
For the ALFF images, which relate to the levels of spontaneous brain activity occurring at
each voxel, the original resolution of the normalization template was kept (2 x 2 x 2 mm3).
Periodograms (estimates of power spectra) were obtained for each voxel using the

function spec.pgram implemented in the R statistical package

Brain functional and structural changes in adult ADHD and their relation to long-term stimulant treatment



88

(R_Development_Core_Team 2011) and averages of these periodograms in the 0.01 — 0.1
Hz interval were given as outputs. Finally, a second spatial Gaussian filter (c = 3 mm) was

applied to these ALFF images.

c. Functional MRI statistics

Group comparisons of the BOLD response to 1- and 2-back between ADHD participants
and the healthy comparison group during task performance were performed within FLAME
(FMRIB's Local Analysis of Mixed Effects) stage 1 (Beckmann, Jenkinson et al. 2003)
(Woolrich, Behrens et al. 2004). Z (Gaussianised T) statistic images were thresholded
using clusters determined by Z>2.3 and a cluster parametric significance threshold of

p<0.05, corrected for multiple comparisons (Worsley 2001).

In a first analysis we compared all ADHD participants (including both medication-naive and
stimulant-treated) and the healthy comparison group. Also, to explore the possible
influence of long-term use of MPH we performed additional separate analyses for the

ADHD treated (n = 26) and never-treated patients (n = 15).

For ADHD participants only, Pearson correlations were performed to examine the
relationship between BOLD response to 1- and 2-back and the ADHD Rating Scale scores

and inattentive, hyperactive-impulsive and total ADHD subscales of the CAARS.

For group comparisons during resting state, for the two variables of interest (GBC and

ALFF) images of ADHD participants were compared with images of healthy comparison
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subjects by means of nonparametric permutation tests. Specifically, the “randomise”
FMRIB Software Library function (Smith, Jenkinson et al. 2004) using the threshold-free
cluster enhancement method was used. To reduce the intrinsic levels of variability and the
residual movement effects in the GBC and ALFF images, the average amount of
movement and the average value of each variable were considered as covariates in the
models. A threshold of p < 0.05 corrected for multiple comparisons was applied in all

statistical tests, and reported p values were always corrected.

In a first analysis we compared all ADHD participants (including both medication-naive and
stimulant-treated) and the healthy comparison group. Secondly, to explore the possible
influence of long-term use of MPH we performed additional separate analyses for the

ADHD treated (n = 23) and never-treated patients (n = 13).
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6. RESULTS

6.1. STUDY 1 - Structural Neuroimaging -

a. Demographic and clinical data

As Table 3 shows (p. 79), ADHD participants were not significantly different than the
healthy comparison group on the matching variables of age, sex, premorbid 1Q and 1Q

scores. Clinical data for the ADHD sample are presented in Table 5.

Table 5. Clinical data for ADHD patrticipants (N = 44)

Mean (SD)
WURS 51.95 (11.09)
ADHD Rating Scale 32.15 (9.12)
CAARS
Inattention 22.29 (7.68)
Hyperactivity 20.80 (8.45)
Impulsivity 18.56 (7.84)
Problems with self-concept 9.51 (4.32)
DSM-IV inattentive symptoms 17.49 (4.88)
DSM-IV hyperactivity-impulsivity symptoms 15.80 (6.64)
DSM-IV total ADHD symptoms 33.29 (9.85)
ADHD Index 21.61 (6.08)
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b. Modulated analysis

Compared to the healthy comparison group, individuals with ADHD showed three clusters
of macroscopic GM reduction. A cluster was situated in the right supplementary motor area
(SMA), extending to superior frontal lobe (cluster size: 889 voxels; p<0.001; MNI x=8 y=24
z=64). A second cluster was located in the subgenual ACC (cluster size: 53 voxels;
p<0.001; MNI x=6 y=18 z=-14) and the last cluster was found in the right middle frontal
lobe (corresponding to DLPFC) (cluster size: 16 voxels; p<0.001; MNI x=48 y=18 z=44).
There were no cortical or subcortical regions where ADHD patients showed more GM

volume macroscopically than controls (see Table 6 and Fig. 1).

c. Unmodulated analysis

ADHD patients did not show any brain region with less GM relative to the healthy
comparison group at the mesoscopic level. Conversely, ADHD participants showed a
cluster of mesoscopic GM increase relative to the healthy comparison group situated in the
basal ganglia, specifically in the left caudate and putamen nuclei (cluster size: 15 voxels;

p=0.001; MNI x=-8 y=12 z=-2) (see Table 6 and Fig. 1).

d. Correlation analysis

The cluster analysis showed a positive correlation between cumulated stimulant dose and

the clusters of macroscopic GM reduction in right SMA (extending to superior frontal) and
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in right DLPFC (see Table 6). Specifically, a higher cumulated dose was associated to a
greater (i.e. more normative) volume of these areas. There were no other statistical
significant correlations, included correlations between the volume of these clusters and

clinical measures.

Table 6. Gray matter volumetric differences between patients with ADHD and healthy
controls.

Peak Cluster Effecds of cumulated
MNI P (a) size stimulant dose
Macroscopic changes (modulated data)
Increases of volume (ADHD > Controls)
(none)
Decreases of volume (ADHD < Controls)
Right SMA, extending to superior frontal 8,24,64 <0.001 889 r=0.451(p=0.002)
(b)
Subgenual ACC 6,18,-14 <0.001 53 ns.
Right dorsolateral prefrontal cortex 481844 <0.001 16 r=0.407 (p=0.006)
Mesoscopic changes (unmodulated data)
Increases of volume (ADHD > Controls)
Left caudate and putamen -8,122 0.001 15 ns.

Decreases of volume (ADHD < Controls)

(none)

Analyses covaried by age, sex and cumulated stimulant dose.
(a) p < 0.001 uncorrected for multiple comparisons, 10 voxels extent threshold.
(b) This result was also significant (p < 0.05) after correction for multiple comparisons.
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Fig.1. Volumetric differences in patients with ADHD relative to the healthy comparison
group. Areas in blue indicate a significant grey matter volume reduction in patients relative
to controls; areas in red indicate a significant grey matter density increase in ADHD

compared to controls.

6.2. STUDY 2 - Functional Neuroimaging -

a. Demographic and clinical data

As Table 3 shows (p. 79), ADHD participants weren’t significantly different from the healthy

comparison group on the matching variables of age, sex, premorbid IQ and 1Q.

By subgroups of patients, both stimulant-treated and non-treated patients obtained similar
scores in the clinical variables and presented no significant differences in sex, age and 1Q

between them (see Table 7).
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Table 7. Demographic and clinical data for ADHD medicated and ADHD non medicated

participants.

Non-med ADHD N= 15

Mean (SD)

Med ADHD N= 26

Mean (SD)

Age (years)

Sex (male/female)

Current |Q (WAISHII)

WURS

ADHD Rating Scale

CAARS

Inattention

Hyperactivity

Impulsivity

Problems with self-concept

DSM-IV inattentive symptoms

DSM-IV hyperactivity-impulsivity symptoms
DSM-IV total ADHD symptoms

ADHD Index

32.19 (11.07)

12/5

102.88 (5.93)

51.69 (9.71)

31.63 (6.60)

22.64 (4.92)
20.71 (8.40)
17.50 (6.91)
10.86 (3.90)
19.00 (4.00)
14.26 (6.54)
33.29 (8.52)

22.29 (5.15)

30.24 (10.86)

16/8

106.32 (8.26)

49.18 (9.89)

31.24 (10.47)

22.68 (8.50)
21.82 (7.58)
20.00 (7.85)
8.86 (4.46)
16.50 (4.84)
17.55 (5.66)
34.05 (9.18)

22.45 (5.39)
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b. Behavioural performance

There were no significant differences between the healthy comparison group and ADHD
participants on either the 1-back or the 2-back versions of the task (d’ 1-back: 4.36 + 0.59

vs 4.43 + 0.68, t=-0.44;p=0.66; d’ 2-back: 3.44 £ 1.07 vs 3.18 + 0.71; t=1.31; p=0.19).

c. fMRI comparisons

c.1. Sequence during Task Performance

Overall, the task produced activation within the expected brain network. Both healthy
comparison group and ADHD participants showed similar patterns of positive activation
during the 1-back and 2-back conditions in the frontal, parietal and temporal cortices (see
Fig. 2). These areas show a substantial overlap with the ‘working memory network’
identified in a meta-analysis of fMRI studies in normal subjects (Owen, McMillan et al.
2005). Patterns of de-activation (areas where the task led to a decrease in the BOLD
response) were also similar in ADHD participants and healthy comparison subjects at the
1-back level, whilst a general pattern of less de-activation was seen in the ADHD
participants anteriorly, in the medial frontal cortex (orbitofrontal/ventromedial frontal

cortex), in the 2-back vs. baseline contrast (see Fig. 3).

Average (within-group) task-related activations and deactivations for the entire sample are
shown in Table 8 (1-back vs. baseline contrast) and Table 9 (2-back vs. baseline

contrast).
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PERFORMANCE 1-BACK

a) Controls activation

b) ADHD activation

PERFORMANCE 2-BACK

c) Controls activation

d) ADHD activation

Fig. 2. Average of activation of the groups during the performance of the N-back task.
Images a and b show the activation patterns for the healthy comparison and ADHD groups
during the performance of the 1-back respectively. Images ¢ and d show the activation
patterns for both groups during the performance of the 2-back. Colour bars indicate z
scores from the group-level analysis. The right side of each image represents the left side

of the brain.
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PERFORMANCE 1-BACK

Fig. 3. Average of activation/deactivation of the groups during the performance of the N-
back task. Brain regions showing a significant effect in the 1-back vs. baseline and in the
2-back vs. baseline contrast in controls (a) and in ADHD participants (b). Yellow indicates a
positive association (activation) with the task. Blue indicates areas where the task led to a
decrease in the BOLD response (de-activation). The right side of each image represents

the left side of the brain.
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Table 8. Clusters of significant activation/de-activation in the ADHD participants and

healthy comparison subjects in the 1-back vs. baseline contrast

Mean Activations

ADHD participants

SMA, L DLPFC, L middle temporal, L superior parietal, mid
cingulate, Linsula

R DLPFC, R precentral gyrus

L middle occipital, L inferior occipital, L inferior temporal,
L fusiform gyrus

R inferior and R superior parietal, R angular gyrus

Controls
SMA, DLPFC, precentral gyrus

L inferior and L superior parietal, L inferior and L superior
occipital

R inferior and R superior parietal, R angular gyrus,
R middle temporal

Mean Deacdivations

ADHD participants

precuneus, cuneus, mid cingulum, calcarine
superior frontal medial
L middle occipital, L middle temporal, L angular gyrus

R middle temporal, R superior temporal, R Heschl's gyrus,
R posteentral

L middle temporal, L inferior temporal, L temporal pole

Controls

posterior cingulum, middle occipital, middle temporal,
precuneus, cuneus

orbito-frontal medial, superior frontal medial, anterior
cingulum
R: right L: left

Local Peaks

(x:y,2)

-4,6,54

36,2,64

42,720

40,-46,42

-46,2,32

42,722

488,44

446,40

8,70,14

-40,-82,30

56,1012

68,1416

252,30

2,56,2

Z value

748

5.26

6.12

475

6.74

6.08

5.28

8.33

4.63

6.37

5.34

52

7193

6.17

P value

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

0.0002

<0.0001

<0.0001

<0.0001

0.006

0.04

<0.0001

<0.0001

Cluster

(voxels)

13526

3281

23N

1816

11537

5431

2086

2ms

39

1817

1317

881

41823

8602

Brodmann Areas

6,7.21,32,44 47

19,37

740

6,32

719,40

73740

1723
10
19,37,39

3,21,22,48

20,21

19,20,21,23 48

10,11,32
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Table 9. Clusters of significant activation/de-activation in the ADHD participants and

healthy comparison subjects in the 2-back vs. baseline contrast

Mean Adivations

ADHD participants

DLPFC, insula, inferior parietal, SMA

Controls

DLPFC, insula, inferior parietal, supramarginal gyrus,
SMA, superior frontal medial

Mean Deactivations

ADHD participants

precuneus, cuneus, posterior cingulum,
R middle temporal

L middle temporal, L middle occipital

Controls

medial frontal, orhito-frontal medial, precuneus, posterior

cingulum, middle temporal
R: right L: left

Local Peaks

MNI
(x,y,2)

444,26

444,28

4,544

-50,-68,22

0,46,-8

Z value

9.04

9.19

8.51

4.84

8.51

P value

<0.0001

<0.0001

<0.0001

0.02

<0.0001

Cluster

(voxels)

58766

1547

43972

1022

50234

Brodmann Areas

6,40,44,47

6,31,40,44,48

17,23,30

19,39

11,23,25,30
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Between-group comparisons: No clusters of significant difference between the groups
were seen in the 1-back condition. In the 2-back condition group differences were detected
in the orbitofrontal/ventro-medial prefrontal cortex (VMPFC) (size 1479 voxels, peak
activation MNI (14x 40y -6z), z score=3.7, p=0.002). As shown in the boxplot in Fig. 4,
these differences were due to a greater deactivation in controls compared to ADHD

participants (mean deactivation: control group=-24.79+18.64; ADHD group=-12.92+18.64,

t=-2.88, p=0.005).

Mean deactivation
8

401

60

T
Control ADHD
Groups

Fig. 4. Failure of de-activation in ADHD participants versus the healthy comparison group.
A) Ventral medial prefrontal region showing significant differences between ADHD patients
and healthy controls in the 2-back versus baseline contrast. Numbers refer to Montreal
Neurological Institute (MNI) z coordinates of the slice shown. Colour bars indicate z scores
from the group-level analysis.The right side of each image represents the left side of the
brain. B) Bloxplot showing the levels of deactivation in ADHD participants and controls
average across the cluster where there are significant differences in the comparison

between groups.
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Influence of stimulant treatment: To asses the potential effects of stimulant treatment we
compared the BOLD response in the above deactivation cluster between the 26 patients
who had received stimulant treatment with MPH and the 15 patients who had never
received treatment. As shown in Fig. 5 there were no significant differences between the
two patient groups during the 2-back performance (mean deactivation: treated group=

-13.411£18.01, never-treated = -12.92+18.64, {=0.22, p=0.82).

Control > ADHD

204

-20]

mean_deactivation

-40-

ADHD patients

T T T
control treatment non_treatment

group

Fig. 5. Levels of deactivation in the two subgroups of ADHD participants compared to
healthy controls. Bloxplot showing the levels of deactivation in the two subgroups of ADHD
patients (medicated and non-medicated) compared to controls average across the cluster

where there are significant differences in the comparison between groups.
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Correlations with performance and clinical variables: There were no significant correlations
between mean activations in the above ROI and performance on the 1-back and 2-back
versions of the task [d'1: r=-0.11, p=0.49; d’2: r=0.15, p=0.34]. Examination of the ADHD
Rating Scale scores and the symptom measures of the different subscales of the CAARS

revealed no significant correlations with this ROI.

c.2. Sequence during Resting State

Compared with the healthy comparison group, participants with ADHD did not differ
significantly in global brain connectivity (GBC) in any area of the brain. Thus, no
connectivity abnormality was detected in areas conforming the major large-scale brain
networks underlying cognitive, motor nor affective control. Likewise, ALFF analyses
showed no significant increases nor reductions in amplitudes between groups, suggesting
the absence of relevant differences in the intrinsic brain activity as measured by ALFF.
Finally, the connectivity voxelwise analysis between the 23 ADHD medicated participants
and the 13 ADHD medication-naive participants showed no significant differences on

functional connectivity in any large-scale brain network either.
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7. DISCUSSION

7.1. STUDY 1 - Structural Neuroimaging -

The aim of this study was to evaluate volumetric differences between adults with ADHD
and healthy subjects. A modulated VBM analysis showed a macroscopic reduction of GM
volume in the right SMA, the subgenual ACC and the right DLPFC. Using the unmodulated
approach we found a mesoscopic increase of GM density in the left caudate and putamen
nuclei. Our study did not find statistically significant alterations in brain regions reported in
other studies such as the orbitofrontal cortex, the occipital and parietal lobes and the
cerebellum (Hesslinger, Tebartz van Elst et al. 2002) (Seidman, Valera et al. 2006)

(Seidman, Biederman et al. 2011) (Ahrendts, Rusch et al. 2011) (Pironti, Lai et al. 2014).

These results support the findings of Amico et al. (2011) and Seidman et al. (2006, 2011),
showing a smaller volume in ACC and the DLPFC in adult patients with ADHD. According
to previous literature in childhood, our findings are also consistent with the observation of
significant reductions in these structures (De La Fuente, Xia et al. 2013). On the one hand,
ACC is associated with different roles, i.e. the projections from the ACC to the motor cortex
and spinal cord seem to implicate this region in motor control (Frodl and Skokauskas
2011), dorsal ACC plays a role in conflict monitoring and attention functioning (Bush 2011)
and subgenual ACC is considered to be part of the affective network, involved in
processing and regulation of emotional information, and in fear control and autonomic and
visceral regulation (Whalen, Bush et al. 1998) (Bush, Luu et al. 2000), and has been

considered a component of DMN (Whitfield-Gabrieli and Ford 2012) (Kessler, Angstadt et
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al. 2014), being specific to the DMN of depressed patients (Broyd, Demanuele et al. 2009).
Relative to the DLPFC, this structure constitutes an important region involved in executive
functions, which are highly affected in ADHD patients. Actually, anatomical studies in
children have shown volume reductions in this structure relative to healthy controls and
functional studies have shown underactivation of the DLPFC during different cognitive and
motor tasks. Therefore, many investigators hypothesize that DLPFC dysfunction plays a
central role in the etiology of the disorder (Seidman, Valera et al. 2006) (Cubillo, Halari et

al. 2012).

Our data do not replicate the results of Seidman et al. (2011) and Almeida et al. (2010) of
volume reduction in the putamen and caudate nuclei. On the contrary, our results showed
a cluster of GM increase relative to the healthy comparison group in the basal ganglia (left
caudate and putamen nuclei), supporting a positive association in ADHD patients between
age and GM increase in this regions. Caudate and putamen integrate the fronto-striato-
thalamo-cortical circuit, mediating cognitive executive functions and motor activity, typically
impaired in ADHD. Volumetric reductions in basal ganglia typically reported in childhood
ADHD, would not only seem to diminish over time from childhood to adulthood, but the
size of these structures in adult ADHD could actually increase in relation to healthy
controls, as a compensatory striatal overgrowth of frontal deficits to prevent cognitive and
motor behavioral inhibitory output impairment. These data support the results found in the
meta-analyses by Nakao et al. (2011) and Frodl et al. (2012), reporting a positive
association between age and GM increase in the basal ganglia in ADHD patients. Our
results of basal ganglia volume increase toward adulthood, are also in accordance with a

very recent study looking at developmental changes in shape in the basal ganglia from
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childhood (age 4) to late adolescence (age 19 years) with comparison of two MRI scans
acquired in both development stages, in 220 individuals with ADHD compared to healthy
controls (Shaw, De Rossi et al. 2014). This finding may be clinically relevant as caudate
and putamen nuclei are associated with motor activity, and there is frequently a relative
reduction in hyperactivity symptoms later in development stages, which might be explained

as a function of this normalization in striatal volume.

This is the first volumetric study in adult population that has shown smaller GM in an
important region involved in ADHD as the SMA. SMA plays a role in motor response
inhibition (Hart, Radua et al. 2013) (Hart, Chantiluke et al. 2014) (Chantiluke, Christakou et
al. 2014), acting as a motor executive to the motor cortex, preparing it to perform complex
volitional bodily action, but not actually triggering the action itself (Tanji, Taniguchi et al.
1980) (Jurgens 1984) or in other words, rehearsing proposed motor actions before they
are executed. The results are relevant, because several psychological theories have
proposed that ADHD symptoms follow from a primary deficit in inhibitory control (Barkley
1997), and no previous study had found structural alterations in the SMA in adult ADHD
population. Similar results have been found in a study with pediatric population that
detected the left supplementary motor complex (SMC) emerging as the most anomalous

frontal lobe region in patients with ADHD (Mahone, Ranta et al. 2011).

The correlation analysis showed no correlation between clinical measures and volumetric
abnormalities, but it did find a positive correlation between cumulated stimulant dose and
volumes of the right SMA and the right DLPFC. Since there has been a scarce attention in

long-term effects of stimulant treatment on brain structure in patients with adult ADHD, our
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results cannot be compared with previous literature. Only some studies conducted in
pediatric population using a ROl approach showed that patients who had a history of
previous medication with psycho-stimulants did not show volume reductions in regions like
the ACC, the pulvinar nucleus of the thalamus, the posterior inferior region of the
cerebellum and the corpus callosum, compared with typically developing children and
children with ADHD who had not been treated with stimulants (Schweren, de Zeeuw et al.
2013) (Rubia, Alegria et al. 2014), suggesting a neuroprotective effect of psycho-
stimulants on ADHD brain development (Rubia, Alegria et al. 2014). Also, studies using
cortical thickness techniques suggest that long-term stimulant treatment with psycho-
stimulants reduces the rate of cortical thinning in frontal and parieto-occipital regions
during adolescence (Schweren, de Zeeuw et al. 2013). In a recent meta-analysis, the
authors carried out a meta-regression analysis and reported that long-term stimulant
medication was associated with more normal basal ganglia structure (Nakao, Radua et al.

2011), however, in our study we did not find a correlation with this cluster.

In summary, our results in a large sample of ADHD adults in a whole brain VBM analysis
show that patients with ADHD have a GM volume reduction in the right SMA, the
subgenual ACC and the right DLPFC and an increase of GM density in the left caudate
and putamen relative to the healthy comparison group. All these regions mediate cognitive
and motoric functions such as motor response and interference inhibition, cognitive
flexibility, temporal foresight, selective and sustained attention, working memory, motor
and timing processes which are dysfunctional in ADHD patients (Castellanos, Sonuga-
Barke et al. 2006) (Cubillo, Halari et al. 2012). These findings of GM reduction

circumscribed to frontal regions only, with no siginificant findings for cerebellar, occipital,
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temporal nor parietal regions in our adult ADHD sample, give support to the hypothesis of
a posterior-anterior brain volume normalization with increasing age in ADHD subjects, with

maintenance of volume reduction only with respect to frontal lobe during adulthood.

7.2. STUDY 2 - Functional Neuroimaging -

The present study aimed to compare brain activity during the performance of a well-
validated WM task and functional connectivity at rest between adult ADHD participants
(chonically treated with MPH and medication-naive) and a healthy comparison group. We
hypothesised that ADHD participants would show 1) decreased activity within the WM
brain network, mainly dorso- and ventro-lateral prefrontal regions and the parietal cortex;
2) failure of de-activation of the DMN and 3) decreased connectivity specially between
DMN regions and dorso- and ventro-lateral prefrontal cortex compared with the healthy
comparison group. We expected that chronic treatment with MPH would somehow

moderate these differences between ADHD and the HCG.

Despite our N-back paradigm showed to activate the WM network (Owen, McMillan et al.
2005) across all participants, reduced activations in ADHD participants within this network
were not found. Instead the patients showed a failure to deactivate in the medial frontal

cortex, an area that forms part of default mode network.

Hypoactivations have been regularly reported in studies using working memory tasks in
children and adolescents with ADHD, particularly in dorso- and ventrolateral prefrontal

cortex and the parietal cortex (Silk, Vance et al. 2008) (Kobel, Bechtel et al. 2009)
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(Massat, Slama et al. 2012) (Cubillo, Smith et al. 2014) (McCarthy, Skokauskas et al.
2014). However, this has previously been a somewhat inconsistent finding in studies of
adult patients with the disorder. Thus, Valera et al. (2005) found no differences between 20
adult ADHD participants and 20 healthy controls in prefrontal or parietal cortices while
performing the 2-back task (Valera, Faraone et al. 2005). Later, however, the same group
reported group differences in these areas in a larger sample of 44 patients and 49 controls
(Valera, Brown et al. 2010). In another study using the N-back task, Hale et al. (2007)
found that 12 adult ADHD patients showed greater activation in the frontal and parietal
cortex than 12 controls at low task demands, but reduced parietal activation at higher task
demands (Hale, Bookheimer et al. 2007). Recently, a study using the N-back task also
found increased activity in frontal cortex in 20 ADHD adults compared to 20 controls in the
2-back task, by contrast this study did find less activity in ADHD participants in left
frontoparietal cortices at very high working memory demands (3-back condition) (Ko, Yen

et al. 2013).

One obvious interpretation of our failure to find task-related hypoactivations is that a
degree of normalization of working memory function takes place with increasing age in
ADHD. In this respect it is interesting to note that previous longitudinal cortical thickness
studies have found evidence that brain structures supporting attention and cognitive
control in ADHD show a neurological development delay in reaching peak cortical
thickness but tend converge to normal trajectories of development with aging
(Castellanos, Lee et al. 2002) (Shaw, Eckstrand et al. 2007). It may also be relevant here
that in adult ADHD patients impairment on tests of executive function may not be

detectable (Hervey, Epstein et al. 2004) (Kooij, Bejerot et al. 2010) (Rosler, Casas et al.

Brain functional and structural changes in adult ADHD and their relation to long-term stimulant treatment



109

2010), even while executive-type cognitive failures in everyday life (such as difficulties
organizing their work and daily task completion, excessive procrastination, inconsistent
effort, forgetfulness, challenges with attentional focus and time management, and impaired
emotional regulation) are present. It could be argued however that the choice of a 2-back
task as the high working memory load condition wasn’t particularly demanding for ADHD
adults to perform, which might explain the lack of significant differences in task-positive
activity between ADHD participants and the healthy comparison group, making it possible
for positive findings to occur at a more challenging WM load such as 3-back task. Yet, as
stated above, the N-back task is recognised as difficult even for healthy adult subjects
from a 2-back level of difficulty onwards (Gevins, Smith et al. 1998) (Kitzbichler, Henson et

al. 2011).

On the other hand, we did find evidence of brain functional changes in adult ADHD, in the
form of reduced de-activation in the medial frontal cortex, which in turn could imply default
mode network dysfunction considering that this area forms part of DMN and the type of
cognitive task performed during the scanning session (N-back). Some recent studies in
children with ADHD have identified an attenuated task-related deactivation of the default
mode network during performance of working memory tasks, as well as tasks requiring
response inhibition and sustained attention. Interestingly, this failure has been found to
normalize under high incentivising conditions and on treatment with methylphenidate and
atomoxetine (Peterson, Potenza et al. 2009) (Liddle, Hollis et al. 2011) (Cubillo, Smith et
al. 2014). It is also possible that some of the hyperactivations reported in childhood ADHD,
actually reflect default mode network dysfunction. For example, the largest meta-analysis

up to date, of 55 functional imaging task-based studies, found that most of the brain
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regions that showed hyperactivation in ADHD when compared to controls corresponded to
regions in the default mode network (Cortese, Kelly et al. 2012). It is accepted that brain
regional hyperactivity can actually represent a failure to deactivate because of ‘reverse
subtraction’ from a high baseline (Gusnard and Raichle 2001). To our knowledge, there

have been no previous studies especifically examining de-activations in adult ADHD.

Extra-executive circuitry based explanations of our findings of medial prefrontal cortex
blunted de-activation could implicate reward/motivation and emotion regulation circuits.
One plausible hypothesis could be that of a compensating hyperactivation of the
ventromedial prefrontal cortex in ADHD participants in order to control impulsive
responses, as this brain structure has been widely related with impulse regulation
(Davidson, Putnam et al. 2000) (Best, Williams et al. 2002) (Potenza, Leung et al. 2003).
However underactivation or a stronger deactivation of the VMPFC would be the expected
finding in our study population if we were to explain an impulsive decision making style
(Bechara, Damasio et al. 1999) (Bechara 2001), contrary to our findings. On the other
hand, decreased activity/increased deactivations in the medial prefrontal cortex along with
other findings such as increased activity in amygdala and medial temporal lobes would be
our prior expectation if we were to consider altered emotional experiences in our ADHD
participants during the task due to challenges with emotional self-regulation as a relatively
common trait of the disorder (Davidson 2002) (Etkin, Egner et al. 2006) (Urry, van Reekum
et al. 2006) (Posner, Nagel et al. 2011). Conversely, VMPFC overactivity due to reduced
deactivation with no other co-activations/deactivations was what we found. Anyhow,
activations of medial prefrontal cortex have also been associated with emotional valence,

although direction of these activity alterations have varied considerably across different
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studies, with reports of under- and hyper-activation (Wager, Phan et al. 2003) (Posner,
Russell et al. 2009). The monotonous nature of the N-back task however doesn’t seem a
specially encouraging or motivating challenge to increase hedonic coding reflected by
hyperactivation or blunted deactivation of the VMPFC in ADHD adults, with demonstrated
dysfunctions in the brain reward system (Sonuga-Barke 2003). Moreover and the more
important, in spite of recent models emphasizing different non-executive deficits in ADHD
population, findings of functional deficits in medialprefrontal-limbic circuitries have been
hoewever less consistent, not showing to survive in meta-analytic studies and confounded
by frequent comorbidities in ADHD such as conduct disorder and depression which explain
these deficits to a larger extent (Dowson 2008) (Rubia 2011) (Arnsten and Rubia 2012).
So with that said, and in the search of the more plausible relation of our findings to the
studied task (N-back), the identification of medial prefrontal cortex reduced deactivation as

ineffective deactivation of the DMN'’s anterior node constitutes the most likely scenario.

In healthy subjects there is clear evidence that the default mode network activity varies
with cognitive function, with increased activity being associated with lapses of attention
during task performance and reduced activity being associated with better performance
(see Buckner et al (Buckner, Andrews-Hanna et al. 2008) and Anticevic et al (Anticevic,
Cole et al. 2012). Default mode dysfunction, specifically failure to de-activate during task
performance due to an alteration of the reciprocal exchanges or “give and take”
coactivation patterns between the DMN and its anti-correlated networks (Pomarol-Clotet,
Salvador et al. 2008) (He and Raichle 2009) (Raichle 2009), therefore provides a plausible
basis for one of the key areas of symptomatology in ADHD: inattentiveness. This has been

argued by several authors (Sonuga-Barke and Castellanos 2007) (Cortese, Kelly et al.
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2012) (Cortese and Castellanos 2012). Our finding supports the idea that while brain task-
positive networks specifically specialized for WM such as the frontoparietal could be quite
neurodevelopmentally normalized in ADHD adults, a failure to de-activate the DMN during
WM tasks due to blunted coupling of brain regions normally implicated in WM
performance, would rather account for inefficient WM. This would imply a difficulty to
allocate attention toward task execution, predicting greater lapses of inattention and the
need to exert greater mental effort to achieve a normal level of individual WM
performance. Medial prefrontal cortex represents a region increasingly shown to be
impaired in ADHD, both during rest and during cognitive tasks. However, it is important to
note that we found no significant association between the level of de-activation in the
medial frontal cortex in the patients and either N-back task performance or the
inattentiveness subscale of the CAARS. Even so, there is evidence that findings from brain
functional imaging studies cannot be mapped directly to the behavioral manifestations of a
disorder, but should be mapped to abnormalities in specific neurocognitive processes that
are thought to underlie the bevavior, explaining why compared individuals may show the
same performance on behavioral tests but different patterns of brain activation,

corresponding to different ways of performing the cognitive task (Frith and Frith 2008).

ADHD groups defined by history of medication treatment (i.e. chronically treated with MPH
or medication-naive) did not show any different pattern of activation during the task. We
also failed to find significant de-activation differences between ADHD participants who
were on chronic treatment with MPH and those who were medication-naive. At first sight
this goes against previous findings that methylphenidate has normalizing effects on brain

functional changes in the disorder (Peterson, Potenza et al. 2009) (Liddle, Hollis et al.
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2011) (Rubia, Alegria et al. 2014) (Cubillo, Smith et al. 2014). However, it needs to be
borne in mind that medicated patients in our study underwent a washout period of at least
4 days prior to scanning, which could have been long enough for acute effects of treatment
to disappear. What can probably be inferred with more confidence from our results is that
stimulant medication does not exert long-lasting changes on brain function. In fact all of
the studies mentioned above looked at acute effects of MPH in normalising brain function
in ADHD patients but not in the long-term (Peterson, Potenza et al. 2009) (Liddle, Hollis et
al. 2011) (Rubia, Halari et al. 2011) (Rubia, Halari et al. 2011) (Rubia, Alegria et al. 2014)

(Cubillo, Smith et al. 2014).

Finally, our findings don’t support growing evidence that network dysconnectivity is a
central feature of ADHD, or at least not the case when it comes to adults. Prior studies of
ADHD, basically focused on samples of children with the disoder, have shown altered
connectivity within brain networks underlying cognitive, motor and affective control
(Posner, Park et al. 2014) (Kessler, Angstadt et al. 2014). Functional connectivity studies in
adult ADHD have found reduced connectivity within default mode network regions
(Castellanos, Margulies et al. 2008) (Mattfeld, Gabrieli et al. 2014) and reduced
connectivity between default mode network and sensory and cognitive networks (DLPFC
and parietal cortices) (Hoekzema, Carmona et al. 2014) (Mattfeld, Gabrieli et al. 2014).
Our findings with a large sample of adult ADHD participants differed from those prior
studies. One probable explanation is that different resting state fMRI methods have been
used in prior studies, with seed-based approaches as the most applied in resting state
fcMRI studies of ADHD, with a greater susceptibility to investigator biases influencing final

resting state fcMRI findings (Posner, Park et al. 2014). The resting state study comprised
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in this thesis uses a whole-brain multimodal analysis methodology, without using a priori
selected regions, thus avoiding this important limitation. Another plausible explanation for
the lack of significant connectivity abnormalities could be in relation to increased functional
segregation throughout development into adulthood in ADHD population as has been well
documented in typical development in healthy population (Fair, Dosenbach et al. 2007)
(Fair, Cohen et al. 2009) (Anderson, Ferguson et al. 2011), with abnormal connectivity
being more likely in ADHD children due to modification by maturational delay of the
developing brain in contrast to ADHD adults with plausibly more normalized connections
through ontogenetic evolution. In fact, functional connectivity between medial prefrontal
cortex and posterior cingulate cortex (major nodes of the DMN) is completely absent in
newborn babies (Fransson, Skiold et al. 2007), probably due to a lack of development of
anterior-posterior white matter fiber tracts as revealed by diffusion tensor MRI studies in
infants (Hermoye, Saint-Martin et al. 2006) (Dubois, Dehaene-Lambertz et al. 2008). As
has been confirmed by recent research, functional and structural connectivity between the
DMN’s main nodes and between the DMN and other brain networks with reciprocal
exchanges, develops and matures throughout development (Eluvathingal, Hasan et al.

2007) (Fair, Cohen et al. 2008) (Kelly, Di Martino et al. 2009).

In summary, this study finds that adult ADHD patients have a defficient deactivation during
WM task performance in the medial prefrontal cortex, part of the DMN. Since failure of de-
activation is linked to lapses of attention, our findings suggest difficulty to allocate
attentional resources away from self-oriented thoughts and toward extrinsic task
execution, predicting greater lapses of inattention during complex problem-solving
performance in adult ADHD patients. In contrast to what has been suggested, we failed to

find reduced prefrontal activation and reduced resting state connectivity in the WM network
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and other large-scale brain networks, despite examining a relatively large sample of
patients and controls. Nor did we find a relationship between failure of de-activation and
stimulant treatment, although this may have been due to the fact that we employed a

washout period before scanning in the treated patients.

Taken together our findings provide further evidence for the importance of the DMN in
relation to adult ADHD. The adult ADHD brain would be vulnerable to “getting distracted”
because its function of “turning off’ the DMN during goal-directed cognition would be
insufficient, suggesting reduced suppresion of DMN as the main potential link to adult

ADHD symptomatology.

7.3. LIMITATIONS and STRENGTHS of the Studies

The main strength of the studies comprising the thesis is the large homogeneous sample,
including only carefully and solidly diagnosed Combined presentation patients, ruling out
active Axis | and Axis Il comorbid disorders, and with clearly stablished medication status
and presence and length of wash-out period. All these aspects make the generalizability of
the findings very reliable. Combined presentation of the disorder was chosen for the study
because it is the most commonly represented subtype and the more prevalent in clinical
services due to likeliness to being referred (Wilens, Biederman et al. 2002) (Willcutt 2012).
Moreover, predominantly Inattentive subtype in adults, can often represent a more subtle
presentation of a previous Combined subtype in childhood for the same individual due to
age dependent changes in the presentation of ADHD symptoms, with fewer overt

symptoms of hyperactivity and impulsivity as the patient ages, while symptoms of
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inattention and executive disfunction tend to remain (Kooij, Bejerot et al. 2010) (Willcutt
2012)). Another strength of the studies comprising the thesis is that patients and controls
are matched by sex, age, premorbid and current 1Q, so these variables will not skew the
final results. Particularly as regards gender, in spite of the uneven gender distribution of
the samples, gender wasn’t a bias to the results of the study because the samples were
matched for gender. Moreover, previous research in adult ADHD has shown no evidence
that gender moderates the phenotypic expression of the disorder nor its level of cognitive
and psychosocial functioning (Biederman, Faraone et al. 1994) (Biederman, Faraone et al.
2004). Finally, one more of the study’s strong points is that different brain measures could
be made during a single MRI session, making it possible to integrate findings across

multimodal imaging.

Although our study represents one of the largest neuroimaging investigations in adult
ADHD, some limitations should be noted. Firstly, the relatively small sample of ADHD
medication-naive participants may limit our ability to find differences between the ADHD
medication-naive group and the ADHD group on chronic treatment with MPH, due to a
possible lack of power to detect activation and structural differences. Secondly, the cross-
sectional design cannot provide the temporal association to confirm a causal relationship
with the hypothesized normalising effects of MPH. Thirdly, whilst differences in treatment
extent and duration were precisely controlled in the structural neuroimaging study (Study
1), by means of the inclusion of the cumulated dose variable as a regressor in a regression
model (which took treatment duration time and dose into account), we didn’t proceed in the
same way in the analyses of the functional study (Study 2), looking like this could have

compromised our ability to test betweengroup treatment effect differences due to different
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treatment doses and treatment times of exposure for the group of medicated ADHD
subjects. Not to covariate for treatment dose or time in treatment in the functional
neuroimaging study (Study 2), was the preferred option because despite the loss of
accuracy for not covariating, it is considered for functional studies (for which obtaining
patients is much more difficult), that it is right to separate between treated and untreated
subjects, using treatment as a binary variable, which simplifies the statistical analysis.
Furthermore, the fact that the sample of treated patients would include very different
treatment duration times (mean £ SD: 23.55 £ 22.63 months), was favorable for this type
of analysis, making it unlikely to confound the study findings. One final limitation of the
study could have been that the untreated ADHD sample may represent a possibly less
severely affected ADHD subgroup, not representative of the ADHD population, but ADHD
non-medicated participants were not significantly different than the ADHD medicated group
on any of the clinical assesment scales for adult ADHD used (WURS, ADHD Rating Scale
and CAARS), so we therefore ensured that our findings were not biased by the ADHD

subgroup regarding treatment (medicated vs. non-medicated).
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8. CONCLUSIONS

8.1. ADHD participants showed three clusters of GM reduction corresponding to 1)
the right SMA, extending to superior frontal lobe; 2) the subgenual ACC; and 3) the
right DLPFC. All these regions are key regions in cognitive executive regulation,
specially for WM and cognitive and motor response inhibition, found to be
dysfunctional in ADHD patients. These findings of GM reduction circumscribed to
frontal regions, with no siginificant findings for cerebellar, occipital, temporal nor
parietal regions, give support to the hypothesis of a posterior-anterior brain volume

normalization with increasing age in ADHD subjects.

8.2. ADHD participants showed a cluster of GM increase relative to the healthy
comparison group in the left striatum (left caudate and putamen nuclei). These
data would support a positive association in ADHD patients between age and GM
increase in the basal ganglia. These structures are typically reduced in GM volume
in ADHD children but would show a progressive volume normalization as children
mature towards adulthood, with ADHD adults showing similar, or even larger
striatal volumes than healthy adults as a possible compensatory overgrowth to
prevent cognitive and motor inhibitory output impairment. This finding may be
clinically relevant as there is frequently a relative reduction in hyperactivity
symptoms later in development, which might be explained as a function of this

volumetric normalization in motoric regulation regions.

Brain functional and structural changes in adult ADHD and their relation to long-term stimulant treatment



119

8.3. ADHD participants showed failure of de-activation in the medial frontal cortex
under a WM 2-back task, which in turn implies default mode network dysfunction.
This finding supports the idea that while brain networks specifically specialized for
WM such as the frontoparietal could be quite neurodevelopmentally normalized in
ADHD adults, a failure to deactivate the DMN during WM tasks would rather
account for inefficient WM, due to a difficulty to allocate attentional resources away
from self-oriented thoughts and toward extrinsic task execution, predicting greater
lapses of inattention and the need to exert greater mental effort to achieve a normal
level of individual WM performance. Default mode network reduced deactivation
during task performance would be mainly due to an impairment in the process
of recruitment of different brain areas under task demand and therefore of
coactivation/deactivation between them for the purpose of executing specific tasks
or mental functions like WM. DMN dysfunction provides a plausible basis for one of

the key areas of symptomatology in adult ADHD: inattentiveness.

8.4. Our results showed greater GM volume with higher MPH cumulated dose in
right SMA and right DLPFC. These findings suggest evidence for long-term MPH
associated effects on brain structure, in the direction of an attenuation in GM
volume reduction in key brain regions for WM and response inhibition with reduced

volumes in ADHD adults, specifically DLPFC and the SMA.
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8.5. The study yielded no significant differences in brain activity between ADHD
participants chronically medicated with MPH and those medication-naive. Our and
previous findings would support that MPH has a positive acute effect in normalising
brain function in ADHD patients, but these acute effects seem to dissipate as the
drug is washed out of the system, not leading to long-lasting changes on brain
function, in a contrary way as it is the case for brain structure. This interpretation is

speculative, but it could be tested in longitudinal studies.

8.6. The study found no significant differences on resting state functional
connectivity between ADHD participants and the healthy comparison group in
any large-scale brain network. These finding doesn’t support network
dysconnectivity as a central feature of adult ADHD, probably due to functional
segregation throughout development into adulthood in ADHD population as in

typical development in healthy population.

8.7. This study supports the conceptualization of ADHD as a developmental
disorder with related measurable changes in brain structure and function across the
lifespan, susceptible of improvement with therapeutical interventions such as

pharmacological treatment with MPH.
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9. SUMMARY

Introduction: Attention-Deficit Hyperactivity Disorder is a neurodevelopmental disorder
affecting about 5 % of child and adolescent population, with around 50 % of those carrying
the disorder into adulthood. Structural and functional neuroimaging studies in ADHD adults

however, have been inconsistent.

Objectives: Our aim was to investigate the strucutural and functional brain changes in
adult ADHD. To what extent these changes could be corrected by long-term exposure to

methylphenidate was also examined.

Methods: We recruited a large sample of adults with a positive diagnosis of ADHD-
Combined subtype and a matched group of healthy volunteers. We obtained fMRI images
from participants while performing a well-validated working memory task (N-back),
anatomical MRI images using voxel-based morphometry (VBM) and resting state fMRI to
look at functional connectivity within the working memory network and other brain

networks in the resting brain.

Results: Relative to the healthy comparison group ADHD participants showed: 1) a
smaller grey matter volume in the right supplementary motor area, the subgenual anterior
cingulate cortex and the right dorsolateral prefrontal cortex; 2) a higher grey matter density
in the left caudate and putamen; 3) a defficient deactivation of the medial prefrontal cortex
during the 2-back task; and 4) long-term corrective effects of methylphenidate treatment

for brain structure but not for brain activations.
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Conclusions: Structural and functional neuroanatomy of working memory is impaired in
ADHD adults, showing structural abnormalities in key regions of working memory and
cognitive control (including the supplementary motor area, the anterior cingulate cortex
and the dorsolateral prefrontal cortex) and dysfunctional brain deactivation of the medial
prefrontal cortex during high-load working memory performance (leading to an excessive
processing of irrelevant internal information that is detrimental to working memory itself).
Chronic exposure to methylphenidate normalizes brain structural deficits in the long-term,
exerting no longer changes in brain activity. Developmental structural and functional brain

differences in ADHD seem to normalize into adulthood to a large extent.
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