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General introduction
The aim of the present thesis is to investigate how lateral brain functions (left and right 
hemisphere-functioning) and interhemispheric communication are associated with self-
reported symptoms of Attention-Deficit/Hyperactivity Disorder (ADHD) in adults from 
the dimensional perspective. In the following paragraphs, we have presented a short 
overview about ADHD, its dimensional conceptualization, and the relevance of studying 
adulthood ADHD. Next, we have explained terms of brain laterality and interhemispheric 
communication and how they are in individuals diagnosed with ADHD. After we have ended 
with a conclusion and general research question, we have described the thesis outline in the 
last section.

What is ADHD?
ADHD is a condition of which humans are aware of for the last 200 years, yet identifying 
the clinical characteristics and nomenclature of the dysfunctions underlying the condition 
has changed over the time (for review, see Lange, Reichl, Lange, Tucha, & Tucha, 2010). 
Nowadays, it is referred to as a disorder that results in symptoms of hyperactivity, impulsivity 
and inattention. But, also motivation and higher-order functions including inhibitory control, 
cognitive flexibility, planning, and spatial and verbal working memory can be affected 
(Alderson, Kasper, Hudec, & Patros, 2013; Barkley, Grodzinsky, & Dupaul, 1992; Cubillo, 
Halari, Smith, Taylor, & Rubia, 2012; Fuermaier et al., 2015; McInnes, Humphries, Hogg-
Johnson, & Tannock, 2003; Shue & Douglas, 1992). The persistency and pervasiveness of these 
symptoms can severely interfere with abilities to function well in education and workplace, 
they also affect the ability to establish and maintain interpersonal, social relationships (Barkley, 
Murphy, & Fischer, 2008; Birchwood & Daley, 2012; Daley & Birchwood, 2010; Humphreys 
et al., 2013; Ramsay & Rostain, 2008), and increases risky behaviors in gambling, sex, driving, 
and drug abuse (for review, see Groen, Gaastra, Lewis-Evans, & Tucha, 2013).

The DSM classification system differentiates ADHD into the predominantly inattentive, 
the predominantly hyperactive-impulsive, and the combined type. According to the DSM, 
individuals are categorized as having ADHD if they do meet specific criteria. An example of 
such criteria is that individuals must exhibit a specific number of symptoms (six for children 
and five for adults) from either the inattention or the hyperactivity-impulsivity type or both, 
and the symptoms must last at least six months in two different settings such as school and 
home (American Psychiatric Association, 2013). The DSM classification supports clinicians 
to decide who is entitled to receive treatment and reimbursement of costs in the health care 
system.

The dimensional conceptualization of ADHD
Most of the ADHD research has selected target participants according to the DSM classification, 
investigating cognitive and motivational dysfunctions and possible involved brain regions that 
underlie the behavioral symptoms. Although this type of research is acknowledged for the 
achieved progress in diagnosing, understanding, and treating ADHD, in spite of all effort, the 
research outcome has not led to straightforward interpretation. Beauchaine (2003) discussed 
that the DSM classification may have some limitations in research. One of the limitations is 
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that it is primarily based on operational criteria that neglect many other kinds of symptoms 
and contexts, which may be clinically relevant (for review, see Purper-Ouakil, Wohl, Michel, 
Mouren, & Gorwood, 2004). Another limitation is that the binary classification (having or 
not having the disorder) is not able to define people who are at risk and does not capture the 
development processes of the disorder and its etiological mechanism (Beauchaine, 2003).

Currently, researchers are increasingly shifting towards the dimensional conceptualization 
of ADHD, which considers all varying quantitative degrees, over a wide range, of ADHD 
symptoms presented in various dimensions. Using the dimensional approach, statistical 
profiles for ADHD characteristics can be generated from the general population. It is assumed 
that clinical ADHD may represent the extreme end of quantitative characteristics which 
are normally distributed in the general population. In addition, analyses of dimensional 
measures offer greater statistical power than categorical measures (for review, see Coghill & 
Sonuga‐Barke, 2012). Consistent with the dimensional approach, Fergusson and Horwood 
(1995) found that continuous measures of externalizing behaviors were better predictors 
of subsequent substance abuse and delinquent behaviors, than the DSM classification. The 
dimensionality of ADHD has been studied on the basis of self-reports, some outcomes 
revealed that continuous ADHD behaviors can predict reduced total brain volume (Hoogman 
et al., 2012), especially after controlling for anxiety and depression symptoms (Das, Cherbuin, 
Anstey, Abhayaratna, & Easteal, 2014). ADHD behaviors are also correlated with volumes of 
the left nucleus accumbens, a region overlapping the dorsolateral prefrontal cortex, and left 
hippocampal (Das et al., 2014). These outcomes, in particular, emphasize the dimensional 
aspect of neurobiological substrates of ADHD. The shifting towards the dimensional approach 
is thought to advance our understanding of pathophysiological and etiological mechanisms 
underlying the disorder (see, Marcus & Barry, 2011; for meta-analysis see, Nikolas & Burt, 
2010), and was recently taken into account by the latest edition of the DSM (DSM-5).

Studying ADHD in adults
For many years, ADHD has been considered non-existent in adulthood (Davidson, 2008; 
Faraone, Biederman, & Mick, 2006; Hill & Schoener, 1996; Kessler et al., 2006; Simon, 
Czobor, Bálint, Mészáros, & Bitter, 2009). It is true that the childhood condition may last for 
many years, yet disappear in early or late adolescence. Reasons (for disappearing symptoms 
in adulthood) may be further maturation of the brain during puberty, or learning to control 
the symptoms with age. However, various longitudinal studies indicate that the symptoms 
maintain into adulthood in approximately 60 percent of the cases (Davidson, 2008; Franke 
et al., 2012; Kooij, 2013). One might argue that the persisting symptoms into adulthood may 
represent the core symptoms of ADHD. Apart from that, many studies have taught us much 
about the outcome of ADHD in childhood, but less is known about the outcome of ADHD 
in adults. An improved understanding of the long-term outcome of ADHD has important 
implications for clinicians, scientists and public health society. Clinicians need to know 
when the clinical picture indicates degradation over time. For scientists, improved efforts in 
studying adults can help identify long-term risk factors in ADHD and can help characterize 
early predictors of morbidity. For a public health society, the ability to predict the course 
could help focus limited societal resources for only those with and at risk for ADHD.
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Brain laterality and interhemispheric communication
The term brain laterality indicates that the two halves/hemispheres of the brain are not 
symmetric in structure and functioning. The study of brain laterality has a long tradition in 
neurosciences (starting approximately during the end of the 19th- century). For a historical 
review see Davidson and Hugdahl (1995) and Stephan, Fink, and Marshall (2007). Pioneers 
of brain lateralization are, for instance, Franz Gall, who speculated that the brain is divided 
into segregated regions with their own functional specializations, and Paul Broca and Carl 
Wernicke who discovered that the left hemisphere is involved in linguistic processing. There 
is a good evidence that the majority of the population shows left hemisphere dominance 
for language (Knecht et al., 2000; Knecht, Dräger, & Deppe, 2000) and right hemisphere 
dominance for visuospatial information processing (see, Corballis, 2003; Longo, Trippier, 
Vagnoni, & Lourenco, 2015). However, evidence of considerable individual differences in the 
lateralized organization of brain functions was recently presented (Lust, et al., 2011; Lust, 
Geuze, Groothuis, & Bouma, 2011), possibly affected by factors such as handedness, gender, 
and age (Eviatar, Hellige, & Zaidel, 1997; Reuter-Lorenz et al., 2000).

There is a link between brain laterality and communication between the two hemispheres 
materialized in three theories (Stephan, Marshall, Penny, Friston, & Fink, 2007). The first 
theory is based on the notion of “information transfer” (Poffenberger, 1912). For instance, 
during verbal task processing, information transfer increases from the right hemisphere to 
the language areas in the left hemisphere to ensure the most efficient processing. The second 
theory of interhemispheric cooperation proposes that the two hemispheres are able to 
process information apart when stimuli are simple: Thus, communication between the two 
hemispheres is not needed or minimum and lateral processing increases. As soon as stimuli 
become more complex the two hemispheres start to work together, and as a result, there will 
be less lateral processing. Given a sufficiently demanding task, interhemispheric cooperation 
increases during lateralized tasks, even when the dominant hemisphere receives the stimulus 
(Banich, 1998; Belger & Banich, 1998; Hellige & Cox, 1976; Liederman, 1986; Passarotti 
et al., 2002; Weissman & Banich, 2000). The third theory proposed by Kinsbourne (1970) 
focuses on the functional balance between the two hemispheres, also called interhemispheric 
inhibition, which is mediated by mutual inhibition between homotopic brain regions. 
From this perspective, the most dominant hemisphere is suppressing the other one. Note: 
interhemispheric inhibition has been found mainly in the context of motor tasks (Ferbert et 
al., 1992; Daskalakis, Christensen, Fitzgerald, Roshan, & Chen, 2002). 

To study brain laterality and interhemispheric communication in ADHD symptomatology 
as measured by self-reports, we used the Banich paradigm (1990). Therefore, the results are 
explained in terms of the second theory of interhemispheric cooperation. In the paradigm, 
task complexity and trial type (across or within hemisphere/visual field) are manipulated. 
Participants typically perform a less complex task that requires only simple perceptual matching 
in one condition and a more complex task that requires at least one additional computational 
step. For both tasks, half of the trials are presented within the same visual field in which 
relevant items are initially processed by the contralateral hemisphere and the other half are 
presented across visual fields in which relevant items are processed by the two hemispheres. 
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Typically, task complexity and trial type interact. That is to say for the more complex task the 
performance is better on across visual fields/hemispheres trials; while, for the less complex 
task the performance is better on within-hemisphere trials or equal between within and 
across hemispheres trials. We also used a lateralized lexical decision paradigm proposed by 
McKeever and Huling (1971). This paradigm is often used to measure functional hemispheric 
differences in language processing in healthy, split brain, dyslexic, schizophrenic, and ADHD 
subjects (Bloch & Zaide, 1996; Hale et al., 2005; Iacoboni & Zaidel, 1996; Narr et al., 2003; 
Willemin et al., 2016; Zaidel, 1998; Zaidel, 2001). The basic procedure involves measuring 
how quickly and accurately people recognize stimuli, presented in each hemisphere/visual 
field, as words or nonwords. The most repeated finding is that words are better recognized in 
the right visual field/the left hemisphere in most of right-handed people. Few studies showed 
that nonwords are better processed in the left visual field/the right hemisphere. Using the 
above mentioned divided visual field experimental designs, we take advantage of the way in 
which the visual pathways (from the eyes to the visual cortex) are lateralized. Visual stimuli 
presented to the right side of a fixation point are initially available to the left hemisphere at 
the first phases of processing and conversely, visual stimuli that appear on the left side of the 
fixation are initially processed by the right hemisphere. In this way, observed improvement 
in task performance in some aspects of a particular task may reflect functional advantage of 
one cerebral hemisphere above the other (e.g., better performance for words presented to the 
right visual field compared to words presented in the left visual field reflects a left hemisphere 
functional advantage in processing words). 

The relevance of studying brain laterality and interhemispheric communication 
in ADHD 
The relevance of studying brain laterality in people with varying scores on ADHD scales is as 
follows. Many studies have suggested that abnormal hemispheric asymmetries in patients with 
ADHD are involved in a variety of ADHD symptoms and related cognitive processes (Braun, 
Delisle, Suffren, & Bolduc, 2013; Hale et al., 2008; Hale et al., 2009; Hale et al., 2010; Jaworska 
et al., 2013; Jones, Craver-Lemley, & Barrett, 2008; Song & Hakoda, 2012). Some researchers 
have argued that ADHD is a right hemisphere dysfunction syndrome based on two main 
clinical findings: first, patients with right hemisphere lesions showed similar symptoms of 
those with ADHD (Miller, Miller, Bloom, Hynd, & Craggs, 2006; Stefanatos, & Wasserstein, 
2001). Second, studies on attention have suggested that the right hemisphere is playing a more 
dominant role in attentional functions such as sustained and orienting attention, known to 
be impaired in patients with ADHD (Kingstone, 2015; Longo et al., 2015; Petersen & Posner, 
2012; Wright, Makin, & Bertamini, 2015). Others reported functional abnormalities in the left 
hemisphere as confirmed by a remarkable overlap between the disorder with reading disorders 
and difficulties in naming tasks (Bellani, Moretti, Perlini, & Brambilla, 2011; Hale et al., 2005; 
Levy, Young, Bennett, Martin, & Hay, 2013; Malone, Kershner, & Siegel, 1988; Tamm et al., 
2014; Tannock, Martinussen, & Frijters, 2000). Zametkin et al. (1990) and Zametkin et al. 
(1993) suggested that individuals with hyperactive and impulsive symptoms have left frontal 
lobe deficits during motor performance. In a review by Bonvicini, Faraone, and Scassellati 
(2016) a relationship between genes differentially expressed in the two hemispheres and 
the vulnerability to ADHD was suggested. The authors discussed the role of brain-specific 
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angiogenesis inhibitor 1-associated protein 2 (BAIAP2) in the susceptibility for ADHD in 
adults. The BAIAP2 is expressed at higher levels in the left hemisphere and participates in 
neuronal proliferation and maturation. 

In addition, neuroimaging studies reported atypical lateral brain activity during the resting 
state and the performing cognitive tasks: subjects with ADHD show greater asymmetry with 
more activation in the right hemisphere than in the left hemisphere during the resting state, 
and more activation in the left hemisphere than in the right hemisphere during cognitive 
performance (Chabot & Serfontein, 1996; Cubillo et al., 2010; Ernst et al., 1999; Ernst, 
Zametkin, Matochik, Jons, & Cohen, 1998; Hart, Radua, Mataix-Cols, & Rubia, 2012; Sieg, 
Gaffney, Preston, & Hellings, 1995). 

Instead of discussing strict lateralized deficits in ADHD, Hale et al. (2009) and Hale et al. 
(2008) suggested an alternative view of abnormal interhemispheric interaction as an important 
clue to the nature of abnormal laterality in ADHD. In this view, abnormal interaction 
between the two hemispheres leads to imbalanced left-right hemisphere contributions to 
information processing during arousal and attentional regulation tasks. Much support comes 
from anatomical studies showing structural abnormalities in the corpus callosum in ADHD. 
The corpus callosum is the largest white matter structure in the brain that connects the two 
hemispheres and is thought to contribute to the functional specialization of the hemispheres 
by mediating information transfer between hemispheres. Neuroimaging studies consistently 
found smaller corpus callosum in individuals with ADHD (Valera et al., 2006; Hutchinson, 
Mathias & Banich, 2008). More specifically, a smaller splenium size was found to be related 
to higher levels of hyperactivity and restlessness (Schnoebelen, 2005); also sub-regions such 
as the genu and the isthmus of the corpus callosum were found to be smaller in subjects with 
ADHD (Antshel, Conchelos, Lanzetta, Fremont, & Kates, 2005; Baumgardner et al., 1996; 
Cao et al., 2010; Hynd et al., 1991; for review, see Paul, 2010). These callosal sub-regions 
mediate higher-order cognition and sensory-motor processing. The smaller size of the 
corpus callosum may be due to less myelination, small diameter, and/or low density of neural 
axons, factors known to cause lower speed of neural information transfer. Consequently, 
the structural deviance may have substantial impact on the function of the corpus callosum 
causing slow interhemispheric communication (Hoptman et al. 1996). However, the findings 
of the existing few behavioral studies have failed to support this notion. Surprisingly, some 
studies reported faster interhemispheric transfer time in ADHD subjects relative to controls 
(Amano, 2002; Brown & Vickers, 2004; Hagelthorn, 1998; Rolfe, Kirk, & Waldie, 2007).

In conclusion, the outcome of the laterality studies on clinical ADHD populations fulfilling 
the DSM criteria is far from clear to answer the following question: to what extent do lateral 
brain functions (left and right hemisphere-functioning) and interhemispheric interaction 
contribute to the severity of ADHD symptoms and related problems as measured by a self-
report questionnaire? This general question is the guideline of the present thesis focused 
on dimensional measures of ADHD in adults. In addition, the present thesis elaborates on 
behavioral measures of brain functioning to explore the behavioral consequences of brain 
dysfunctions.
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Outline of the thesis
In chapter 2 we investigate the dimensional relationship between interhemispheric interaction 
and self-reported ADHD symptoms. In other words, we test whether self-reported ADHD 
is related to disorganized brain functioning due to weak cooperation between two cerebral 
hemispheres. Many neuroanatomical studies showed that the size of the corpus callosum is 
reduced in subjects who diagnosed with ADHD. However, there is no clear evidence that 
structural anomaly in the corpus callosum leads to less or affected cooperation between 
the two hemispheres. Here, we measured ADHD in a, relatively, larger sample than clinical 
samples and controlled for possible mood comorbid disorders1 in adults (depression, anxiety, 
and stress).

In chapter 3 we elaborate on hemisphere functioning by investigating how self-reported 
ADHD symptoms are related to both the left hemisphere specialization in verbal information 
processing and the right hemisphere specialization in visuospatial information processing. 
Information about lateral brain dysfunctions in subjects with DSM-ADHD diagnosis is still 
inconclusive; albeit most evidence favors abnormal right hemisphere-functioning. As in 
chapter 2, we test the relationship between brain laterality and ADHD symptoms from the 
dimensional perspective.

In chapter 4 rather than focusing on only the DSM-criteria of ADHD (inattention, hyperactivity, 
and/or impulsivity), we test whether self-reported ADHD symptoms and difficulties 
in allocating sufficient effort to regulate the energetic state of the subjects (a requirement 
to complete any cognitive task i.e., state regulation deficit) are related to hemispheric 
functioning. For healthy people, hemispheric asymmetry in regulating the energetic state has 
been reported in many studies. For individuals with ADHD, there are many indications of 
atypical lateral cerebral activation during task conditions in which allocating more effort is 
needed and during resting state wherein no effort allocation is needed. Again, we address this 
relationship from the dimensional perspective.

In chapter 5 we investigate whether error processing in adults with high scores on an ADHD 
questionnaire deviates from typical error processing in adults with low ADHD symptoms. We 
also explore the role of each cerebral hemisphere and state regulation in error processing. A 
reasonable number of behavioral, EEG, fMRI, and clinical studies have suggested that the left 
hemisphere is a likely candidate to play a dominant role in error processing. However, a clear 
conclusion about hemispheric specialization in error processing is far from precise. Because 
subjects with ADHD have abnormal brain laterality, it could be speculated that deviant error 
processing in ADHD may result from such abnormality. Another line of research has implicitly 
shown that the energetic state of motor activation (a tonic readiness to give a motor response 
during the response preparation phase) tapping the left hemisphere functioning affects post-
error response adjustments in ADHD. Consequently, we explore the role of state regulation 
and its possible interaction with hemispheric functioning in post-error response adjustments. 

1 The term “comorbid disorders” is used to refer to the presence of one or more additional disorders 
that co-existing with ADHD.
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The final chapter 6 will provide a summary of the main results, integrate the findings and 
discuss these with regard to existing literature, discuss the limitations of the present study and 
conclude an answer to the main research question.






