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“The ultimate goal is to understand the human brain—
that incredible three-pound package of tissue that can
imagine the farthest reaches of the universe and the
ultimate core of the atom but cannot fathom its own
functioning. Each research project bites off a little
piece of an immense puzzle”

Harold M. Schmeck, Jr., “Brain signals in test foretell action”, The New York Times, Feb. 13, 1971. Copyright
1971 by the New York Times Company






POPULAR SCIENCE SUMMARY

We have all experienced emotional problems and difficulties in keeping our attention to boring
tasks. However, the extent to which we experience these difficulties varies between individuals.
The level of emotional and inattention problems are distributed across the population along a
continuum; from low levels in healthy individuals to severe symptoms in psychiatric patients.
High levels of emotional problems often coincide with high levels of inattention problems, and
psychiatric diagnoses related to problems in those “symptom domains” often occur
simultaneously in the same individual. Emotional symptoms characterized by rapidly shifting
emotional states are present in psychiatric disorders such as conduct disorder in children and
emotionally unstable personality disorder (also referred to as borderline personality disorder)
in adults. Symptoms of inattention, and other “non-emotional” symptoms such as hyperactivity
and impulsivity, are common in attention-deficit hyperactivity disorder (ADHD).

In this PhD project, we aimed to better understand how emotional problems—associated with
rapidly shifting emotional states—and inattention problems relate to each other. In order to do
so, we asked participants to fill out self-report questionnaires of their symptoms and behaviors
related to problems in regulating emotions and attention. The participants also performed
various behavioral tasks related to different aspects of emotional and attentional processing.
Those tests were performed either on a computer, or while in a magnetic resonance imaging
(MRI) scanner. Using a functional MRI technique allows visualizing activity in different parts
of the brain while a person performs certain tasks. We also used structural MRI to measure
volume of different parts of the brain that are thought to be specifically important in regulation
of emotion and attention.

We investigated how emotional and inattention problems relate to each other in different study
populations including both adolescents and adults, healthy participants and ADHD patients.

In the studies included in this PhD project we could show that smaller volume of specific
“emotional” parts of the cortex of the brain related to higher levels of emotional problems in
adolescents (Study 1), but not in adults with and without ADHD (Study I1). Similarly, we
found that smaller “non-emotional” parts of the brain cortex were associated with higher levels
of “non-emotional” problems in adolescents (Study 1), but not in healthy adults or adults with
ADHD (Study I1). The fact that these associations could be observed in adolescents, but not
in adults, could have a developmental explanation, since all the cortical regions investigated in
this PhD project were “prefrontal” regions, which are among the last to mature. It is possible
that when the brain development has “caught up”, the relation between emotional and non-
emotional problems and brain structure becomes more subtle, or even seizes to exist.

Deep inside the brain, a more primitive “reward region” called the ventral striatum, is located.
Interestingly, we found that adults with a smaller ventral striatum reported higher levels of
emotional problems (Study I1). We also found that, in females, the higher levels of emotional
problems that were reported by an individual, the less activation of the ventral striatum was
seen while waiting for a reward (Study I11). This kind of “hypoactivation® of the ventral



striatum is typical in ADHD patients, who often find waiting for a reward difficult. Our
different findings relating the ventral striatum volume and function to emotional problems,
rather than “non-emotional” problems, are interesting since this region of the brain has often
been associated with ADHD, which traditionally has been considered primarily a “non-
emotional” diagnosis—although “emotional” ADHD is becoming increasingly discussed.

In the final study of this PhD project, we could show that more activation in an “emotional”
region of the brain during a task that depended on both emotional and non-emotional brain
systems, was specifically related to higher levels of emotional problems of an individual, rather
than non-emotional problems (Study 1V). This study highlights the importance of investigating
emotional and non-emotional symptoms and related processes in the brain simultaneously.
Emotional and non-emotional processes in the brain never occur in isolation from each other.
For example, driving a car requires many “non-emotional” skills such as proper attention and
flexibly adapting the driving to changes in the environment. This might be easy when you are
undisturbed and on your own, while it could be rather challenging if you are distracted by
emotional input from a phone call or screaming children in the backseat. By using an
experimental task targeting both emotional and non-emotional processes as in Study 1V, we
may, to some degree, separate processes that often occur at the same time in the brain, although
the experimental setting will never mirror real world situations perfectly.

To conclude, it is difficult to separate emotional and non-emotional processes in the brain, but
through the studies included in this PhD project, we have been able to start doing just that. If
we increase our understanding of the underlying brain mechanisms that contribute to
psychiatric symptoms in patients with conduct disorder, emotionally unstable (borderline)
personality disorder and ADHD, we will hopefully help pave the way for the development of
new, more individualized, treatments for the patients suffering from these disorders.



POPULARVETENSKAPLIG SAMMANFATTNING

Vi har alla upplevt kansloméssiga problem och svarigheter med att behalla uppméarksamheten
pa trakiga uppgifter. Hur mycket och hur ofta vi upplever sadana svarigheter varierar dock
mycket mellan individer. Graden av kénslomassiga, eller emotionella, problem och
uppmarksamhetsproblem ar varierar 6ver befolkningen, fran laga nivaer hos friska individer,
till svara symptom hos psykiatriska patienter. Hoga nivaer av emotionella problem férekommer
ofta i kombination med en hog grad av uppmérksamhetsproblem och andra “icke-emotionella”
problem. Aven psykiatriska diagnoser som inkluderar symptom i dessa symptomdoméaner
forekommer ofta tillsammans i en och samma individ. Emotionella symptom som
karakteriseras av snabbt skiftande kanslor férekommer i stor utstrackning hos barn med
uppforandestérning och vuxna med emotionellt instabil personlighetsstérning, dven kallad
borderline personlighetsstorning. Uppmérksamhetsproblem och andra ”icke-emotionella”
symptom, som till exempel hyperaktivitet och bristande impulskontroll, &r vanligt fore-
kommande i uppmarksamhetsstorning/hyperaktivitet (attention-deficit hyperactivity disorder;
ADHD).

Genom detta doktorandprojekt ville vi oka forstaelsen av hur emotionella problem, som till
exempel snabbt skiftande kanslor, och uppmarksamhetsproblem forhaller sig till varandra.

For att undersoka detta bad vi deltagare att fylla i sjalvskattningsformulér avseende symptom
och beteenden relaterade till reglering av kénslor och uppmaérksamhet. Deltagarna genomforde
aven beteendetester som speglade olika emotionella processer och uppméarksamhetsprocesser
i hjarnan. Dessa tester gjordes antingen vid en dator eller i en magnetkamera (MR). Genom
funktionell MR kan man fa en bild av aktivitet i olika delar av hjarnan hos en person som gor
olika uppgifter. Vi anvande ocksa strukturell MR for att mata volymen av omraden i hjarnan
som anses sarskilt viktiga for reglering av kénslor och uppmarksamhet.

Vi undersokte hur emotionella problem och uppmarksamhetsproblem relaterar till varandra i
olika populationer; ungdomar och vuxna, friska deltagare och ADHD-patienter.

Genom de olika studierna kunde vi visa att en mindre volym 1 vissa “emotionella” delar av
hjarnbarken relaterade till hogre nivaer av emotionella problem hos ungdomar (Studie 1), men
inte hos vuxna med eller utan ADHD (Studie I1). Pa ett liknande satt kunde vi ocksa visa att
mindre volym i “icke-emotionella” delar av hjarnbarken kunde kopplas till svérare icke-
emotionella” problem hos ungdomar (Studie 1), men inte hos vuxna med eller utan ADHD
(Studie I1). Anledningen till att dessa kopplingar kunde ses hos ungdomar, men inte hos vuxna,
kan ha sin forklaring i hjarnans utveckling. De omraden i hjarnan som namnts ovan é&r alla
beldgna i pannloben, och ar bland de omraden i hjarnan som mognar allra sist. Det ar majligt
att relationen mellan emotionella och icke-emotionella problem och strukturella foérandringar i
hjarnan minskar eller inte langre finns kvar nér utvecklingen av hjarnan “kommit ikapp”.

Vi undersokte ocksa hur ett mer primitivt beléningscentrum beldget djupt inne i hjarnan,
ventrala striatum, kunde relateras till emotionella och icke-emotionella problem. Vi kunde se



att vuxna med mindre volym i ventrala striatum ocksa rapporterade hégre nivaer av emotionella
problem (Studie I1). Vi kunde dven se att kvinnliga deltagare med hégre nivaer av emotionella
problem ocksa hade mindre aktivitet i ventrala striatum medan de vantade pa att fa en beléning
(Studie 111). Denna typ av "hypoaktivering” i ventrala striatum &r typiskt for patienter med
ADHD som ofta har svarigheter med att vanta pa en beloning. Vara resultat kopplar bade volym
och funktion i ventrala striatum till emotionella problem, snarare an till ’icke-emotionella”
problem, och &r intressanta i och med att detta omrade i hjarnan ofta forknippats med ADHD,
som traditionellt har ansetts vara primirt en “icke-emotionell” diagnos. Dock har &ven
“emotionell” ADHD alltmer uppmarksammats pa senare tid.

I den sista studien ville vi undersdka om emotionella symptom specifikt kunde relateras till
aktivering av “emotionella” omraden i hjidrnbarken under ett test som engagerade bade
emotionella och icke-emotionella natverk i hjarnan (Studie 1V). Denna studie belyser vikten
av att undersdka emotionella och icke-emotionella symptom och relaterade processer i hjarnan
samtidigt. Emotionella och icke-emotionella processer i hjarnan sker aldrig helt separat fran
varandra. Ett exempel &r bilkdrning: att kora bil krdver manga “icke-emotionella” fardigheter,
som till exempel uppméarksamhet och en férmaga att anpassa sig till en foranderlig omgivning.
Detta kan vara relativt enkelt nar det inte finns ndgra stérningsmoment och man &r sjalv i bilen,
men kan daremot vara betydligt svarare om man blir kanslomassigt distraherad av till exempel
telefonsamtal eller skrikande barn i baksatet. Genom den typ av experimentellt test som vi
anvande i Studie IV, vilket engagerar bade emotionella och icke-emotionella processer, okar
forutsattningarna for att vi ska kunna separera processer som sker simultant i hjarnan, &ven om
dessa test forstas aldrig helt kan avspegla de komplexa situationer vi moter i vardagen.

Sammanfattningsvis kan vi konstatera att det ar svart att separera emotionella fran icke-
emotionella processer i hjarnan, men genom studierna i detta doktorandprojekt har vi borjat
gora det. Om vi kan oka forstaelsen for de mekanismer i hjarnan som bidrar till psykiatriska
symptom vid till exempel uppférandestorning, emotionellt instabil (borderline)
personlighetsstorning och ADHD, kan vi férhoppningsvis bidra till utvecklingen av nya, mer
effektiva och individuellt anpassade behandlingar for dessa patienter i framtiden.



ABSTRACT

Emotional symptoms and non-emotional symptoms such as inattention often co-occur. Each
of these symptom domains covers symptoms that are distributed along a continuum across the
population; from non-clinical levels to clinically significant psychiatric symptoms. In this PhD
project, we have focused on emotional symptoms related to emotional instability, i.e. rapidly
fluctuating emotional responses and behaviors. Emotional instability is common in psychiatric
diagnoses such as conduct disorder (CD) in children and emotionally unstable personality
disorder (EUPD) in adults. Similarly, non-emotional symptoms such as inattention, are
common in attention-deficit hyperactivity disorder (ADHD). Since emotional instability
symptoms and non-emotional symptoms often co-occur, so do many psychiatric diagnoses
associated with them.

The overarching aim of this PhD project was to try to disentangle concurrent emotional and
non-emotional neural processes, behaviors, and symptoms. We aimed to correlate emotional
and non-emotional symptoms to neural and behavioral measurements, while adjusting for the
other symptom domain, in order to tease out the unique contributions of each symptom domain
and related neural correlates. The four studies included in the project address this overarching
aim from slightly different angles, for example by including adolescents and adults, non-
clinical and clinical populations, and structural and functional neuroimaging techniques. Our
hypothesis was that emotional instability and non-emotional ADHD/inattention symptoms—
and behavioral and neural correlates—could be disentangled to some degree.

Some neural regions were of particular importance to this PhD project. Lateral orbitofrontal
cortex (IOFC), rostral anterior cingulate cortex (rACC), and ventral striatum (VS)/nucleus
accumbens (NAcc) served as primarily “emotional” cortical and subcortical regions of interest
(ROIs), and their structure and function were hypothesized to relate to emotional instability
symptoms. Similarly, dorsolateral/dorsomedial prefrontal cortex (dl/dmPFC) and caudal
anterior cingulate cortex (cCACC) were chosen as primarily “non-emotional” ROlIs, of which
structure and function was hypothesized to be associated to non-emotional ADHD/inattention
symptoms.

Study | investigated how structural brain measures in a large community sample of 14-year-
olds correlated with emotional instability and non-emotional ADHD symptoms. We found that
surface area (SA) of dl/dmPFC and cACC correlated negatively with non-emotional ADHD
symptoms, when adjusting for emotional instability symptoms. Grey matter volume (GMV) of
rACC correlated negatively with emotional instability symptoms, when adjusting for non-
emotional ADHD symptoms.

Study 11 followed up on Study | by correlating structural cortical and subcortical brain
measurements of adults with and without ADHD with emotional instability and non-emotional
inattention symptoms. We observed a negative correlation between GMV of NAcc (and the
caudate) and emotional instability symptoms, adjusting for non-emotional inattention
symptoms. In contrast to Study I, we could not show any correlations between cortical brain



measurements and emotional instability or non-emotional inattention symptoms in this adult
cohort.

Study 111 employed functional magnetic resonance imaging (fMRI) to investigate how neural
activation (as estimated by the blood-oxygen-level-dependent (BOLD) response) during
anticipation and outcome of reward related to emotional instability and non-emotional
inattention symptoms in non-clinical adults. There were no correlations between VS activation
during reward anticipation, or ACC and insula activation during reward outcome, and
emotional instability or non-emotional inattention symptoms in the sample as a whole.
However, in a subsample of females only, VS activation during reward anticipation correlated
negatively with emotional instability symptoms, when adjusting for non-emotional inattention
symptoms.

Finally, Study 1V also used fMRI to investigate neural activation during emotional and non-
emotional conflict processing, and how that activation related to emotional instability and non-
emotional inattention symptoms, in a sample of non-clinical adults. Emotional instability
symptoms correlated positively with rACC activation during emotional conflict adjustment
(contrasted against non-emotional conflict adjustment), when correcting for non-emotional
inattention symptoms. Activation in cACC/dmPFC during exposure to cognitive conflict, or
dIPFC activation during non-emotional conflict adjustment, did not correlate with non-
emotional inattention symptoms.

Taken together, we found partial support for our overarching hypothesis that emotional
instability and non-emotional ADHD/inattention symptoms-and behavioral and neural
correlates—may be disentangled to some degree. The findings from Study | through 1V, in
combination with new literature that has emerged since the start of this PhD project, led to a
discussion on future possible separation of emotional and non-emotional symptoms and
underlying neural mechanisms Understanding these mechanisms will hopefully help develop
a deeper understanding of related psychiatric diagnoses, and help pave the way for new, more
individualized, treatments.
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1 INTRODUCTION

The overall aim of this PhD project was to disentangle emotional instability symptoms and
non-emotional attention-deficit hyperactivity disorder (ADHD)/inattention symptoms
associated with top-down dysregulation, since these symptoms often co-occur. We aimed to
investigate how the two different symptom domains related to behavioral measurements and
underlying neural correlates, both structural and functional, with a focus on prefrontal cortical
and subcortical brain regions, known to be involved in processing of emotion, reward, and
attention.

When the symptoms mentioned above are severe, they may lead to clinical psychiatric
morbidity, such as emotionally unstable personality disorder (EUPD), conduct disorder (CD),
and ADHD. Since co-occurrence of emotional instability symptoms and non-emotional
ADHD/inattention symptoms is common, so is comorbidity of psychiatric diagnoses associated
with those symptoms. Psychiatric research is often performed in patient groups with categorical
psychiatric diagnoses that paradoxically contain heterogeneous symptomatology due to the
way the diagnostic classification systems are constructed. Therefore, the diagnostic entities do
not necessarily relate to underlying neural alterations of transdiagnostic dimensional
symptomatology. Using a dimensional approach to emotional instability and non-emotional
symptom domains allows us to disentangle related processes more precisely, and to investigate
associations between them, both on a behavioral and neural level and across both non-clinical
and clinical populations.

Through four different studies, emotional and non-emotional processes have been investigated
from different angles; including populations of adolescents and adults, non-clinical individuals
and psychiatric patients; always with a dimensional approach to symptomatology and
underlying neural processes. In Study I, structural brain measurements were correlated with
emotional instability and non-emotional ADHD symptoms in a large community sample of 14-
year olds across Europe. Study Il followed up on this question by investigating how structure
of cortical and subcortical brain regions related to emotional instability and non-emotional
inattention symptoms in a sample spanning non-clinical adults to adult patients with ADHD.
Further, Study 111 employed functional magnetic resonance imaging (fMRI) to investigate how
reward processing in cortical and subcortical regions related to emotional instability symptoms
in non-clinical adults. Finally, Study IV examined how neural processing of emotional and
non-emotional cognitive conflicts, and associated behavioral measurements, related to
emotional instability and non-emotional inattention symptoms.

| will start by presenting an overview of central concepts to this thesis, including regulation of
emotion, reward, and attention, and the benefits of applying a dimensional approach in this
context. Next, | describe psychiatric disorders in which altered emotional and non-emotional
regulation capacities lead to clinically relevant problems. | further present a brief overview of
the development of the human brain, especially in relation to the central concepts of this thesis.



This is followed by a section of methodological considerations relevant to the included studies,
an overview of the main results, and a critical discussion of the studies included in this PhD
project. Finally, I discuss implications for future research aiming to further disentangle
emotional and non-emotional processing in the brain.



2 LITERATURE REVIEW

2.1 EMOTION REGULATION

2.1.1 What are emotions and why do we need them?

In general, emotions are thought of as responses within a human being to the surrounding
environment, crucial for adapting to challenges and needs (3). Emotions are typically described
as distinct from moods, which are more prolonged mental states (3). Some argue for the
existence of discrete “core emotions” that are universally common (e.g. (4, 5)), while others
suggest that each discrete emotion category is built up from many “basic psychological
ingredients” that all relate to prior experience (e.g. (6)). Subsequently, there are different views
of whether different basic emotions give rise to overlapping and/or partially distinct activation
patterns in the brain (6, 7). The concept of valuation is central to emotion; given that the value
of a particular stimulus is always determined relative to the outer and inner context of an
individual (8).

2.1.2 What is emotion regulation?

One of the most widely used definitions of emotion regulation is “how individuals influence
which emotions they have, when they have them, and how they experience and express them”
(9, 10). Appraisal theory explains how a physiological response triggered by internal or
external stimuli mediates an emotional response; a response that may be modulated by
appraisal (9, 10). This approach suggests that emotions may be regulated at different levels, i.e.
from the trigger that initiates an emotional response, through the physiological response, to the
evaluation and interpretation of the response (3, 8, 10). Different conscious or unconscious
emotion regulation strategies may target the different levels and related neurocircuitry. One
could suppress behavior caused by emotions, or adapt attention to emotion or interpretation of
emotion, which in turn adjusts emotional responding (3, 10, 11). Emotion regulation has been
described within the reinforcement learning framework including perception of emotion,
evaluation of emotion and finally action following emotion (8). The emotion undergoes a
similar evaluation process once it has arisen, and thereby the emotion itself is regulated.

Box 1 Top-down control

Top-down control refers to the highest level of control by the cortex over
physiological processes (1). Cortical regions involved in top-down control vary
depending on the task at hand. Attentional top-down control and emotional top-
down control involve partially shared, and partially distinct prefrontal cortical
regions (2).



2.1.3 How is emotion regulated?

Gross and colleagues have proposed an overarching model for emotion regulation. It includes
a cognitive “top-down” control system (See Box 1) regulating brain regions related to
emotional reactivity and valuation (3, 8). Different types of cognitive control over emotional
processes have been described. An overview of brain regions engaged in emotion processing
is presented in Figure 1. Explicit emotion regulation, comprising insight and awareness (e.g.
reappraisal) involves the frontoparietal executive network. This network includes the
ventrolateral prefrontal cortex (VIPFC) that signals salience and thereby initiates appraisal, and
the lateral orbitofrontal cortex (IOFC)—adjacent to and partially overlapping with vIPFC. The
network also includes the dorsolateral prefrontal cortex (dIPFC) that is involved in diverse
regulatory processes, parietal cortex, anterior insula, supplementary motor area (SMA) and pre-
SMA (8, 12-14). Implicit emotion regulation that may occur without insight or awareness (e.g.
emotional conflict processing) involves rostral anterior cingulate cortex (rACC) and the
adjacent ventromedial prefrontal cortex (vmPFC). Both of these brain regions further modulate
activation of regions related to emotional reactivity, valuation, and interoception such as
amygdala, ventral striatum (VS), periaqueductal grey (PAG), anterior insula and caudal
anterior cingulate cortex (CACC) (8, 12, 13, 15, 16). Many neurotransmitters are involved in
emotion regulation, and serotonin has been especially highlighted in relation to OFC function
(.

SMA/pre-SMA

Parietal cortex

Figure 1 Regions involved in emotion processing. Abbreviations: Al = anterior insula, Amy = amygdala, cACC
= caudal anterior cingulate cortex, dIPFC = dorsolateral prefrontal cortex, IOFC = lateral orbitofrontal cortex,
NAcc = nucleus accumbens, rACC = rostral anterior cingulate cortex, SMA = supplementary motor area, VIPFC
= ventrolateral prefrontal cortex, vmPFC = ventromedial prefrontal cortex, VS = ventral striatum



2.2 REWARD REGULATION

2.2.1 What is reward and why do we need it?

The ability to adequately process and evaluate reward is necessary to steer decisions in
everyday life towards positively valenced stimuli and situations and avoid negatively valenced
and potentially harmful stimuli and situations (18). Reward processing may involve
anticipation of reward, the receipt of an expected/unexpected reward, and the subsequent
valuation of the reward (19).

2.2.2 How is reward regulated?

Reward processing is associated with dopamine signaling. Dopaminergic pathways originate
from brain stem/midbrain nuclei, project to basal ganglia structures, such as VS/nucleus
accumbens (NAcc), and cortical networks, including OFC/vmPFC (19). However, many more
regions—and neurotransmitter systems—are involved in processing of the different stages of
reward, including anterior insula, rACC, dorsomedial prefrontal cortex (dmPFC)/SMA, and
lateral frontoparietal areas (20, 21). Brain regions involved in reward processing are presented
in Figure 2. Many of the regions are involved in several of the steps in reward processing, and
despite mixed results, some distinctions have been suggested. Reward anticipation has been
linked primarily to dopamine-dependent NAcc activation related to the concept of “wanting”
(20-24). Dopamine-dependent VVS/NAcc activation is essential in mediating the reward error
signal that allows reward learning (25, 26). However, NAcc is also typically activated during
reward receipt, and a subsection of the NAcc shell has been assigned as a “hedonic hotspot”
linked to the concept of “liking” and related to the opioid neurotransmitter system (20-23, 27).
Further, mMOFC/vmPFC has been associated with the receipt of reward (21, 28-30), and together
with ACC and anterior insula, more specifically with the subjective value and elicited feeling
states related to the received reward (15, 16, 19, 21, 28, 29, 31, 32).

dmPFC/SMA

Parietal cortex

Figure 2 Regions involved in reward processing. Abbreviations: Al = anterior insula, dIPFC = dorsolateral
prefrontal cortex, dmPFC = dorsomedial prefrontal cortex, mOFC = medial orbitofrontal cortex, NAcc = nucleus
accumbens, rACC = rostral anterior cingulate cortex, SMA = supplementary motor area, vmPFC = ventromedial
prefrontal cortex, VS = ventral striatum



2.3 ATTENTION REGULATION

2.3.1 What is attention and why do we need it?

“Attention is a multidimensional construct that refers to a state in which we have an optimal
level of activation that allows selecting the information we want to prioritize in order to control
the course of our actions” (36). Attention helps us focus on relevant input from the world
around us, as well as inside of us, through appropriate selection of stimuli. Attention is also
needed to identify situations in which control over automatic behaviors is required. Our
attentive ability depends on our level of activation and motivation. Direction of attention may
be automatic (stimulus-driven or bottom-up-mediated) or voluntary (goal-directed or top-
down-mediated, see Box 1) and depends on the specific moment-to-moment circumstances.
Attention may be driven by external stimulation or internal voluntary aims, and works in
proximity with many executive functions (see Box 2).

Box 2 Executive function

Executive function is the ability to use top-down cognitive control mechanisms
to make flexible choices and adapt our behavior in order to adjust to an ever-
changing environment. Executive function depends on a distributed network,
involving regions such as thalamus, basal ganglia and prefrontal regions.
Examples of executive functions are attentional control, cognitive flexibility and
working memory (33-35).

2.3.2 How is attention regulated?

Several neural systems are involved in regulation of the different aspects of attention (36-39).
The underlying systems have been described using different nomenclature. Some refer to the
alerting (arousal), orienting (sensory input selection) and executive attention (regulating
processes to achieve the goal) networks (36-38), all of which interact (39). Attention regulation
may also be described as an interplay between a salience network-related to arousal levels—
and a central executive control network, which results in flexibly directing and maintaining
attention to, and subsequently evaluating, relevant stimuli (40-42). Brain regions involved at
different stages of attention processing are presented in Figure 3.

The alerting network is dependent primarily on locus coeruleus activation in the brain stem
and the neurotransmitter norepinephrine, but also frontal cortex and parietal areas (36, 37, 39).

The orienting network modulates sensory processing, so that it is focused on attended stimuli
rather than on distracting stimuli not associated with the task at hand. This network is highly
dependent on the neurotransmitter acetylcholine (43). The orienting network consists of two



systems: the dorsal and ventral attention systems (44, 45). The dorsal attention system involves
regions such as intraparietal sulcus (IPS), superior parietal cortex (SPC), and frontal eye fields
(FEF) and has been associated with performance on top-down orienting tasks. The ventral
attention system—proposed to be right-lateralized—involves temporoparietal junction (TPJ) and
inferior frontal cortex (IFC)/VIPFC and medial frontal gyrus (mFG) and has been related to
bottom-up activated attention; through external stimulation, such as an unusual stimulus or a
warning signal. The dorsal and ventral attention systems interact to balance top-down and
bottom-up influences. Regions comprised within the orienting network in turn modulate
processing within sensory networks, so that attention is directed to appropriate stimuli and
locations (36, 37).

The executive control network, or executive attention network, has been proposed to
inlcude two independent neural networks. The first one is the cingulo-opercular network
largely overlapping with the salience network, including cACC/medial superior frontal cortex
and frontal operculum, extending into anterior insula. The second one is the frontoparietal
network (similar to the “central executive network™ (CEN)) including dIPFC, posterior parietal
cortex (PPC), IPS, inferior parietal cortex (IPC), precuneus, and right midcingulate cortex
(mCC) (36, 37, 39-42, 45, 46). The cingulo-opercular/salience network has been associated
with general attention and maintaining required task information over longer periods of time,
while the frontoparietal/CEN network has been related to cognitive control functions, such as
trial-to-trial flexible response adjustment and decision making (47, 48).

Studies of conflict processing have led to another theory proposing one, rather than two,
executive control networks (49, 50). This theory highlights the involvement of cACC in
conflict “monitoring”, while lateral prefrontal regions and rACC are involved in subsequent
conflict resolution (49, 51-53). Others have described a single right-lateralized mid-
cingulo/pre-SMA-insular-1FJ network as central for attentional control (54).
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superior frontal
cortex

C
\ \(’d\‘\?“

Frontal ™
operculum
+ Al

Figure 3 Regions involved in attention processing. The attention system has been proposed to be right lateralized,
especially with regard to the IFC/VIPFC. Abbreviations: Al = anterior insula, cCACC = caudal anterior cingulate
cortex, dIPFC = dorsolateral prefrontal cortex, FEF = frontal eye fields, IFC = inferior frontal cortex, IPS =
intraparietal sulcus, TPJ = temporoparietal junction, vIPFC = ventrolateral prefrontal cortex



Box 3 Dopamine and norepinephrine

Both emotional and non-emotional, such as attention, regulation systems are dependent
on well-functioning dopamine signaling, which is important for assigning salience to
different stimuli (23). The dopamine system works together with other neurotransmitter
systems such as the norepinephrine system (55, 56). The dIPFC is one of the cortical
regions highly dependent on catecholamine signaling in such a way that dopamine
typically suppresses distracting signals (“noise’), while norepinephrine strengthens
appropriate connections to achieve an optimal balance (56). The relation between
catecholamine signaling and cognitive performance is suggested to follow an inverted
U-shape function (56, 57), meaning that too little or too much catecholamines impairs
performance. Dopamine availability increases in prefrontal regions until late
adolescence/early adulthood, as top-down control capacity improves (34, 58-60).

2.4 BRAIN DEVELOPMENT

Study | of this thesis assesses brain morphology in relation to emotional instability and non-
emotional ADHD symptoms in adolescents, while Study I1-1V assess brain structure and
function in adults. The following section gives a brief overview of the development of brain
structure and function, with a focus on emotional and non-emotional processing.

2.4.1 Basics of neurodevelopment

During the first decades of life the brain undergoes significant neural reconstruction partly as
an adaptive process to contextual influences. The total brain volume (TBV), including both
grey and white matter, typically increases during childhood until adolescence, when pruning is
causing a slight decrease of TBV. TBV then remains quite stable until the mid-thirties (61),
after which the volume slowly declines as part of the natural aging process. Grey matter
typically matures in a back-to-front direction, with lower-order somatosensory and visual
cortices maturing first, followed by higher-order association and prefrontal cortices (62). The
last cortical structure to fully develop is the orbitofrontal cortex (at around 25 years) (62), which
is involved in emotion regulation and reward processing as described above.

Cortical thickness and surface area (SA) follow different developmental trajectories (63). On a
global level, cortical grey matter volume (GMV) and cortical thickness typically decrease in a
fairly linear fashion from childhood up till the mid-20’s (63-65). SA has been shown to reach
a peak at around 10 years of age after which it decreases, while other studies show a non-linear
increase during adolescence (63, 65). Subcortical structure and function show more
heterogeneous developmental tracts, and greater variability between individuals (63, 66).



2.4.2 Development of emotional and non-emotional processing

Despite complex neural developmental trajectories, in general, a rapid development of brain
regions related to emotional processes, seems to be associated with the onset of puberty,
interacting with the burst of neuro-endocrinological changes that occurs at that time (67).
However, non-emotional cognitive skills that depend on prefrontal top-down control (See Box
1) co-vary with chronological age during development (68, 69). Altered connectivity between
emotionally related subcortical regions and prefrontal cognitive control regions has also been
reported (70). This mismatch in development results in a more affectively driven brain, without
fully developed top-down cognitive control during adolescence (63, 71, 72).

The situation could be described as “starting the engines with an unskilled driver” (68), often
resulting in increased sensation-seeking and engagement in risky behaviors (72-75). This type
of behavior is associated with heightened dopaminergic reactivity (See Box 3), which also
serves an adaptive function during adolescence, being a driving force of academic performance
and prosocial behaviors (72, 76). With age, there is a shift towards more top-down regulated
processing in the brain and emotion regulation capacity normally improves (69, 77).

2.5 WHAT HAPPENS WHEN REGULATION OF EMOTION, REWARD, AND
ATTENTION FAILS?

Emotion dysregulation is a cardinal symptom in several psychiatric disorders. Emotional
instability is one aspect of emotion dysregulation that refers to rapid changes of the emotional
state, and impulsive emotional behavior (78). Symptoms of emotional instability are
particularly common in patients with emotionally unstable personality disorder (EUPD),
conduct disorder (CD), intermittent explosive disorder and antisocial personality disorder (79,
80).

Deficits in attention capacity and cognitive flexibility, hyperactivity and (non-emotional)
impulsive behavior are also common across several psychiatric disorders, and the diagnosis
most often associated with these problems is attention-deficit hyperactivity disorder (ADHD)
(79).

Both emotional instability disorders (81-83) and ADHD (82-85) have also been related to
altered processing of reward and reward related behavior.

Below, | summarize the main neural findings in patient groups typically associated with altered
regulation of emotion, reward, and attention: EUPD (adults), CD (children), and ADHD.

2.5.1 Emotionally unstable personality disorder (EUPD)

EUPD (as described in International Classification of Diseases 10" Revision (ICD-10) (80)),
is still referred to as borderline personality disorder by the Diagnostic and Statistical Manual
of mental disorders 5™ edition (DSM-5) (79). EUPD affects between 0.5 and 5.9% of the
population (86, 87). It is a complex, heterogeneous disorder, often including psychiatric



comorbidity, in which emotional instability and difficulties in regulating emotions are central
aspects (79, 80). Apart from having rapidly changing affective states, symptoms of anxiety and
depression, EUPD patients often engage in self-harming and suicide related behaviors (79, 80,
87, 88).

It has been shown that patients with EUPD have smaller GMV in emotional cognitive control
regions such as rACC (89, 90), and smaller GMV of IOFC has been reported in EUPD patients
with a history of suicide attempts (90, 91). Additional structural deviances in EUPD patients
include smaller GMV in hippocampi, amygdalae, right inferior frontal gyrus (IFG) pars
opercularis, middle-superior temporal gyri, and bilateral insula (89-91).

fMRI studies including emotion processing tasks have reported varying results in EUPD
patients. However, in general, EUPD patients show hyperreactivity to neutral and emotional
stimuli in limbic regions such as amygdala, insula and ACC, and less prefrontal recruitment of
for example OFC in reappraisal tasks as well as less recruitment of rACC in emotion conflict
tasks and reward tasks (81, 92-101). In addition, hypofunction in cACC, rACC, dmPFC and
dIPFC during interference processing in EUPD patients has been reported (102, 103), while
others did not show any differences in activation in the same regions between EUPD patients
and non-clinical controls (104).

2.5.2 Conduct disorder (CD)

CD occurs in 2-10% of children and adolescents under the age of 18, with higher prevalence
in adolescents, and especially in boys (79). Problems related to CD include aggressive,
antisocial, oppositional or defiant behaviors that violate rules and other people’s rights. Many
of these problems seem related to emotional dysregulation. There is a subgroup of CD,
consisting of about 25% of the cases, presenting with callous-unemotional traits such as lack
of empathy, guilt and emotion and low fear levels (105). This subgroup has been associated
with a genetic vulnerability to antisocial behavior (106), distinct neural alterations (107), and
has a more severe prognosis. Individuals in the CD subgroup with callous-unemotional traits
do not show the typical emotional dysregulation problems that are within the scope of this PhD
project.

Despite the heterogeneity of the CD patient group, the disorder has been associated with
smaller GMV in amygdala, insula, medial superior frontal gyrus, ACC, and fusiform gyrus
(108). Functional alterations during emotional and reward processing have been linked to CD
in similar regions: IOFC, vmPFC, superior temporal lobes, amygdala, insula, hippocampus,
ACC, and cerebellum (82, 83).

2.5.3 Attention-deficit hyperactivity disorder (ADHD)

The global prevalence of ADHD in children and adolescents is ca 5% (109). Around half of
the affected individuals have symptoms that persist to adulthood (109). ADHD is commonly
associated with executive dysfunction (See Box 2), inattention, impulsivity, and hyperactivity
(79, 109-112). However, affective problems related to reward, motivation and emotion
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regulation are being increasingly noted despite not being included in diagnostic criteria of
ADHD (84, 113-119).

ADHD has been associated with a general delay in cortex maturation, especially in prefrontal
cortex and ACC (120). Thinner cortex in medial prefrontal cortex (mPFC), dIPFC and cACC
has been reported in adults with ADHD (121, 122). In addition, decreased functional activity
in the frontoparietal network and the ventral attentional network has been observed in relation
to ADHD during executive and attentional tasks (82, 111, 123, 124).

Furthermore, ADHD has been repeatedly related to altered reward processing (114-117).
ADHD patients typically show less VS activation during reward anticipation compared to
controls, while receipt of reward has been linked to a heightened activation in OFC in adult
ADHD patients (84, 85).

2.6 DIMENSIONAL VERSUS CATEGORICAL DIAGNOSTICS

Just before the start of this PhD project, the Research Domain Criteria (RDoC) were proposed
by the National Institute of Mental Health (NIMH) (125, 126). The approach highlights the
drawbacks of classifying mental disorders by categorical symptom criteria, as done in the DSM
(79) and ICD (80) systems. Although the DSM and ICD systems serve as important tools in
clinical settings, they may hinder the elucidation of the underlying mechanisms related to
psychiatric disorders, and subsequently, their treatment. The RDoC approach suggests that
psychiatric disorders should be considered through a few distinct domains including several
constructs, each of which should be well-validated through different “units of analysis”: genes,
molecules, cells, (neural) circuits, physiology, behavior, and self-report questionnaires. This
framework encourages the investigation of the included domains across psychiatric diagnoses,
and instead of using patient group status as independent variable, introducing a behavioral
measure, or well-assessed non-clinical or clinical symptoms, related to a specific construct of
a specific domain. At the start of the RDoC project, there were five suggested domains:
negative valence domain, positive valence systems, cognitive systems, systems for social
processes, and arousal/modulatory systems. However, the RDoC working group has, from the
beginning, encouraged research to further develop the included domains and constructs—using
a similar dimensional approach to specify new domains that could fit within the RDoC
framework.

In line with the RDoC approach, the overarching hypothesis of this PhD project assumes that
both emotional and non-emotional regulatory capacities are dimensionally distributed across
the general population (127-129). At the end tail of the distribution of emotional instability and
non-emotional symptoms, the likelihood of finding clinically diagnosed patients is higher. To
learn about underlying neural mechanisms of emotional and non-emotional processing,
patients with high levels of symptoms in the relevant domains may be studied. EUPD, CD and
ADHD are all diagnoses in which altered neuroimaging findings related to emotional and non-
emotional dysregulation have been reported. Across these diagnoses, comorbidity is common
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and there is a large symptom overlap. In general, most neuroimaging studies performed in any
one patient group have not investigated neural alterations in relation to dimensional symptom
domains. Subsequently, previous studies in EUPD patients have not controlled for general
attention capacity and ADHD traits, while studies including ADHD patients have seldom
controlled for emotional regulation difficulties, making specific conclusions relating
underlying neural correlates to either symptom domain difficult.

2.7 THE RELATION BETWEEN EMOTIONAL AND NON-EMOTIONAL
REGULATION

Psychiatric disorders characterized by emotional instability, such as EUPD and CD, and

ADHD-which is traditionally described as a non-emotional disorder—are often comorbid and

show significant symptom overlap (130-132). Interestingly, emotion dysregulation has been

noted in a subpopulation of ADHD patients (84, 119) and aberrant functioning in overlapping

brain regions is reported in ADHD and EUPD (102).

2.7.1 The cognitive core capacity theory

The cognitive core capacity theory attempts to explain the high degree of comorbidity and
symptom overlap between ADHD and disorders related to high levels of emotional instability
(2). The theory suggests that individuals differ in various cognitive capacities, including top-
down control dependent on prefrontal brain regions (See Box 1). Top-down control capacity is
mirrored in behavior and various symptoms that are normally distributed across the population
(127-129).

The cognitive core capacity theory suggests that although emotional and non-emotional top-
down regulatory functions are closely interrelated, it is possible to separate the underlying
processes to a certain degree (2). The model further suggests that problems of patients with
EUPD/CD and ADHD, often found within the end tails of emotional instability and non-
emotional symptom distributions, result from conceptually similar neural top-down
dysregulation—with  the difference being whether emotional or non-emotional
(attentional/cognitive) regulatory processes are predominantly affected.

The cognitive core capacity theory further suggests that emotional and non-emotional neural
networks are organized in a parallel fashion in an individual, both structurally and functionally.
Consequently, if a person experiences problems related to dysfunction of one of these
networks, a certain degree of problems in the parallel domain is likely to be experienced as
well. For instance, some cases of ADHD may present with emotional dysregulation problems
on subclinical levels—not accounted for by a comorbid diagnosis—and vice versa for patients
with EUPD/CD (2, 113, 133).

The theory also suggests that there is an interplay between the emotional and non-emotional
systems, allowing for a certain degree of compensation by the least affected system. For
instance, it has been shown that patients with ADHD, characterized primarily by problems
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related to the non-emotional domain, had increased IOFC volume (122), a region highly
associated with emotional processing. A similar finding has been observed on a sub-clinical
trait level (129).

2.7.2 Prefrontal brain regions of particular importance for the cognitive core
capacity theory

Brain regions suggested to be central for emotional and non-emotional regulation by the
cognitive core capacity theory are displayed in Figure 4 (2). The IOFC and the rACC are
primarily related to emotion regulation processes associated with internal or interoceptive
information—sometimes referred to as “hot” executive functions (2, 55, 82). The dIPFC and
CACC are primarily involved in non-emotional regulation regarding external or exteroceptive
information (53, 54)-sometimes referred to as “cool” executive functions (2, 55, 82). Both
systems are highly dependent on dopamine and norepinephrine (55)(See Box 3).

”"Emotional” regions

Figure 4 Prefrontal brain regions of interest in emotional (a, b) and non-emotional (c, d) regulation. Figure adapted
from Petrovic and Castellanos 2016 (2). Abbreviations: cACC = caudal anterior cingulate cortex, dIPFC =
dorsolateral prefrontal cortex, IOFC = lateral orbitofrontal cortex, rACC = rostral anterior cingulate cortex
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2.8 |IDENTIFIED KNOWLEDGE GAPS

The motivation for pursuing this PhD project was to improve the lives of patients with EUPD,
CD, and ADHD, suffering from high levels of emotional and non-emotional dysregulation.
This dysregulation often heavily impacts the lives of these patients, their families, and society
at large. In order to intervene early and prevent future morbidity, it is crucial to better
understand the underlying mechanisms. Increased understanding of the alterations of the neural
mechanisms of-and relationship between—processing of emotion, reward, and attention in
individuals with varying levels of emotional and non-emotional symptoms may contribute to
better definitions of future patient phenotypes and improve treatment.

In 2014, when 1 started the PhD project, the cognitive core capacity theory (2) had already
started to form, based on existing literature in the field and structural magnetic resonance
imaging (MRI) findings made previously in the lab (129). However, there had not yet been any
functional MRI studies designed to specifically disentangle the emotional from the non-
emotional symptom domain, or correlating those symptoms with behavior and underlying brain
activation. Subsequently, this became one of the main focuses of this PhD project, along with
the aim to replicate the structural MRI findings (129) in larger samples, also including
psychiatric patients.
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3 RESEARCH AIMS

3.1 GENERAL AIM AND HYPOTHESES

The general aim of this PhD project was to disentangle emotional and non-emotional symptoms
and investigate how these two symptom domains relate to underlying structural and functional
brain correlates and associated behavioral measurements. Importantly, symptoms targeted in
this project were primarily those of emotional instability (as opposed to other types of emotion
dysregulation) and inattention (although non-emotional symptoms were more widely defined
in Study | also to include other typical attention-deficit hyperactivity disorder (ADHD)
symptoms).

The first overarching hypothesis was that emotional instability symptoms are associated with
structural and functional alterations in brain regions engaged in emotional regulation, such as
rostral anterior cingulate cortex (rACC) and lateral orbitofrontal cortex (IOFC), as well as
subcortical regions connected to those, such as amygdala and ventral striatum (VS)/nucleus
accumbens (NAcc), and associated behavioral measurements, also when controlling for the
non-emotional symptom domain.

Similarly, the second overarching hypothesis was that non-emotional symptoms are
associated to structural and functional alterations in brain regions involved in non-emotional
attentional/cognitive control, such as caudal anterior cingulate cortex (CACC) and dorsolateral
prefrontal cortex (dIPFC), and associated behavioral measurements, also when controlling for
symptoms in the emotional instability domain.

We intended to test the hypotheses both in non-clinical and clinical populations using a
dimensional approach to symptomatology in line with Research Domain Criteria (R-DoC),
behavioral measurements and neural function related to the emotional instability and non-
emotional domains.

3.2 SPECIFIC AIMS AND HYPOTHESES

The four studies included in this thesis investigate different aspects of the general hypotheses
above. Specifically:

Study | aimed to investigate how emotional instability and non-emotional ADHD symptoms,
including symptoms of inattention, related to underlying structural regional differences in the
brain in a community population of adolescents. The hypotheses were that: 1) there are
negative correlations between emotional instability symptoms and grey matter volume (GMV)
of regions related to emotional regulation, such as rACC and IOFC, also when adjusting for
non-emotional ADHD symptoms; 2) non-emotional ADHD symptoms correlate negatively
with GMV of regions related to non-emotional attentional/cognitive control, such as cACC and
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dorsolateral/dorsomedial prefrontal cortex (dl/dmPFC), also when adjusting for emotional
instability symptoms; 3) behavioral performance associated to (non-emotional) motor impulse
control and working memory capacity correlate with non-emotional ADHD symptoms while
behavioral measurements related to processing of delayed rewards are mainly associated with
emotional instability symptoms.

Study Il aimed to disentangle structural neural correlates of emotional instability and non-
emotional inattention symptoms in adult patients with ADHD and in non-clinical adults.
The hypotheses were: 1) emotional instability symptoms correlate negatively with cortical and
subcortical structure of rACC, IOFC, amygdala, and NAcc when adjusting for non-emotional
inattention symptoms; 2) non-emotional inattention symptoms correlate negatively with
cortical structure of cACC and dI/dmPFC when adjusting for emotional instability symptoms.

Study 111 aimed to study how emotional instability and non-emotional inattention symptoms
related to different phases of functional neural processing of reward-both reward anticipation
and reward outcome/receipt—in a non-clinical adult sample. The hypotheses were: 1)
emotional instability symptoms are linked to a lower reward anticipation signal in VS/NAcc
when adjusting for non-emotional inattention symptoms; 2) emotional instability symptoms,
rather than non-emotional inattention symptoms, relate to activation of ACC and anterior insula
during processing of reward outcome.

Study IV aimed to investigate how emotional instability and non-emotional inattention
symptoms in non-clinical adults related to functional neural activation during different phases
of conflict processing including both emotional and non-emotional exposure to conflict and
conflict adjustment. The hypotheses were: 1) activation in CACC/dmPFC during exposure to
emotional and non-emotional conflict correlate with non-emotional inattention symptoms,
when adjusting for emotional instability symptoms; 2) rACC activation during emotional
conflict adjustment correlate specifically with emotional instability symptoms, while dIPFC
activation during non-emotional conflict adjustment correlate specifically with non-emotional
inattention symptoms; 3) corresponding behavioral measurements of exposure to emotional
and non-emotional conflict and conflict adjustment correlate similarly with symptoms of the
respective domain.
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4 METHODOLOGICAL CONSIDERATIONS

Below I describe and discuss the strengths and limitations of the methods of this PhD project,
including the self-report questionnaires, behavioral tasks and neuroimaging techniques. Table
1 presents an overview of the methods applied and a specification of the hypotheses in relation
to those methods. For further details of each assessment and technical specifications, see the
included articles and manuscripts in the Appendix of this thesis.
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Table 1 Overview of methods. For details, see articles/manuscripts in Appendix.

Assessment of
emotional
instability and
non-emotional
symptoms

Behavioral
test/Cognitive
assessment

Brain structures

MRI technique

18

Study |

Study 11

Study H1*

Study IV*

SDQ:

Emotional instability symptoms:
Conduct problems subscale, referred
to as CD score

Non-emotional symptoms:
Hyperactivity/Inattention subscale,
referred to as ADHD score

B-ADD:

Emotional instability symptoms: Affect subscale, referred to as Emotion Instability
Non-emotional inattention symptoms: Attention subscale, referred to as Inattention

Stop Signal test - MID task Emotional and non-emotional Stroop
Spatial working memory task task

Delay discounting

“emotional”: “emotional”: “emotional”: “emotional”:

IOFC, rACC IOFC, rACC, VS/NAcc, amygdala VS/NAcc, ACC, anterior insula rACC

“non-emotional”: “non-emotional”: “non-emotional”:

dl/dmPFC, cACC dli/dmPFC, cACC dIPFC, cACC

Structural

Structural

Functional: MID task

Functional: Emotional and non-
emotional Stroop task




Main hypothesis

Other analyses

Study I

Study 11

Study H1*

Study IV*

Structure of “emotional” brain
regions correlates with CD score,
while adjusting for ADHD score.

Structure of “non-emotional” brain
regions correlates with ADHD score,
while adjusting for CD score.

Structure of “emotional” brain
regions correlates with Emotion
Instability, while adjusting for
Inattention.

Structure of “non-emotional” brain
regions correlates with Inattention,
while adjusting for Emotion
Instability.

Activation within VS during reward
anticipation correlates with Emotion
Instability, when adjusting for
Inattention.

Activation within ACC and anterior
insula during reward outcome
correlates with Emotion Instability,
when adjusting for Inattention.

Activation within “non-emotional”
brain regions during exposure to
both emotional and non-emotional
conflict correlates with Inattention,
while adjusting for Emotion
Instability.

Activation within rACC during
emotional conflict adjustment
correlates with Emotion Instability,
while adjusting for Inattention.
Activation within dIPFC during non-
emotional conflict adjustment
correlates with Inattention, while
adjusting for Emotion Instability.

Correlating performance on
behavioral tests with CD and ADHD
scores.

Do brain structure and test
performance independently explain
CD and ADHD scores?

Validation of our version of the MID
task.

Correlating behavioral
measurements from the MID task
with Emotion Instability, adjusting
for Inattention.

Validation of our version of the
Stroop task.

Correlating behavioral
measurements of the Stroop task
with corresponding brain activation.

Correlating behavioral
measurements from the emotional
and non-emotional Stroop task with
Emotion Instability and Inattention,
respectively.

* same participants included. Abbreviations: ADHD = attention-deficit hyperactivity disorder, cACC = caudal anterior cingulate cortex, CD = conduct disorder, dl/dmPFC =
dorsolateral/dorsomedial prefrontal cortex, IOFC = lateral orbitofrontal cortex, MID = monetary incentive delay, MRI = magnetic resonance imaging, NAcc = nucleus accumbens, rACC
= rostral anterior cingulate cortex, VS = ventral striatum
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4.1 ASSESSING EMOTIONAL INSTABILITY AND NON-EMOTIONAL
SYMPTOMS

In this PhD project, we were interested in relating brain structure and function to emotional
instability and non-emotional symptoms. It should be noted that non-emotional symptoms were
assessed slightly differently across the studies. In Study I, symptoms of inattention,
hyperactivity, and impulsivity were included, whereas in Study I1-1V, primarily symptoms of
inattention were assessed. Below is a description and discussion of the different questionnaires
used to assess these symptoms.

4.1.1 Strengths and Difficulties Questionnaire (SDQ)
Study |

Description: The SDQ consists of 25 questions divided into five subscales; Emotional
symptoms, Conduct problems, Hyperactivity/Inattention, Peer relationship problems, and
Prosocial behavior (134). For the purpose of this PhD project, the Conduct problems subscale
and the Hyperactivity/Inattention subscale were of interest. The Conduct problems subscale
assesses symptoms common in conduct disorder (CD), while the Hyperactivity/Inattention
subscale assesses symptoms typically related to attention-deficit hyperactivity disorder
(ADHD). The Hyperactivity/Inattention subscale may be further divided into
Hyperactivity/Impulsivity (three questions) and Inattention (two questions). Both self- and
parent-report scores were used in Study I.

Strengths: The questionnaire has been well validated to assess and capture specifically CD
and ADHD symptoms in young populations (134). It is short and easy to administer and has
been extensively used. Through inclusion of both emotional instability symptoms related to
CD and non-emotional symptoms related to ADHD, the SDQ offers the opportunity to
simultaneously assess these two symptom domains. Using both self-report and parent-report
scores allows for a more nuanced and valid representation of symptomatology (135).

Limitations: The SDQ has not been designed to primarily assess dimensional traits, but has
been shown to work well also for that purpose (136). The Conduct problems scale includes
questions assessing callous traits, i.e., low levels of emotional reactivity rather than emotional
instability, which could have influenced the results in Study I.

4.1.2 Brown Attention-Deficit Disorder scales (B-ADD)
Study II-1V

Description: The B-ADD self-report questionnaire consists of 40 items, divided into five
subscales assessing different aspects of attention-deficit disorder (ADD) (not hyperactivity);
Activation (“organizing, prioritizing, and activating to work™), Attention (“focusing, sustaining,
and shifting attention to tasks”), Effort (regulating alertness, sustaining effort, and processing
speed”), Affect (“managing frustration and modulating emotions™), and Memory (“utilizing
working memory and accessing recall”) (137). Higher subscale scores indicated more

20



difficulties in that particular domain. For the purpose of this PhD project, the Affect subscale
(referred to as Emotion Instability) and the Attention subscale (referred to as Inattention) were
used to assess the emotional instability symptom domain and non-emotional inattention
symptom domain.

Strengths: The B-ADD questionnaire has been designed to assess different aspects of ADD,
including inattention and emotional instability, and allows for a dimensional approach to these
different aspects. It has previously been used to assess dimensional symptoms in a healthy
population (129).

Limitations: The questionnaire has not been designed with the primary purpose of assessing
the different symptom domains employing a dimensional perspective of symptoms within each
domain. Within the Emotion Instability domain, there are two questions that rather relate to
autistic features (item 30-31) and depression (item 29). We were interested in studying neural
correlates of emotional instability, i.e. rapidly fluctuating emotions, and the inclusion of these
additional questions might have affected our results. In previous publications, the results
linking grey matter volume (GMV) of lateral orbitofrontal cortex (IOFC) to symptoms of
emotional instability were more robust when those questions were removed (129).

4.1.3 Conclusions regarding symptom assessment

Using the SDQ and B-ADD scales to assess emotional instability and non-emotional symptoms
was motivated, given the available questionnaires at the time of planning the studies included
in this PhD project. However, there are many questionnaires available (some developed after
the start of this PhD project) that assess different aspects of emotion regulation, including
emotional reactivity and emotion regulation strategies, for example: Behavioral inhibition
systems/Behavioral activation systems (BIS/BAS, including emotion reactivity (138)),
Difficulties in Emotion Regulation Scale (DERS (139), M-DERS (140)), Emotion reactivity
scale (ERS (141)), Perth Emotional reactivity scale (PERS, (142)), the Emotion Regulation
Questionnaire (ERQ (143)), and Comprehensive Emotion Regulation Inventory (CERI (144)).

A similar issue arises regarding the non-emotional symptom domain. Through the
questionnaires used in this PhD project, questions for the non-emotional symptom domain
assessed both inattentive symptoms (B-ADD and SDQ), cognitive flexibility (B-ADD), and
hyperactivity/impulsivity (SDQ). Those constructs could be investigated separately to further
disentangle underlying neural correlates.

In summary, in order to better assess and target the exact constructs of interest, and relate to
behavioral responses and underlying neural mechanisms, there is a need to develop new
questionnaires, especially with regard to emotional instability, but also including a
corresponding non-emotional domain. A questionnaire assessing emotional instability and
non-emotional symptoms in a weighted and distinct way (allowing quantifying the level of
orthogonality between these symptom domains) would have been ideal.
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4.2 ASSESSING EMOTION REGULATION, REWARD PROCESSING, AND
COGNITIVE CONTROL THROUGH COGNITIVE TESTING

The goal of this PhD project was to disentangle emotional instability and non-emotional
symptoms in terms of behavioral responses and underlying neural processes of emotion
regulation, reward processes, and non-emotional attention/cognitive control. In order to do so,
we chose to use the tasks described below. The behavioral tasks included in Study 111 and 1V
were adapted specifically for these studies and therefore, our specific approach to these tasks
is further discussed. The symptoms of interest are present to a high degree in patients with
emotionally unstable personality disorder (EUPD), CD, and ADHD, and therefore, behavioral
and neural findings in those patient groups are considered in relation to each task.

4.2.1 Stop Signal test
Study |

Description: The Stop Signal test (145, 146) has been widely used to assess primarily “non-
emotional” motor impulse control, sometimes referred to as stopping impulsivity (147). Brain
regions related to inhibition of motor responses are pre-supplementary motor area
(SMA)/caudal anterior cingulate cortex (CACC), right ventrolateral prefrontal cortex
(VIPEC)/inferior frontal cortex (IFC) extending into insula, and parietal regions (148-150).

Strengths: The Stop Signal test is a well validated and a simple task both to administer and
perform. It is possible to use in different populations and in different settings. We were
interested in investigating neural correlates of non-emotional problems often present in patients
with ADHD. Patients with ADHD have been consistently reported to show a longer stop signal
reaction time as compared to controls (151-153), while EUPD patients (154-156) and CD
patients (151) typically do not, which suggests that the Stop Signal test may capture altered
functioning specifically related to ADHD. Reduced activation in right inferior frontal gyrus
(IFG), SMA and ACC has been observed in ADHD patients in relation to inhibitory processes
during impulse control tasks (157). Taken together, the Stop Signal test properly assesses
behavioral and neural correlates to non-emotional symptoms, which was one of the goals of
this PhD project.

Limitations: Motor impulse control does not equate to all impulse control processes (147,
148), which should be considered when choosing the Stop Signal test for assessment. Several
versions of the Stop Signal test are available, making comparison across studies difficult (158).
The version used in Study | was adapted to a functional magnetic resonance imaging (fMRI)
setting and to fit 14-year-olds (although we used only behavioral measurements in our
analysis).
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4.2.2 Delay discounting
Study |

Description: Delay discounting refers to the process in which a future reward is less valued
the more distant in time it will be received (159). Delay discounting relates to choice
impulsivity (147), which, apart from non-emotional impulsivity aspects, also involves more
affectively charged processes (148). The tendency to discount a delayed reward is dependent
on the balance between the subcortical reward system and prefrontal impulse control. Delay
discounting processes depend on several brain regions—among them the ventral striatum (VS),
IOFC, medial orbitofrontal cortex (mOFC), ACC, dorsolateral prefrontal cortex (dIPFC),
VIPFC, and parietal cortices—and the connections between them (148, 160-164).

Strengths: The delay discounting assessment has been widely used in different formats (165).
Itis easy to administer (questionnaire format) and adapt reward levels and reward delay suitable
to different populations. Patients with ADHD (166), EUPD (167, 168) and CD (169) tend to
show high choice impulsivity, including steeper delay discounting, as compared to non-clinical
controls. Taken together, this makes the delay discounting assessment a good choice for
investigating behavioral responses related both to emotional instability and non-emotional
symptoms.

Limitations: Real-world decisions might differ substantially from the responses regarding
theoretical rewards in a questionnaire. The outcome of the delay discounting assessment
depends both on emotional and non-emotional regulation capacity (148), which allows
investigating both types of regulation simultaneously. Ideally, in order to study specific neural
correlates of emotional processing capacity, a “pure” emotional processing task, or a task that
includes separable emotional and a non-emotional parts that could be contrasted against each
other, would have been preferred.

4.2.3 Monetary Incentive Delay (MID) task
Study Il

Description: The MID task has been widely used to study reward anticipation and reward
receipt, often in an fMRI setting (170, 171). Details of the version of the MID task used in
Study 111 of this PhD project are presented in Figure 5.
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Figure 5 The Monetary Incentive Delay (MID) task used in this PhD project, adapted from Knutson et al. (170,
171). In each trial, the participant may win 0, 10 or 50 Swedish crowns (SEK). 10 SEK is equivalent to
approximately 1 Euro. Figure adapted from Bayard et al. 2020 (172). For further details regarding our version of
the MID task, see article related to Study 111 in Appendix.

Strengths: The MID task has been widely used and is an established fMRI task with
consistently reported activations in VS during reward anticipation (21). The MID task also
allows investigating changes in neural activation in response to increasing reward levels (170).
Furthermore, the task has been used frequently to test ADHD patients, showing hypoactivation
in VS during reward anticipation, but varying activation during reward outcome as compared
to non-clinical controls (85, 173-179). EUPD has not been extensively studied by using the
MID task, but blunted reward anticipation activation in V'S has been reported (81, 180, 181).

Limitations: Many different versions of the MID task exist. Some separate the anticipation
phase from the outcome phase through proper jittering (e.g. (182)), while many do not (see
details of studies included in meta-analysis by Oldham et al. (21)), making differentiation
between neural activation during the different phases of reward processing difficult.
Furthermore, baseline trials are defined differently, which makes interpretation and comparison
of results difficult.

Our specific approach: We used the original version of the MID task (170, 171) and adapted
jittering to properly separate the anticipation from the outcome phase, since we were interested
in studying both phases. We further used neutral trials only (without possibility to win) as
baseline trials, against which we compared activation during reward processing. We did not
include all no-win outcome trials in our analyses, which has sometimes been done previously,
since we assumed that those trials would also represent disappointment, when failing to receive
an anticipated reward. The reasons for including two different reward levels in our task, while
collapsing them in the analyses were: 1) to keep the task more interesting for the participants;
2) allowing to confirm that the activation in V'S during reward anticipation was actually related
to the reward level, thereby increasing the likelihood that we were studying what we aimed to
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study; 3) the possibility to use the same task in larger samples in the future, and then separate
the two reward levels in the analysis. We first confirmed that the main activations of the task
were in line with previous studies, and subsequently ran analyses testing our specific
hypotheses.

In order to get enough power for the analysis, the task had to be rather long in an fMRI setting.
We divided it into two sessions, hoping that it would decrease boredom. Most participants
reported being highly motivated throughout the task due to the relatively high levels of (real)
reward.

4.2.4 Emotional and non-emotional Stroop task

Study IV

Description: The Stroop task may be used to study conflict processing, which is dependent on
higher cognitive control functions, including regulation of attention. The task allows
investigation of processes both related to exposure to conflicting stimuli, such as conflict
monitoring, conflict generation or immediate conflict regulation, from here on referred to
simply as exposure to cognitive conflict, and adjustment of conflict processing following
previous conflicting stimuli. Different versions of the classic color-word Stroop task (183) have
been used to study exposure to cognitive conflict and conflict adjustment in humans. The classic
version of the task presents the subject with incongruent (conflicting) stimuli (for example the
word “green” printed with yellow ink) or congruent (non-conflicting) stimuli (for example the
word “blue” printed with blue ink). The task is to report the color of the ink and ignore the
meaning of the word. Incongruent trials typically result in longer response times (RT) and more
errors. Incongruent trials preceded by another incongruent trial (il) typically result in
comparably shorter RTs and less errors than incongruent trials preceded by a congruent trial
(cl). This results from cognitive control processes being recruited during the previous
incongruent trial and has been interpreted as an adjustment effect (49, 50, 53).

Efforts have also been made to study exposure to emotional cognitive conflict and conflict
adjustment using a face + word Stroop task (51, 52), see Figure 6. Activation during exposure
to both emotional and non-emotional cognitive conflict (51, 52) and more general interference
related activation (49, 50, 52, 53, 184-190) have been reported within cACC and adjacent
dmPFC; both part of the non-emotional control systems (2). Amygdala activation has been
reported uniquely in relation to exposure to emotional cognitive conflict (51, 52). DIPFC
activation has been mainly associated with non-emotional conflict adjustment (52, 53, 185),
while rACC activation has been proposed to relate to emotional conflict adjustment rather than
non-emotional conflict adjustment, and exert top-down control over the amygdala, reducing
amygdala activation in response to conflict (52).
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Figure 6 Example of the a) emotional and b) non-emotional Stroop task, adapted from a previous version of the
task (51, 52), used in this PhD project. The emotional trials consisted of pictures of male and female faces with a
happy or fearful expression, overlaid by the word RADD (fearful) or GLAD (happy). The non-emotional trials
consisted of pictures of male and female faces with neutral expressions, overlaid by the word MAN (Swedish word
for man) or KVINNA (Swedish word for woman). Participants were instructed to press different buttons for happy
and fearful faces (a), and male and female faces (b), while ignoring the word superimposed on the picture. For
further details regarding our version of the Stroop task, see Floros et al. (192) and manuscript related to Study 1V
in Appendix.

Strengths: The Stroop effect is well-established, both behaviorally (183) and in fMRI studies
(54). An emotional Stroop task very similar to our version has already been used in fMRI
settings (51, 52). This specific version of the task allows studying emotional and non-emotional
interference processing in parallel. Both emotional and non-emotional conflict processing and
other types of interference processing have repeatedly been related to activation in cACC and
adjacent regions (49-53, 184-187). Interference processing has been associated with
hypoactivation of cACC/dorsomedial prefrontal cortex (dmPFC) in patients with ADHD (102,
191), and with hypofunction in cACC, rACC, dmPFC and dIPFC in patients with EUPD (102,
103).

Limitations: While performing the current version of the Stroop task, many complex processes
such as face processing, responding, and keeping several rules “online” in working memory
occur simultaneously. Some separation could be achieved by precise contrast specification,
such as contrasting emotional faces with neutral faces; thereby removing all activity related to
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general facial processing. However, disentangling attentional regulation from other executive
functions is not possible by using this version of the Stroop task.

Our specific approach: The Stroop version employed in this PhD project has been slightly
modified compared to previous versions (See Figure 6, and Floros et al. (192) for details of our
version of the task and (51) and (52) for previous versions). We believe the changes made have
improved the task in the following ways: 1) Neutral faces were employed in the non-emotional
blocks of the task (rather than emotional faces as previously done (51, 52)) in order to better
distinguish between emotional and non-emotional processing; 2) We used a slightly different
approach to defining exposure to cognitive conflict than previously. We contrasted trials with
the highest amount of conflict (cl) against trails with the lowest amount of conflict (cC),
compared to others who have used il (adjusted conflict processing) instead of cC as reference.
We believe our approach better represents the construct we intended to study; 3) We did not
model errors in the fMRI model, since we believed it could potentially remove some of the
variance related to conflict processing, i.e. the construct of interest (expecting more errors when
conflict level is particularly high); 4) Our version of the task included a different set of facial
expression pictures, as well as words in Swedish, which potentially could have affected the
responses.

Finally, in order to collect enough data to achieve power for meaningful analyses, the duration
of the task was relatively long, and some participants expressed declining motivation towards
the end.

4.2.5 Conclusions regarding assessment of emotion regulation, reward
processing, and cognitive control

Different tasks aim to induce different emotional or non-emotional processing or states.
However, non-emotional processing may be accompanied by some degree of emotional
frustration and processing, while emotional processing typically involves aspects of non-
emotional regulation, such as shifting attention to relevant stimuli. When several neural
processing systems are involved, or the functioning of one neural system is related to a vast
repertoire of processes, disentangling processes uniquely related to emotional instability and
non-emotional symptoms requires careful consideration. By adapting precise aspects of the
chosen tasks in certain directions, i.e., adding “more emotional” or “more non-emotional”
cognitive load, allows disentangling underlying neural processes at least to some extent. This
was accomplished by using the emotional and non-emotional versions of the Stroop task in
Study IV. However, we could not produce a similar separation of the domains within the delay
discounting assessment in Study Il or the MID task in Study I11.

The cognitive tests included in this PhD project could all be used in future studies, although
some modifications might be desirable. The Stop Signal test in Study | was adapted to an fMRI
setting, and not a “standard” behavioral version as provided by Verbruggen et al. (146).
However, both these versions have been tested in large samples and could be used in their
current form. The delay discounting assessment (Study I) focuses on varying the (hypothetical)
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duration of a delayed reward and results in an “indifference point” for each participant,
mirroring the time point when a delayed larger reward is judged “equivalent” to a specific
smaller immediate reward. This measurement could be complemented with an assessment of
delay gratification, which rather assesses how long an individual can wait for a larger reward,
such as in the classic Marshmallow test (193). Delay gratification tasks typically result in
number of points corresponding to the tendency to choose smaller immediate or larger delayed
rewards (e.g., (194)), or number of choices made favoring the immediate to delayed reward
option (e.g., (116)). Both delay discounting and delay gratification relate to choice impulsivity
(166), but may add complementing views of related processes. The modified version of the
MID task that we employed in Study I11 evoked robust main activation in expected regions
and could therefore be used in its current format in future studies. Regarding the emotional and
non-emotional Stroop task employed in Study 1V, recent studies have pointed to additional
potential brain regions of importance in conflict processing, such as IFG and anterior insula
(184-187). Those regions, as well as the networks they form part of, should be considered in
future studies on interference processing. Recently, it has been shown that behavioral
variability measurements extracted from the Stroop task may be more related to emotional
instability and non-emotional inattention symptoms (192), as compared to response times (RT)
investigated in Study 1V. Variability in neural activation during the Stroop task as measured
by fMRI, corresponding to the behavioral variability measurements, could be further
investigated in future studies including this task.

A general problem that arises with regard to any research study involving behavioral
assessment 1s the validity of the results in relation to the “real world”. In order to study any
neural process there is a need to precisely specify and isolate the process as much as possible
from other related processes. However, in the real world, no neural processes occur in isolation,
and it is therefore difficult to generalize experimental research findings to real world situations.

4.3 IMAGING METHODS TO STUDY NEURAL STRUCTURE AND FUNCTION

There are several imaging methods available to study the brain. I will briefly explain why |
believe that structural and functional MRI are the best choices for the current PhD project,
despite their limitations, as compared to other imaging modalities.

4.3.1 Structural MRI

Strengths: MRI offers the best structural resolution available without exposing participants to
high levels of ionizing radiation. Resolution has improved much over the past few years, and
the standard magnetic field strength today is 3 Tesla (T), even though 7 T is becoming
increasingly used in research. MRI is a non-invasive technique and more powerful analysis
tools are appearing rapidly. Large pooled datasets are emerging, allowing for mega-analyses
including several thousands of participants (e.g. the IMAGEN (195) and ENIGMA consortia
(196)).
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Limitations: There are several technical limitations and typical problems related to MRI, such
as signal-to-noise ratio, and (in)homogeneity of the magnetic field applied (197). Structural
MRI studies are still sometimes limited by small sample sizes that, in combination with flexible
processing of raw data results in overestimated effect sizes and low reproducibility (198-200).

4.3.2 Functional MRI

Strengths: fMRI makes it possible to indirectly visualize and investigate brain activation, with
higher spatial resolution than electroencephalography (EEG) and positron emission
tomography (PET), and with no exposure to ionizing radiation, no invasive procedures and
short preparation to collect data. Standardized pipelines for processing of data have emerged
and are constantly developing, aiming at creating more comparable results and encourage
replication (e.g. fMRIPrep pipeline (201)). Large consortia are emerging that aim to pool large
fMRI datasets (e.g. the IMAGEN (195) and the ABCD study (202))

Limitations: If structural MRI data may be analyzed in many different ways, functional MRI
offers an even greater analysis flexibility, which has recently been shown to give rise to highly
divergent results (198). Factors highlighted as of certain importance to the varying results
within fMRI studies are smoothing techniques, the software used, methods applied to correct
for multiple comparisons, typically low statistical power, excessive exploratory analyses,
which are not subsequently presented as such, but rather as based on pre-defined hypotheses,
software errors, insufficient study reporting and lack of independent replications (198-200).
Nevertheless, larger sample sizes are becoming more common in the field (199) and Botvinick-
Nezer and colleagues suggested that pooling unthresholded statistical maps from fMRI studies
could be one way to improve reliability (198). Still, it is difficult, and costly, to pool large
datasets, since fMRI tasks seldom employ the exact same version of the intended task and
behavioral measurements.

Moreover, the blood-oxygen-level-dependent (BOLD) signal assessed by fMRI, modelled by
the hemodynamic response function (HRF) (or other), and further represented in the form of
statistical maps, is only an indirect measure of brain activation, possible through the magnetic
properties of oxygenated versus deoxygenated blood. The BOLD signal is a relatively slow
response with a duration of 20-30 seconds and cannot match the actual neural transmission rate
or the temporal resolution of EEG and magnetoencephalography (MEG). In addition, even if
assuming that the BOLD signal from a region correctly represents neural activation, it is still
not possible to say whether the underlying activation is of excitatory nature, or rather the
opposite. Furthermore, despite being a non-invasive procedure, fMRI scanning involves a
relatively long period of lying still in a confined space surrounded by loud noise. Even small
head movements interact with signal acquisition and further, it is difficult to mimic a real world
setting under these circumstances.

4.3.3 What could be improved?

Choosing a functional imaging method today often involves a certain trade-off between ideal
spatial and temporal resolution. To address this problem, it has become more common to
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combine imaging methods, for example EEG and fMRI (185, 203). Combining structural and
functional MRI may also be valuable, since structural alterations do not necessarily invoke
functional alterations, or vice versa, even though there is some level of correlation between
structural and functional connectivity (204). Another approach could be to use PET or MR
spectroscopy in addition to fMRI in order to elucidate what neurotransmitters (excitatory or
inhibitory) are involved in the processes captured by fMRI. Applying each of these
combinations could potentially compensate for the limitations related primarily to the fMRI
technique.

In addition, since investigating brain regions in isolation might obstruct the interpretation of
results, 1 believe it would be of value to follow-up on our studies with structural and functional
network analyses for validation, given that we chose a limited number of pre-defined ROIs to
represent parts of the relevant networks in each study.

4.4 ETHICAL CONSIDERATIONS

The studies included in this PhD project all involved human participants, which required
several ethical considerations. Participation in all studies within the project was voluntary and
participants could choose to withdraw their participation at any time. All participants included
in Study I-1V gave written informed consent to participate in the respective study.

In Study I, we had access to a large European multi-center dataset through the IMAGEN
consortium and the data had been collected elsewhere, according to European ethical
regulations (195). We applied to the IMAGEN consortium to be granted access to the
anonymized data for our specific research questions, according to their standard procedures.
Even though the participants had all given consent to be part of the IMAGEN dataset, as well
as future studies including that dataset, they still had not given informed consent to participation
in our specific study. The IMAGEN dataset has not been made publicly available, due to
concerns that the data could possibly be used to investigate un-ethical questions.

In Study 111, we studied reward processing, and wanted to create a “real” sense of reward in
the participants by offering them an amount of money. However, there was still an upper limit
of maximum reimbursement and the choice to participate should not solely depend on the
monetary re-imbursement, in agreement with ethical guidelines.

Until now, no known risks of MRI have been reported. However, the time spent in the scanner
was quite long for Study I11 and 1V, possibly causing discomfort. We divided the scanning
into two sessions, and it was also possible to add extra breaks. Another ethical aspect of MR-
scanning is the possible incidental pathological neural findings. We followed standard protocol
at the MR Center at Karolinska Hospital in Solna, where all T2 scans of our participants were
examined by a neuroradiology specialist. In case of any incidental findings, the participant was
contacted and invited to clinical assessment.
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There are several ethical considerations that are common to various scientific fields of research.
The problems mentioned above, in relation to fMRI research, are relevant also within other
areas: analysis flexibility, limited sample size, excessive exploratory analyses and insufficient
study reporting (198, 199, 205). Lack of independent replication, including high rates of false
findings, is not limited to the field of neuroscience, but has received much attention lately
within diverse research fields (198-200, 205-208), as has publication bias (209, 210). One of
several steps towards increasing reproducibility and reliability in fMRI research is to pre-
register studies and hypotheses (198, 199). We pre-registered the overarching hypotheses for
Study 111 and IV at Clinicaltrials.gov. The registered version concerned extended research
including psychiatric patients with EUPD and ADHD. Another measure contributing to
decreasing the effects of analysis flexibility and to increasing reproducibility within the fMRI
field, is through open access of data and analysis scripts (198, 199). As for the studies in which
we were responsible for data collection (Study 111 and 1V), data and analyses scripts were
available upon request. In the future, it would be of interest to share data and analyses more
actively and openly.
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5 MAIN RESULTS

Below | present participant demographics (Table 2) and main results (Table 3) of the studies included
in this PhD project. | then briefly discuss the results in the light of their general validity. Functional
and structural magnetic resonance imaging (MRI) results also require some general comments in this
section, while further discussion of results in relation to the hypotheses follow in the Discussion
section. For details, see the respective articles and manuscripts in Appendix.
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Table 2 Summary demographics

Number of
participants

Age (years)

Sex

Emotional instability

and non-emotional
symptoms

Type of study
population

Study |

Study 11

Study Il and IV*

1093

130

29

Mean 14.47 (SD = 0.39)

Non-clinical: mean 43.5 (SD = 12.7)
ADHD patients: mean 34.1 (SD = 10.0)

Mean 28.94 (SD = 6.47)

n =616 females
n =477 males

Non-clinical:

n =29 females, n = 30 males
ADHD patients:

n = 34 females, n = 37 males

n =15 females
n =14 males

CD score: mean 3.70 (SD = 2.60)
ADHD score: mean 6.90 (SD = 3.75)

Non-clinical:
Emotion Instability: mean 2.98 (SD = 2.42)
Inattention: mean 5.69 (SD = 4.13)

ADHD patients:
Emotion Instability: mean 9.16 (SD = 4.18)
Inattention: mean 16.41 (SD = 5.08)

Emotion Instability: mean 4.59 (SD = 2.37)
Inattention: mean 8.59 (SD = 5.03)

Adolescent community sample

Non-clinical adults (n = 59) and adults with
ADHD (n=71)

Non-clinical adults

* same participants included. Abbreviations: ADHD = attention-deficit hyperactivity disorder, CD = conduct disorder, SD = standard deviation
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Table 3 Summary of main results

Emotional
instability and
non-emotional
symptom
distributions

Correlation between
symptom domains

Study |

Study 11

Study HI* Study IV*

150 200

100

r T T T
10 15

B}
o

CD score

20 40 60 80 100

0

°
o
a
2

ADHD score

25

@ Healthy

15 20
L

10
L

Emotion Instability

o Healthy
O ADHD

10

Inattention

21

27

9 Emotion Instability

Inattention

21

There was a significant
correlation between CD score
and ADHD score: r = 0.549,
p <0.001

There was a significant
correlation between Emotion
Instability and Inattention:
r=0.73,p <0.001

There was not a significant correlation between Emotion Instability

and Inattention: r = 0.27, p=0.16
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Behavioral results

Main imaging
result, testing main
hypotheses

36

Study |

Study 11

Study 11*

Study IV*

Stop Signal test: ADHD score
(driven primarily by inattention
symptoms) explained a unique
part of the variance of SSRT,
while CD score did not.

Delay discounting: each of
ADHD score and CD score
explained a unique part of the
variance of the k-coefficient
(“indifference” time point).
Spatial working memory task:
Each of ADHD score and CD
score symptoms explained a
unique part of the variance of
number of errors.

There was a suggested
correlation between response
time speeding (baseline RT —
mean Win RT) and Emotion
Instability, when controlling for
Inattention (p = 0.08)

There were no correlations
between behavioral
measurements and Emotion
Instability or Inattention.

Structural MRI: GMV of
rACC correlated negatively with
CD score, when controlling for
ADHD score.

SA of dlI/dmPFC and cACC
correlated negatively with
ADHD score, when controlling
for CD score.

Structural MRI: There was a
negative correlation between
NAcc volume and Emotion
Instability, when controlling for
Inattention.

Functional MRI: There were
no correlations between
activation in VS during reward
anticipation, or ACC or insula
activation during reward
outcome, and Emotion
Instability or Inattention in the
whole sample.

Functional MRI: Emotion
Instability correlated positively
with activation within rACC for
the contrast (Emotional >
Neutral conflict adjustment),
when controlling for Inattention.




Other results

Study |

Study 11

Study 11*

Study IV*

SSRT from the Stop Signal test
and “non-emotional” brain
structures (dI/dmPFC and
cACC) each uniquely explained
a part of the variance of ADHD
score.

“Emotional” brain structures
(rACC) and k-coefficient from
delay discounting questionnaire
each explained a unique part of
the variance in CD score.

A localized GMV cluster within
the left IOFC correlated
negatively with ADHD score,
also when adjusting for CD
score (corrected for multiple
comparisons on whole brain
level).

There was a negative correlation
between caudate volume and
Emotion Instability, when
controlling for Inattention.
There was a suggested positive
correlation between IOFC
thickness and Inattention, when
controlling for Emotion
Instability.

Behavioral measurements and
main fMRI activations were in
line with previous literature.
Insula was activated during
reward outcome, but also during
outcomes representing
disappointment.

Exploratory: In females, there
was a hegative correlation
between activation in VS during
reward anticipation and Emotion
Instability, controlling for
Inattention.

Validation of task - behavior:
There was a significant
difference in RT between high
conflict level trials and low
conflict level trials. There was a
significant RT difference
between high conflict adjustment
trials and low conflict adjustment
trials.

Validation of task - fMRI:

We could not re-produce robust
main fMRI activations for the
contrasts of interest. However,
the RT difference between
neutral high conflict trials and
neutral low conflict trials
correlated with mean neutral
conflict monitoring activation in
CACC, strengthening the notion
that our version of the task was
valid.

* same participants included. Figures adapted from the respective articles/manuscripts, found in Appendix. Abbreviations: ADHD = attention-deficit hyperactivity
disorder, cACC = caudal anterior cingulate cortex, CD = conduct disorder, dl/dmPFC = dorsolateral/dorsomedial prefrontal cortex, GMV = grey matter volume, IOFC
= lateral orbitofrontal cortex, MRI = magnetic resonance imaging, NAcc = nucleus accumbens, rACC = rostral anterior cingulate cortex, RT = response time, SA =
surface area, SSRT = stop signal reaction time
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Functional and structural magnetic resonance imaging (MRI) results require some general
comments. When considering the included studies together, there was one specifically
interesting finding: ventral striatum (VS)/nucleus accumbens (NAcc) structure (Study 11) and
function (Study I11) related to emotional instability symptoms, when adjusting for non-
emotional inattention symptoms, even in the cohort including attention-deficit hyperactivity
disorder (ADHD) patients (Study I1). However, the correlation between functional activation
and emotional instability symptoms in Study 111 could only be observed in an exploratory
analysis in females (n = 15), and not in the sample as a whole, which makes further
interpretation tentative until the results are replicated in larger samples.

In Study I, grey matter volume (GMV) of rACC correlated negatively with emotional
instability symptoms, when controlling for non-emotional ADHD symptoms, while surface
area (SA) of dorsolateral/dorsomedial prefrontal cortex (dl/dmPFC) and caudal anterior
cingulate cortex (CACC) correlated negatively with non-emotional ADHD symptoms, when
controlling for emotional instability symptoms in 14-year-olds. We did not find a correlation
between GMV, SA, or cortical thickness of lateral orbitofrontal cortex (IOFC) and emotional
instability symptoms (Study | and I1). However, in exploratory vertex-wise analyses within
the pre-defined IOFC region of interest (ROI), there were localized GMV clusters bilaterally,
extending into VIPFC, that correlated negatively with emotional instability symptoms, also
when controlling for non-emotional ADHD symptoms, in adolescents (Study I). However,
these local clusters did not survive correction for multiple comparisons on whole brain level.
In addition, in the exploratory vertex-wise analysis within the bilateral IOFC ROI, there was a
negative correlation between GMV clusters in both left and right IOFC (located anteriorly to
the clusters that correlated with emotional instability symptoms) and non-emotional ADHD
symptoms, when adjusting for emotional instability symptoms, in adolescents (Study 1). The
correlation in the left IOFC survived correction for multiple comparisons on whole brain level.
Similar correlations between emotional instability and non-emotional inattention symptoms
and SA and cortical thickness of the same prefrontal ROIs were not found in adults with and
without ADHD (Study I1). However, in Study 11, no vertex-wise analysis was performed,
which might have obscured more localized correlations within the pre-defined ROls.

In Study 1V, we could not re-produce previously reported robust main activations in expected
locations for the contrasts of interest (51, 52), although behavioral outcomes from the task
reflected the desired Stroop effect. There may be several reasons for this. First, the main
activations observed in our version of the Stroop task were located in expected regions, albeit
weak, suggesting that it may simply be a matter of small sample size in combination with small
effect size. Second, we used a slightly different analytic approach in defining the functional
MRI (fMRI) model (including neutral-rather than emotional-faces in the non-emotional
blocks, and another trial type as baseline when defining the contrast representing exposure to
cognitive conflict. For further details see Methodological considerations). In addition, the
studies on which we based our version of the Stroop task had not included many participants
(51, 52), and recently, a study employing this same version of the Stroop task presented a lack
of reliable fMRI results despite presence of reliable behavioral results (211), suggesting main
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fMRI activations might in fact not be as robust as previously inferred. Recently, behavioral
studies have shown that there is a large response variability within each condition, and that
studying such variability may be more sensitive than using a simple contrast approach (192,
212). Further replication of the main activations related to the current version of the Stroop task
are necessary in order to draw more specific conclusions.

Behavioral results were mixed with regard to our pre-defined hypotheses. Study | could
demonstrate a correlation between non-emotional ADHD symptoms, and not emotional
instability symptoms, and performance on a motor impulse control task (Stop Signal test),
while both emotional instability and non-emotional ADHD symptoms correlated with
performance in the delayed discounting assessment as well as in a working memory task. Study
111 revealed a non-significant (p = 0.08) correlation between response time speeding in a
reward anticipation task (monetary incentive delay (MID) task) and emotional instability
symptoms, but not non-emotional inattention symptoms. No correlations between behavioral
measurements of conflict processing and emotional instability or non-emotional inattention
symptoms were noted in Study V.

Finally, before proceeding to the Discussion section, | would like to repeat that when
interpreting the results, the limitations of the different studies as described in Methodological
considerations should be acknowledged. Some of the results are based on exploratory analyses,
and not pre-defined hypotheses. However, in order to be able to discuss the results further, I
will assume that the results could be replicated in larger samples, even though this is not yet
certain.
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6 DISCUSSION

6.1 MAJOR FINDINGS IN RELATION TO HYPOTHESES

The general aim of this PhD project was to disentangle symptoms of emotional instability and
non-emotional symptoms associated with attention-deficit hyperactivity disorder (ADHD)—
such as inattention—and investigate how the different symptom domains related to behavioral
measurements and underlying neural correlates—both structural and functional. We focused on
the processing and regulation of emotion, reward, and attention in prefrontal cortical regions.
However, we also wanted to study subcortical alterations tied to the emotional instability and
non-emotional ADHD/inattention symptom domains.

6.1.1 Results related to the first overarching hypothesis

We found partial support for the first overarching hypothesis that postulated that emotional
instability symptoms are associated with structural and functional alterations in brain regions
engaged in emotional regulation, as well as subcortical regions connected to those, also when
adjusting for the non-emotional symptom domain.

6.1.1.1 Rostral anterior cingulate cortex (rACC) and emotional instability symptoms

rACC grey matter volume (GMV) correlated negatively with emotional instability symptoms,
also when adjusting for non-emotional ADHD symptoms in adolescents (Study 1), while we
did not see this correlation in adults with and without an ADHD diagnosis (Study I1). We also
found a correlation between rACC activation during emotional conflict adjustment (relative to
non-emotional conflict adjustment) and emotional instability symptoms, adjusting for non-
emotional inattention symptoms (Study 1V), although this result should be treated with caution
given the small sample size.

6.1.1.2 Lateral orbitofrontal cortex (IOFC) and emotional instability symptoms

We did not observe any correlations between GMV, surface area (SA) or cortical thickness of
the IOFC region of interest (ROI) and emotional instability symptoms (Study I and II).
However, there was one localized cluster in each IOFC, extending into ventrolateral prefrontal
cortex (VIPFC) that correlated negatively with emotional instability symptoms, also when
adjusting for non-emotional ADHD symptoms (Study I). However, these two clusters did not
survive whole brain correction for multiple comparisons.

6.1.1.3 Subcortical structures and emotional instability symptoms

As for subcortical regions, ventral striatum (VS)/nucleus accumbens (NAcc) was smaller in
relation to emotional instability symptoms in adults with and without ADHD after adjusting
for non-emotional inattention symptoms (Study I1). VS/NAcc was also less activated during
reward anticipation (Study I11) in relation to subclinical symptoms of emotional instability
after adjusting for non-emotional inattention symptoms, but only in an exploratory analysis of
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female subjects (Study I11). In addition, an exploratory analysis revealed a negative correlation
between adjacent caudate volume and emotional instability symptoms, when adjusting for non-
emotional inattention symptoms, in adults with and without ADHD (Study I1).

6.1.1.4 Cognitive tests and emotional instability symptoms

Emotional instability symptoms explained a unique part of the variance of delay discounting
and working memory performance (Study I). However, emotional instability symptoms were
only related to behavioral measurements of reward processing on a trend significant level (p =
0.08, Study I11), and not significantly related to behavioral measurements corresponding to
emotional conflict processing (Study 1V).

6.1.2 Results related to the second overarching hypothesis

We found partial support for the second overarching hypothesis which stated that non-
emotional symptoms are associated to structural and functional alterations in brain regions
involved in non-emotional attentional/cognitive control, also when adjusting for symptoms in
the emotional instability domain.

6.1.2.1 Caudal anterior cingulate cortex (CACC), dorsolateral/dorsomedial prefrontal
cortex (dl/dmPFC) and non-emotional ADHD/inattention symptoms

Non-emotional ADHD symptoms related to smaller SA of cACC and dlI/dmPFC in
adolescents, after adjusting for emotional instability symptoms (Study 1), but non-emotional
inattention symptoms did not correlate with cACC or dI/dmPFC structure in adults with and
without an ADHD diagnosis (Study 11). We did not observe any correlations between
functional activation in cACC during exposure to cognitive conflict and non-emotional
inattention symptoms, nor any correlation between dIPFC activation during non-emotional
conflict adjustment and non-emotional inattention symptoms in non-clinical adults (Study 1V).

6.1.2.2 Cognitive tests and non-emotional ADHD/inattention symptoms

We found a correlation between behavioral performance on a motor impulse control task, a
delay discounting assessment, and a working memory task and non-emotional ADHD
symptoms, when adjusting for emotional instability symptoms (Study I). We did not observe
significant correlations between behavioral measurements related to conflict processing and
non-emotional inattention symptoms (Study 1V).

6.2 OUR FINDINGS IN A WIDER PERSPECTIVE

Below I discuss our findings in relation to processing and regulation of emotion, reward, and
attention (and related executive functions such as cognitive flexibility and inhibition). Since
many brain regions are involved in diverse processes and included within several regulatory
networks, | have chosen to use each region as a starting point for the discussion. A short
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summary of discussion points, also in relation to methodological considerations, for each study
included in this PhD project is presented in Table 4.
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Table 4 Summary discussion

Strengths

Limitations

Suggested
follow-up
through future
studies

* same participants included. Abbreviations: ADHD = attention-deficit hyperactivity disorder, CD = conduct disorder, MID = monetary incentive delay, SDQ = Strengths and Difficulties

Questionnaire
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Study |

Study 11

Study 111*

Study 1\V*

Large community sample

ADHD patients included

Updated version of the MID task

Updated version of the Stroop task

Emotional instability symptoms as
assessed by the Conduct problems
subscale of the SDQ also include
callous-unemotional symptoms.

Medication and comorbidity in
patients.

Small sample of non-clinical
participants, limiting the range of
symptom distribution within each
domain.

Small sample of non-clinical
participants, limiting the range of
symptom distribution within each
domain.

Longitudinal approach to follow
developmental changes. Further
investigate how pubertal status
influences the results. Biological
versus chronological age. Sex
differences.

Include patients characterized
primarily by high levels of
emotional instability, with or
without comorbid ADHD.
Include behavioral test correlates.

Larger sample, include patients with
high levels of emotional instability,
and non-emotional
ADHD/inattention symptoms.

Further develop the Stroop task to
evoke robust main fMRI activations.
Larger sample, include patients with
high levels of emotional instability,
and non-emotional
ADHD/inattention symptoms.




6.2.1 Reward processing

6.2.1.1 VS/NAcc: related to emotional instability

We observed correlations between both VS structure (Study I1) and function (Study I11) and
symptoms of emotional instability in adults, when adjusting for inattention, including
participants both with and without an ADHD diagnosis. ADHD diagnosis has been related to
altered structure (213) and function in VS (85, 173, 174, 177, 178, 214, 215). Symptoms of
hyperactivity and impulsivity have been shown to correlate both negatively with VS activation
during reward anticipation within mixed samples of non-clinical and ADHD individuals (173,
214, 216), ADHD patients only (174, 215), non-clinical females (177) and positively with VS
activation within the healthy population (85). Also inattentive symptoms (177), and an
inattentive subgroup of ADHD patients (176), have been related to hyporesponsiveness during
reward anticipation in VS. Further, others have reported no differences in VS responsiveness
during reward anticipation between ADHD patients and non-clinical controls (217, 218). In
adults with ADHD, in contrast to children with ADHD, no structural differences have been
reported in VS as compared to controls (213). However, hypoactivation in VS during reward
anticipation has been related to a transdiagnostic emotional trait in the form of Beck Depression
Inventory (BDI) score across different psychiatric patient groups (217, 219). Our results in
Study Il and 111 further support the notion that alterations of VS structure and activation during
reward anticipation could be associated with an emotionally related trait (despite differently
defined in this PhD project as compared to the study by Hégele et al. (217)), even in ADHD
patients. Together with mixed results with regard to VS responsiveness during reward
anticipation in patients with ADHD, and in relation to symptoms of hyperactivity/impulsivity
and inattention, these findings further highlight the need to acknowledge emotionally related
problems also within ADHD patients.

6.2.1.2 Reward processing: beyond NAcc

In Study 111, we employed the extensively used monetary incentive delay (MID) task (170,
171). For the reward anticipation phase, we observed similar main activations in VS as
previously reported (21). For the outcome phase, however, we observed activation in bilateral
insula and rACC, but not in VS, OFC/ventromedial prefrontal cortex (vmPFC), posterior
cingulate cortex (PCC), right amygdala and medial prefrontal cortex (mPFC) as reported
previously (21). One reason for these discrepant findings could be the use of different type of
trials as baseline. We contrasted successful reward outcome against neutral outcome (no
outcome was expected), similarly to a previous study reporting results in line with ours (182).
When comparing the “failed” reward outcome trials (also contrasted against neutral baseline),
we observed activation within bilateral insula and rACC, which overlapped with activation
during successful reward outcome trials. This finding supports the notion that bilateral insula
and rACC have a more general role across several reward processes, such as reward evaluation
and associated feeling states (15, 16, 19, 29).
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Historically, the NAcc has been the “classic” subcortical reward processing region, but with
advanced knowledge of the topological organization of cortical input to basal ganglia, adjacent
regions such as rostral and medial caudate and rostral putamen are being increasingly
acknowledged in reward and emotion processing (220, 221). It has been suggested that the
caudate might be related to anticipation of loss (21, 222). Moreover, within the original
Knutson studies employing the MID task the caudate was activated during the reward
anticipation phase, while the adjacent NAcc was associated with the level of reward (170, 171),
and VS peak activation related to reward anticipation has been located both within the NAcc
and the caudate (85). In Study I, we reported a negative correlation of caudate GMV, in
addition to NAcc GMV, and emotional instability symptoms in non-clinical participants and
patients with ADHD. The caudate has been suggested to be smaller in children and adolescents
with ADHD as compared to controls (213, 223), and in children with heightened genetic risk
for ADHD (224), while caudate volume in adult patients with ADHD has been reported to not
differ from that of controls (213), or even be larger (223). These discrepant findings may, in
part, be due to the correlation to emotional instability symptoms, which have not been assessed
in the above mentioned studies. The caudate has been highlighted in emotionally related
disruptive behavior disorders (225), further strengthening the idea of the caudate being related
to emotional processing, at least in adults. However, connectivity between subdivisions along
the striatum connect to different prefrontal regions (the NAcc shell connects primarily to
vmPFC, slightly more dorsal sections of the NAcc connect to IOFC, while further dorsal VS
sections connect to cACC, and the caudate connects to dIPFC (19)), suggesting a somewhat
emotional-non-emotional organization, similarly to the organization of ACC where emotional
processes are primarily related to rACC, while non-emotional processing are primarily related
to cACC (226). It remains to be elucidated how the understanding of this topological
organization may be merged with the above mentioned findings in clinical populations and
associated symptoms, and in relation to different aspects of reward processing.

6.2.2 Cortical regions related to emotional instability and non-emotional
ADHD/inattention symptoms

In line with our overarching hypotheses, we found negative correlations between cortical
structure and emotional instability and non-emotional ADHD/inattention symptoms in
adolescents (Study 1), but could not observe similar correlations in adults with and without
ADHD (Study II). This is in line with previous findings in children/adolescents versus adults
with ADHD (227). We further found support for our hypothesis that emotional instability
symptoms correlated negatively with rACC activation during emotional conflict adjustment
(Study 1V), but we did not find a strong link between emotional instability and activation in
rACC/VmPFC or insula during reward outcome (Study I1l), or between non-emotional
symptoms of inattention and activation in dIPFC or cACC during conflict processing (Study
V). These mixed findings, with regard to our pre-defined hypotheses, may be due to the
dependence of prefrontal top-down control on dispersed regions connecting functionally to
many subcortical regions, rather than to specific subcortical regions related to exclusive
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symptom domains. For that reason, below I will discuss our findings in relation to literature in
the field, focusing on one prefrontal brain region at a time.

6.2.2.1 Emotional-and non-emotional—processing within IOFC

We found negative correlations between GMV of clusters within both left and right IOFC ROIs
and emotional instability symptoms in adolescents (but not significant across the whole IOFC
ROI, and the clusters did not survive correction for multiple comparisons on whole brain level)
(Study I). We found no correlation between IOFC morphology and emotional instability in
adults with and without ADHD (Study I1). Previous studies have shown that emotionally
unstable personality disorder (EUPD) patients, known to present with high levels of emotional
instability (among other heterogeneous symptoms), have smaller IOFC (89), especially
pronounced in relation to suicidality (90, 91), thinner IOFC (extending into medial orbitofrontal
cortex (MOFC)) (228), blunted IOFC activation in relation to suicidality (229) and aggressive
behavior (230), as compared to controls. The discrepant findings could be due to that structural
alterations in IOFC may only be detected in individuals with especially high levels of emotional
instability symptoms, such as in EUPD. It is also possible that the IOFC alterations seen in
symptomatically heterogeneous EUPD patients are not related to emotional instability,
specifically.

We also observed a negative correlation between GMV in bilateral clusters within the IOFC
ROI (located anteriorly to the clusters that correlated with emotional instability symptoms) and
non-emotional ADHD symptoms, when adjusting for emotional instability symptoms, in
adolescents (Study 1). The cluster in the left IOFC survived correction for multiple
comparisons on whole brain level. These exploratory results could indicate that regulatory
processes within IOFC also relate to non-emotional ADHD symptoms, despite the IOFC
primary role in emotional regulation. A large study from the ENIGMA consortium showed
smaller IOFC SA in children (< 14 years old) with ADHD as compared to controls, but no
differences in IOFC structure between adolescents and adults with ADHD and controls (227).
However, level of emotional instability symptoms was not reported in this study and could
have impacted the results. Whether the localization of non-emotional regulatory processes
within the IOFC overlap with processes related more specifically with emotional regulation or
not, remain to be further investigated.

In contrast, there was a suggested correlation in the opposite direction between IOFC thickness
and inattention symptoms in adults with and without ADHD (Study I1), which could indicate
a compensatory mechanism as reported previously (65, 103). IOFC has been related to top-
down emotional regulation (17, 21, 115), but two meta-analyses did not report the involvement
of IOFC across several types of emotional reappraisal tasks, but instead the adjacent
(sometimes described as overlapping) more lateral VIPFC (22, 147). IOFC has been related to
flexible reinforcement learning and reward processing (28), evaluation of context-appropriate
emotional value of stimuli (also more medial parts of OFC) and the selection of a subsequent
goal-orienting response (17, 21). Further, the representation of value of rewards has been
associated to medial regions of OFC, while IOFC has been related to representation of value of
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punishments, which may be employed in further flexible reinforcement learning (28). Since
IOFC engages in a vast repertoire of processes, it is potentially difficult to correlate its function
and structure with one specific symptom domain, and this may be one reason why we did not
find strong correlations between IOFC structure and a simple measure of emotional instability
symptoms.

It is worth noting that the discrepancy in findings might also, partially, be due to differing
nomenclature and definitions of IOFC versus ventrolateral prefrontal cortex (VIPFC) in the
previous literature (17, 21, 22, 147, 148). The activations during reappraisal in two meta-
analyses were located outside of the IOFC as we defined it (22, 147).

6.2.2.2 Non-emotional-and emotional-processing within dl/dmPFC

In line with the second overarching hypothesis, SA of dI/dmPFC correlated negatively with
non-emotional ADHD symptoms in adolescents (Study I). In contrast, we did not find a similar
correlation between non-emotional inattention symptoms and either thickness or SA of the
same dI/dmPFC ROI in adults with and without ADHD (Study I1). This is in line with recent
literature that reported structural differences within these regions in children with ADHD, but
not in adults with ADHD, as compared to controls (227). DI/dmPFC has been related both to
attentional regulation and other instances of executive function, such as cognitive flexibility,
inhibition and working memory (35, 37, 231), but also to emotional regulation (8, 12-14, 232,
233). Overlapping areas within dlI/dmPFC seem to engage in several executive function
domains, but there is some specificity within this large region (231). While the lateral dIPFC
has been associated with keeping rules of a task “online” in working memory, response
selection, inhibition, flexibility in shifting focus (231) and adapting responses (49, 50), the
medial dmPFC has been implicated in quite different processes, including complex social
cognitive tasks, theory of mind, empathy and moral reasoning, as well as being a key node in
the default-mode network (DMN) (234). Negative correlations between GMV and non-
emotional ADHD symptoms were observed in exploratory analyses across both lateral and
medial sections of the large dl/dmPFC ROI in Study | and could suggest that subtle alterations
of the PFC, rather than specific localized differences, might influence an overarching
attentional/cognitive regulatory capacity. This general deficit could, in turn, also influence
emotional processes that depend on attentional control.

Since the dI/dmPFC ROI definition employed in Study I and Il entails a very large brain area
that is involved in a vast number of diverse processes, it is not possible to draw any conclusions
regarding what symptoms or behavior more local alterations in structure and function may
relate to. However, in Study 1V, the dIPFC ROI was limited to match activation related to the
Stroop task, but still we could not observe either an expected main activation in response to
neutral conflict adjustment (See Methodological considerations and Results sections), or a
correlation between the activation and non-emotional inattention symptoms.
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6.2.2.3 Emotional, non-emotional, and reward processing within rACC and cACC

In line with the first overarching hypothesis, our results suggest that smaller rACC (Study 1)
and more activation during emotional conflict adjustment (Study 1V) might relate to higher
levels of emotional instability symptoms. In line with the second overarching hypothesis,
smaller cCACC SA related to higher levels of non-emotional ADHD symptoms in adolescents
(Study 1). These results support the division of the ACC into a rostral emotional part and a
caudal cognitive part (226).

Contrary to the first overarching hypothesis, we did not find any correlation between rACC
activation during reward outcome and emotional instability symptoms (Study I11). Apart from
limitations discussed in Methodological considerations, another reason that we did not find
support for our hypothesis could be that activation of rACC, and adjacent vmPFC/mOFC, is
related to reward value processing (19, 29) and activation therein might not be dimensionally
related to emotional instability per se. Instead, activation during reward outcome in rACC,
might be related to the participant’s general evaluation of reward, which might be better
assessed by, for instance, a dimensional measurement of depressive or anhedonic tendencies,
known to be related to aberrant valence processing of rewards (235)(See section 6.3.2 Major
depressive disorder—an example of a primarily internalizing disorder).

In contrast to our second overarching hypothesis, CACC activation during emotional and non-
emotional conflict processing did not relate to non-emotional inattention symptoms (Study
V). There are several possible reasons for this. First, the Stroop task employed in Study 1V
elicited relatively weak main activations in response to conflict, which makes interpretation of
further correlations between activation and symptoms difficult. Second, it might be that a
dimensional measure of inattention (including measures of cognitive flexibility in Brown
Attention-Deficit Disorder scales (B-ADD)) does not properly represent the function of cACC,
at least not during a Stroop task. Further, despite being able to show a negative correlation
between SA of cACC and non-emotional ADHD symptoms in adolescents (Study 1), a similar
correlation was not present in adults with and without ADHD (Study I1), in line with a previous
meta-analysis (227). It has been reported that in early childhood, the size of right ACC is the
best predictor of conflict solving ability, but with age behavioral measurements of conflict
solving are most related to white matter connections (236). Furthermore, the exact role of
CACC has been debated since it is, often together with adjacent mPFC and anterior insula,
involved in such diverse processes as perception of physical and social pain, reward processing,
conflict processing, error detection, and theory of mind (37).

6.2.3 Discussion of cortical regions not included in the main hypotheses

Through the course of this PhD project, a few brain regions that were not the primary focus of
the overarching hypothesis have stood out. Below, I discuss the anterior insula and VIPFC in
relation to findings in our studies and existing literature.
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6.2.3.1 Anterior insula

The insula is one of the brain regions that differs the most between humans and other primates
(237). It is located at an ideal spot to integrate information from diverse other neural regions
and its main functions are related to interoceptive processes and hedonic value thereof,
mapping body states that are relevant to maintain homeostasis (15, 16, 238). The anterior
insula, and adjacent VIPFC, has been shown to be involved across several types of emotion
regulation strategies (233). This anterior section of the insula is specifically involved in
integrating interoceptive signals with emotional, cognitive and reward-related signals from
regions such as the amygdala, ACC, dIPFC and VS, resulting in a subjective “feeling state”
(15, 16, 238). The anterior insula is involved in flexibly attributing salience to stimuli important
to the individual under varying circumstances.

The anterior insula has further been related to reward value, both in relation to external and
internal types of reward (8). The region is involved in coding positive and negative reward (20)
and in anticipation and receipt of reward (20, 21). Our findings in Study 111 are in line with
this notion in that the anterior insula was activated both during receipt of rewards, but also in
response to failure to receive an expected reward, which could be interpreted as
disappointment. Both situations involve a representation of the “feeling state”, despite different
valence.

Contrary to our hypothesis, we did not find a correlation between anterior insula activation
during reward outcome and symptoms of emotional instability (Study I11). High levels of
emotional instability symptoms have been related to smaller bilateral anterior insula in non-
clinical participants (129). Moreover, two of the most robust findings in patients with EUPD,
characterized by high levels of emotional instability symptoms, are smaller volume (90) and
increased reactivity (92, 239, 240) in anterior insula, even though others have not reported
hyperreactivity in anterior insula in EUPD (95, 96, 241). However, EUPD involves complex
heterogeneous symptoms and larger neural alterations in anterior insula within the EUPD
patient group have been related to level of suicidality (90, 91), and traits of impulsivity and
aggression have been suggested to relate to anterior insula alterations in EUPD patients with
varying levels of suicidality (91). Furthermore, smaller bilateral insular cortex has been related
to a vast array of psychiatric disorders (242). In addition, higher levels of depressive
symptoms—including trait anhedonia—have been related to reduced reactivity and connectivity
of anterior insula (243, 244). Taken together, this suggests that anterior insula structure and
function could be investigated in relation to both emotional instability and depressive
symptoms in future studies in order to elucidate its role in relation to different types of
emotional symptoms.

6.2.3.2 VIPFC

The VIPFC has been implicated to serve a role in inhibitory control across cognitive and
emotional tasks (245). The region has both afferent and efferent connections to amygdala and
sensory cortices, as well as afferent connections from anterior insula (232).
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It might be useful to consider the VIPFC, in addition to the adjacent (sometimes described as
overlapping) IOFC, in relation to emotional instability and non-emotional ADHD/inattention
symptoms. The main reasons that the IOFC was one of the four pre-defined cortical ROIs in
this PhD project, were that the IOFC has been related to complex emotion regulation, rather
than non-emotional processing (2). Further, smaller IOFC has been observed in patients with
EUPD-a patient group characterized by emotional instability (among other heterogeneous
symptoms) (89, 90), and also in relation to emotional instability symptoms in a non-clinical
sample (129). Recently, also blunted IOFC activation related to level of suicidality (229) and
aggressive behavior (91, 230) has been reported in patients with EUPD, supporting the
appropriateness of our choice of IOFC as an “emotional ROI”. Function of the vIPFC, on the
other hand, has been consistently reported in relation both to emotional reappraisal tasks (8,
12, 14, 233), as well as in non-emotional motor impulse control (148, 245) and in relation to
ADHD (54, 246), without controlling for non-emotional ADHD/inattention and emotional
instability aspects, respectively. The localized bilateral clusters within the IOFC ROI that
correlated negatively with emotional instability symptoms, adjusting for non-emotional ADHD
symptoms, in exploratory analyses in Study | (but did not survive whole brain correction for
multiple comparisons), extended into the vIPFC region. However, GMV, SA and cortical
thickness of a bilateral vIPFC ROI in adolescents did not correlate either with emotional
instability or non-emotional ADHD symptoms in an exploratory analysis (Study I). It would
be of interest to further specify how different emotional and non-emotional processes, and
related symptoms, interact with each other within the vIPFC.

6.2.4 Age effects and development

We found support for correlations between dIPFC/dmPFC, cACC, rACC as well as within
more localized clusters of IOFC and the hypothesized symptom domains in adolescents (Study
1), but not in adults (Study II). This is in line with previous studies suggesting smaller
structures cortically in children with ADHD as compared to controls, but not in adults (213,
227). Despite different questionnaires being used to assess emotional instability and non-
emotional symptoms in Study | and Il (See Methodological considerations), there are other
possible reasons for these discrepant findings. Prefrontal cortical regions are among the last to
mature, suggesting that alterations present during early stages of brain development might be
attenuated at later stages. In addition, delayed cortical maturation has been reported in ADHD
(120) and subsequently, cortical alterations are more pronounced as compared to normally
developing non-clinical individuals during adolescence. In adults, cortical development may
have reached full maturation also in individuals with ADHD, and differences may not be as
pronounced, at least not structurally. Further, adolescents in general display heightened levels
of impulsivity compared to adults—a trait that serves an important function in exploration of the
world during this time of life (76). Baseline levels of impulsivity across a non-clinical
population of adolescents versus one of adults might differ, and complicate comparisons
between these populations.
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6.3 A TRANSDIAGNOSTIC APPROACH TO ALTERED EMOTION
REGULATION AND REWARD PROCESSING

Research of recent years has further highlighted the heterogeneity of both EUPD and ADHD
patient groups, as well as high genetic correlations between several psychiatric disorders (247,
248). Dimensional approaches have become more common in trying to increase the
understanding of underlying neural regulation mechanisms in many psychiatric disorders.
Below I describe neural similarities across psychiatric disorders, and the increasing consensus
of applying a transdiagnostic approach within psychiatric research. I further summarize some
of the most robust findings in relation to major depressive disorder (MDD), included here as
an example of a primarily internalizing emotional disorder. Internalizing symptoms are also of
importance in EUPD and ADHD, in addition to the externalizing/impulsive traits that are
commonly described.

6.3.1 Similarities across psychiatric disorders

All the brain regions highlighted in this PhD project are also implicated in other psychiatric
disorders, and not only associated to EUPD/CD and ADHD. Several psychiatric disorders have
been related to functional alterations in emotional processing, such as hyperactivation in
amygdala extending into hippocampus, and hypoactivation in prefrontal regions such as
dmPFC/vmPFC/ACC, and right VIPFC/OFC (249). Reduced GMV has also been reported
across several psychiatric disorders in cCACC and bilateral anterior insula (242). Sprooten et al.
could show that no brain region was functionally uniquely related to any one psychiatric
diagnosis in tasks covering all of the five Research Domain Criteria (RDoC) domains,
respectively, though the partially overlapping neural profiles of different psychiatric disorders
differed (250). The same study could not relate any specific neural activation pattern to separate
RDoC constructs in a whole-brain analysis (250).

A transdiagnostic approach with regard to emotional processing across several psychiatric
disorders has been proposed (249, 250). Moreover, it has even been suggested to include
emotion regulation as a sixth RDoC domain (251), which might help in further elucidating
more specific underlying neural networks related to emotion regulation.

6.3.2 Major depressive disorder—an example of a primarily internalizing
disorder

Depressive symptoms are common and sometimes persistent across many psychiatric
diagnoses, including EUPD (88) and ADHD (252). Unlike EUPD and ADHD, which are
related to persistent traits of impulsivity/instability of attention and emotions, often expressed
as externalizing symptoms, typical MDD rather relates to a generally lowered mood and
anhedonia in adults that is often—but not always—of periodic character. Importantly, irritability
is also included in the diagnostic criteria of MDD in the Diagnostic and Statistical Manual of
mental disorders, 5" edition (DSM-5) (79), and is even a core symptom of adolescent, but not
adult, depression (79). MDD has been associated with structural and functional alterations in
diverse brain regions, of which many are related to emotion regulation and reward processing.
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A recent meta-analysis reported thinner cortices in adults with MDD as compared to controls
across diverse brain regions such as bilateral mOFC, fusiform gyrus, insula, rACC, PCC, left
middle temporal gyrus, right inferior temporal gyrus, and right cACC (253). Functional
magnetic resonance imaging (fMRI) studies have reported mixed prefrontal activations in
response to reward in MDD patients as compared to controls (within OFC, dIPFC, vmPFC,
ACC, middle frontal gyrus, inferior frontal gyrus (IFG), rACC, and dmPFC) (254-257).
Subcortical alterations have also been observed in relation to MDD, such as smaller
hippocampi, and a trend towards smaller amygdalae in patients with early onset MDD (258).
fMRI studies in MDD have consequently reported hyporesponsiveness to reward in VS (254)
and the caudate (256, 257). Amygdala hyperreactivity to punishments (254) and increased
amygdala and ACC activation in response to negative emotional cues (255) are also robust
findings in MDD. A negative correlation between depressive symptoms (as measured by BDI
(219)) and VS activation during reward anticipation across several psychiatric disorders (217)
has been reported, and level of depressive symptoms, including anhedonia, has been suggested
to correlate negatively with VS (259), anterior insula and IOFC activation (243), as well as
connectivity between ACC and striatal regions and right anterior insula (244). In contrast,
others have not found correlations between cortical (253) or subcortical (258) alterations and
overall depressive symptom severity. However, MDD is a heterogeneous disorder and self-
report questionnaires span diverse symptoms, from increased irritability to lowered mood,
which are likely to relate to different underlying neural mechanisms, possibly explaining the
mixed neuroimaging findings in relation to depressive traits.

MDD is presented herein as an example of internalizing disorders. Comorbidity with other
internalizing disorders, especially generalized or social anxiety disorders (79), is common.
Since MDD and anxiety disorders also share underlying neurobiological alterations (242, 249)
and treatment options are overlapping, a dimensional approach seems favorable also regarding
associated internalizing traits.

6.4 WHAT IS EMOTIONAL INSTABILITY-REALLY?

It is clear from the literature that the definition of emotional instability varies extensively. We
employed the definition by American Psychological Association (APA) describing emotional
instability as “a tendency to exhibit unpredictable and rapid changes in emotions” (78), but
other constructs are overlapping. Some examples are: 1) labile affect that is described as
“highly variable, suddenly shifting emotional expression”(78); 2) emotional reactivity that
includes concepts of activation, intensity and duration and that may result in frequent changes
in emotions and moods if excessive (e.g., (141, 142, 260)); 3) emotional lability/affect lability
that are similar to APA’s definition of emotional instability, but also includes exaggerated
behavior in response to emotions (e.g. (261, 262)). In addition, the concept of affect tolerance
is referring to the ability to experience highly charged emotions and still react in a calm and
constructive manner in a given situation (263, 264). Finally, dissociative states (a defense
mechanism in which [...] ideas and feelings are separated from the rest of the psyche (78))
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often occurring as a result of developmental trauma, are relevant when discussing what
emotional instability really is. Below | describe some of the issues related to defining emotional
instability that I have come across during this PhD project.

6.4.1 Emotional reactivity versus emotion regulation

Emotional instability may be defined as rapid changes in emotional state, and related impulsive
emotional behavior. Our approach to assessing emotional instability using the Strengths and
Difficulties Questionnaire (SDQ) and B-ADD scales focused mostly (but not exclusively) on
externalizing impulsive emotional symptoms and behaviors. The first overarching hypothesis
of this PhD project stated that emotional instability symptoms are a result of failure of
prefrontal top-down control mechanisms to exert proper control over emotional responses
further downstream in the neural networks. This approach infers that when robust top-down
control mechanisms are available, intense emotional reactivity may still be present, albeit
flexibly adjusted by prefrontal brain regions resulting in low levels of emotional symptoms
(265), relating to the concept of affect tolerance (263, 264). The approach further implies that
low levels of emotional reactivity would not result in emotional impulsivity, even when
prefrontal control mechanisms are not robust.

6.4.2 Emotional instability and reactivity in EUPD patients

In this PhD project, findings from research involving EUPD patients, including limbic
hyperreactivity and less recruitment of prefrontal regions during emotion regulation (81, 92-
101), have been interpreted as representing correlates of high levels of emotion instability
symptoms. However, EUPD is a highly heterogeneous disorder, and recent studies of relatively
large samples have reported inconsistent measurements of emotional reactivity (physiological
responses, behavior, and self-report measurements) in various experimental settings in patients
with EUPD (266), and no robust differences in “affective neural signatures” (regarding
emotional reactivity) between patients with EUPD, patients with complex post-traumatic stress
disorder), and controls (267). (Note, however, that the studies by Bortolla et al. (266) and
Sicorello et al. (267) did not investigate emotion regulation, but rather emotional reactivity,
and (267) is a pre-print at this stage) Considering the mixed neural findings in patients with
EUPD, it is of importance to define, assess, and investigate specifically the emotional
instability trait, while controlling for other possibly confounding factors, commonly present in
psychiatric populations, including EUPD.

6.4.3 Internalizing aspect of emotional instability

It should be noted that internalizing symptoms related to emotional instability may be
underrated, since these symptoms do not affect people in the surroundings to the same extent
as externalizing symptoms do. Typical internalizing symptoms of emotional instability in
patients with EUPD (not assessed in the studies included in this thesis) are rapidly shifting
internal emotional states, unstable self-image, and unstable interior representations of
relationships (79, 80). In order to clarify how emotional instability is represented on a neural
level, the internalizing aspects should be quantified more thoroughly in addition to
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externalizing traits. It is of interest to better understand how internalizing and externalizing
emotional instability symptoms relate to each other on a neural level.

6.5 LINKING EMOTION REGULATION, REWARD PROCESSING, AND
ATTENTION

The original overarching hypothesis was built on the assumed existence of two parallel neural

systems—one primarily emotional, one primarily non-emotional-interacting with each other,

but at the same time working independently. One system included top-down emotional control

through IOFC and rACC of “downstream”/subcortical regions such as insula/amygdala. The

other system included top-down regulation through dIPFC/cACC of secondary regions further

“downstream” in the attentional networks (2, 55, 82).

It has been argued that affective and cognitive executive neural networks cannot be
disentangled, since these domains share underlying neurobiology to such a large extent (268).
However, several models have recently been suggested that further link emotion regulation to
reward processing (269), reinforcement learning (8), and implicit versus explicit processing
(270). Below | describe one of those models proposed by Beauchaine and Zisner (269, 271)
that focuses on the separation between internalizing and externalizing symptom domains, and
then relate this model to the cognitive core capacity theory, which was central to this PhD
project (2).

6.5.1 Internalizing and externalizing symptom domains in psychiatry

According to the model proposed by Beauchaine and Zisner, psychiatric symptoms and
behaviors may be divided into transdiagnostic internalizing and externalizing domains (269,
271). The internalizing domain covers constructs such as anxiety, depression and withdrawal,
while the externalizing domain includes impulsivity, aggression, delinquency, substance
dependencies, and approach-related behaviors. The model does not address non-emotional
attentional regulation specifically, but focuses on the subdivision of emotionally related
processing. The model suggests that approach-related emotions and behavior depend on NAcc
and are regulated by diverse prefrontal regions such as dIPFC, OFC and ACC, while avoidance-
related emotions and behaviors depend on amygdala and are regulated by somewhat
overlapping regions such as VIPFC, vmPFC/mOFC and ACC. The approach-related system is
associated with the dopamine dependent “wanting” concept (22, 24) and externalizing
symptoms, while the avoidance-related system including the amygdala, relates to internalizing
symptoms. However, the two systems are also closely interconnected and altered connectivity
between OFC and amygdala has been linked to emotional lability.

In line with our overarching hypothesis based on the cognitive core capacity theory (2), the
model presented by Beauchaine and Zisner (269) suggests that psychiatric disorders are often
linked to a general transdiagnostic deficient prefrontal regulation capacity through altered
connectivity to subcortical regions. Beauchaine and Zisner further propose that both
internalizing and externalizing regulation are dependent on largely overlapping, prefrontal
regions such as dIPFC, OFC and ACC (269), and that the dopamine system is at the core of
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commonly comorbid symptoms such as impulsivity, anhedonia, and irritability (271). Recent
studies also highlight the overlap between regions associated with cognitive control and
emotional processing across several psychiatric disorders, for example the anterior insula and
VIPFC (249).

6.5.2 Clinical diagnoses within an internalizing/externalizing framework

The psychiatric disorders of the ICD and DSM systems used as examples within the cognitive
core capacity theory (2), may also be helpful in describing how an introduction of an
internalizing/externalizing domain could alter the framework (Table 5). The main addition to
the previous framework is the internalizing emotional quadrant referring to symptoms such as
anhedonia, anxiety, and rapidly shifting internal emotional states.

Table 5 Examples of psychiatric diagnoses and typical symptoms within an updated framework including an
internalizing/externalizing domain

Emotional Non-emotional
Internalizing Diagnosis: Diagnosis:

MDD, EUPD ADHD - inattentive type

Typical symptom: Typical symptom:

Anhedonia, anxiety, rapidly | Inattention
shifting internal emotional

state

Externalizing Diagnosis: Diagnosis:
EUPD, CD ADHD - combined type
Typical symptom: Typical symptom:
Aggressive behavior Hyperactivity, impulsivity

Diagnoses are examples related to especially high levels of the domain typical symptom, but not necessarily with
symptoms exclusive to that domain. Grey color indicates domains covered by the overarching hypotheses and
assessments of this PhD project, based on the cognitive core capacity theory (2). Abbreviations: ADHD =
attention-deficit hyperactivity disorder, CD = conduct disorder, EUPD = emotionally unstable personality
disorder, MDD = major depressive disorder

6.5.3 Considering "stability” of symptoms

Another domain that could be considered is “stability” of symptoms, i.e. whether a symptom
is primarily characterized by its variability/instability or rather marked by a stable shift from
normal levels. An “unstable” symptom, whether internalizing or externalizing, could indicate
fluctuating prefrontal top-down control, and might be context-dependent. In contrast, a “stable”
symptom may arise from generally blunted (anhedonia), or generally increased (anxiety),
subcortical emotional reactivity. Especially the internalizing emotional domain could
potentially benefit from this further specification, since both unstable (e.g. rapidly shifting
emotional state) and stable symptoms (e.g. increased anxiety levels as seen in generalized
anxiety disorder (GAD)) are common. Further, from a developmental perspective, adolescent
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major depressive disorder (MDD) might be more “unstable” and characterized by mood swings
or irritability to a larger extent than “stable” anhedonic adult MDD (79).

Finally, “stability” of symptoms can also be discussed in relation to persistence of symptoms
over time. Many symptoms in EUPD and ADHD, whether internalizing or externalizing, are
typically persistent for long periods of time, and often even of trait-like character. In contrast,
symptoms during an isolated depressive episode or a panic attack, are rather of transient nature.
This difference in persistence of symptoms might be mirrored in underlying neural mechanisms
too.
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7/ CONCLUSIONS

| believe the major strength of this PhD project is the consistent dimensional approach to the
symptom domains, behavioral performance and underlying neural structure and function. This
is in line with the Research Domain Criteria (RDoC) (125, 126), aligned with the tendency of
moving away from categorical diagnoses within psychiatric research (79, 80). It has been
suggested recently to include emotion regulation as an additional construct within the RDoC
framework (251), which I believe could make it even more relevant.

Another strength of this PhD project is that we were able to study the same overarching
hypotheses, from different angles, employing both structural and functional magnetic
resonance imaging (fMRI), in different samples, including adolescents and adults, patients and
non-clinical individuals.

We found partial support for the first overarching hypothesis relating structure and function of
lateral orbitofrontal cortex (IOFC), rostral anterior cingulate cortex (rACC) and ventral striatum
(VS)/nucleus accumbens (NAcc) to symptoms of emotional instability, adjusting for non-
emotional attention-deficit hyperactivity disorder (ADHD)/inattention symptoms. Further, we
found partial support also for the second overarching hypothesis linking structure, but not
function, of dorsolateral prefrontal cortex (dIPFC) and caudal anterior cingulate cortex (CACC)
to non-emotional symptoms, adjusting for symptoms of emotional instability. The suggested
relationship between VS structure (both NAcc and caudate) and activation during reward
anticipation and symptoms of emotional instability, could potentially be a first step towards
shifting the view of reward processing across psychiatric disorders, including ADHD.

7.1 FUTURE PERSPECTIVES

Following from the conclusions and the discussion in the previous section, it would be
interesting to study how internalizing/externalizing symptoms, as well as symptom “stability”
relate to emotional and non-emotional regulatory systems in the brain. In order to do so, there
is a need to develop a self-report questionnaire that mirrors those constructs properly on a
symptom level before it is meaningful to relate symptomatology to performance on behavioral
tests and underlying neural correlates.

Another point that requires some discussion is that throughout the analyses in this PhD project,
a region of interest (ROI) approach was first employed followed by whole brain exploratory
analyses. This choice was based on the rationale that the isolated regions were selected as
representatives of larger networks. In order to further elucidate which cortical regions exert
(deficient) control of subcortical regions, a functional and structural network approach could
be employed in future studies. Both prefrontal and subcortical regions are connected to a large
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number of other brain regions and studying each of them in isolation limits the possibility to
interpret the results.

Another important direction is to investigating potential sex differences in regulation of
emotion, reward, and attention. Several of the psychiatric disorders discussed in this thesis
show a higher prevalence in males (ADHD (272, 273) and conduct disorder (CD) (274)) or in
females (emotionally unstable personality disorder (EUPD (275, 276), major depressive
disorder (MDD) (277, 278), and anxiety disorders (279-281)). We observed a correlation
between emotional instability symptoms and reward anticipation activation in VS in females
only (n = 15) in an exploratory analysis (Study I11). Despite the unreliability of those results
due to limited sample size, together with previously reported sex differences in relation to
reward (282) and emotion processing (283, 284), and the influence of hormonal fluctuations
during the menstrual cycle on these processes (285), this suggests that a sex difference
approach towards regulation of emotion, reward, and attention should be further explored.

A developmental aspect was incorporated in this thesis through Study I, which investigated a
community sample of 14-year-olds. Since Study | was cross-sectional, there were limitations
to what developmental effects we could investigate, but the study gave rise to many questions
regarding the effect of development in relation to our overarching hypothesis. One important
aspect in studying adolescents is considering chronological age versus biological age. Different
neural networks and associated capacities follow developmental trajectories related to
chronological age, such as cognitive functions, while other neural networks follow a
developmental trajectory related to biological age and puberty, such as reward systems (67,
68). | believe it is specifically important to study adolescents in relation to regulation of
emotion, reward, and attention in order to capture this dynamic development. In addition, a
developmental approach could potentially help elucidate why emotional instability symptoms
arise in the first place. It has been suggested that early traumatic experiences could pave the
way for susceptibility to emotional instability and impulsive behavior later in life (286, 287).
Understanding the development of emotional instability and related morbidity could hopefully
result in earlier intervention in relation to several disorders often arising during childhood
(ADHD and CD) or adolescence (EUPD, MDD, anxiety).

In addition, no matter how thoroughly we assess symptoms, behaviors, and even genetics, in
relation to psychiatric disorders, there are always confounding factors that cannot be measured
or adjusted for. It is difficult to control for contextual factors such as life stress, and other
related/modulating genetic, epigenetic and environmental factors (288-290). As an example, it
has been shown that attention systems are modulated by environmental factors (36), and a
supportive environment may serve a protective function and contribute to resilience towards
development of several psychiatric disorders (291, 292).

Finally, how do all the experimental findings discussed in this thesis relate to the real world?
There will always be a discrepancy between the precise behavioral and neural mechanisms that
we (believe we) investigate experimentally—often through indirect measurements—and the
complex situations encountered in the real world. Science brings tiny pieces of the puzzle at a
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time, and as long as we do not over interpret their meaning, or draw conclusions from the pieces
in isolation, I believe we will be able to eventually understand the brain better, at least a little
bit.
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