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Abstract
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The anterior cingulate cortex (ACC) is a brain structure involved in emotion and cognitive
processing. Previous research has suggested that the ACC is implicated in psychiatric disorders,
although its role is not fully understood.

This thesis explores the role of the ACC in psychiatric symptoms using functional magnetic
resonance imaging. Study I investigated dorsal ACC (dACC) activity during cognitive challenge
in social anxiety disorder (SAD). Studies II-III investigated behavioral, neural (including
ACC) and peripheral (skin conductance response, SCR) reactivity to emotion anticipation and
processing in depression; study II by comparing patients with healthy controls and study III
by investigating effects of repetitive transcranial magnetic stimulation (rTMS) treatment on
these measures. Study IV extended findings from studies I-III by investigating brain function,
including dACC activity during cognitive challenge, in a longitudinal follow-up study of cardiac
arrest survivors, a group with increased risk of developing psychiatric symptoms.

Results showed that depression affects emotion anticipation and processing at the behavioral,
neural and peripheral level (study II). ACC and right insula activity was increased, and SCRs
decreased, during positive anticipation in patients, suggesting that sensory integration and
interoception are disrupted in depression. No effect on reactivity was seen with rTMS treatment;
however, decreased anhedonia symptoms were correlated with increased ACC activity with
treatment (study III). Increased ACC activity in depression (study II) might therefore reflect a
compensatory mechanism strengthened by rTMS (study III). dACC activity during cognitive
challenge was unaffected in SAD (study I), which, although dACC activity has previously been
shown to predict treatment response in SAD, suggests that its predictive properties do not reflect
pre-treatment differences in activity. Cognitive deficits were present in cardiac arrest survivors,
but cognitive function improved over time and dACC activity was unaffected (study IV).

Results from this thesis support the notion that the ACC is involved in emotion processing in
depression and plays a role in rTMS treatment. Dorsal ACC activity during cognitive challenge
seems unaffected in cardiac arrest survivors and SAD, shedding light on its predictive properties.
Taken together, these findings contribute to a deepened understanding of the ACC and its
relation to psychiatric symptoms.
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ACC  Anterior cingulate cortex 
BOLD  Blood oxygenation level-dependent 
CAINS  Clinical assessment interview for negative symptoms 
CBT  Cognitive behavioral therapy 
CEN 
dACC 

 Central executive network 
 Dorsal anterior cingulate cortex 

dlPFC  Dorsolateral prefrontal cortex 
DMN  Default-mode network 
dmPFC  Dorsomedial prefrontal cortex 
EDA  Electrodermal activity 
EPI 
FD 

 Echo-planar imaging 
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fMRI  Functional magnetic resonance imaging 
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MADRS-S 
 
M.I.N.I 

 Intermittent theta-burst stimulation 
 Liebowitz social anxiety scale, self-report version 
 Montgomery-Åsberg depression rating scale,  
 self-rating version 
 Mini-international neuropsychiatric interview 

MRI 
OCD 
OHCA 

 Magnetic resonance imaging 
 Obsessive compulsive disorder 
 Out-of-hospital cardiac arrest 

pgACC 
PTSD 
RCT 

 Pregenual anterior cingulate cortex 
 Post-traumatic stress syndrome  
 Randomized controlled trial 

RF  Radiofrequency 
ROI  Region of interest 
rTMS     Repetitive transcranial magnetic stimulation 
SAD 
SCID-I 
 
SCL 

 Social anxiety disorder 
 Structured clinical interview for DSM-IV-  
 Axis I disorders 
 Skin conductance level 

SCR 
SSRI 

 Skin conductance response 
 Selective serotonin reuptake inhibitor 



sgACC  Subgenual anterior cingulate cortex 
SN 
STAI-T 

 Salience network 
 Spielberger state-trait anxiety inventory- trait version 

TE 
TENS 

 Echo time 
 Transcutaneous electrical nerve stimulation 

TR  Repetition time 
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Introduction 

The brain is a fascinating organ. Thinking, learning, loving, dreaming, hoping, 
socializing- indeed, perhaps most of the aspects we associate with life itself, 
happen in the brain. Unfortunately, psychiatric disorders affect many of these 
aspects as well, leading to profound suffering and impairments in daily life. 
Psychiatric disorders pose a major health issue for humankind, and, because 
of the complicated nature of the brain, there are many aspects of these disor-
ders that are still unknown to researchers. However, it seems that some regions 
of the brain are especially affected or involved in psychiatric disorders. In this 
thesis, one such region will be further explored, namely, the anterior cingulate 
cortex. 

The anterior cingulate cortex- anatomy, structure and 
connectivity  
Anatomically, the anterior cingulate cortex (ACC) constitutes a part of the 
medial wall of the frontal lobe, adjacent to the corpus callosum. The ACC is 
a heterogeneous brain region and can be subdivided into the more ventral pre-
genual and subgenual ACC (pgACC and sgACC, respectively) and the dorsal 
ACC (dACC) (1), see Figure 1. 
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Figure 1. The anterior cingulate cortex (blue). Template brain from MRIcroGl (Neu-
roimaging Tools & Resources Collabratory, US) (2). dACC; dorsal anterior cingulate 
cortex, pgACC; pregenual anterior cingulate cortex, sgACC; subgenual anterior cin-
gulate cortex. 

Cytoarchitecture studies have revealed a high density of long-projecting von 
Economo neurons (3) in the ACC. Von Economo neurons are specialized neu-
rons primarily found in the hominid line (4) and almost exclusively found in 
the ACC and frontoinsular cortices in humans (5). It has been proposed that 
von Economo neurons provide an evolutionary advantage (6) with increased 
conduction speed and more extensive connections between brain regions (7). 
These long-projecting neurons and the unique position of the ACC provide a 
basis for rapid information transfer between the ACC and other parts of the 
brain.  

The subregions of the ACC display different structural connectivity pat-
terns, i.e., white matter tracts linking them to other brain regions. For example, 
the pgACC, sgACC and anterior portions of the dACC have strong connec-
tions with core emotion-processing regions such as the amygdala and hypo-
thalamus; whilst both anterior and posterior parts of the dACC have strong 
connections with premotor and lateral prefrontal cortices (1). These structural 
connectivity patterns indicate that the sgACC, pgACC and anterior dACC 
have an important role in communicating with the limbic system and its effec-
tor regions, whilst the dACC also interacts with top-down-control regions 
such as dorsal and lateral frontal areas (1, 8). 
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The role of the ACC in emotion and cognition  
Emotions have long fascinated scientists. Well over a hundred years ago, psy-
chologists suggested that emotions are experienced when peripheral bodily 
signals are interpreted by the brain (9). Since then, research has further inves-
tigated how emotions arise in our brain- from the anatomical bases to networks 
of brain regions (10) and psychological theories of emotion. With the rise of 
advanced neuroimaging techniques, it has become possible to study brain ac-
tivity as well as functional connectivity, i.e., how neural activity in one brain 
region is correlated with that in other regions, providing information on neural 
networks. Moreover, neural activity has been studied both in resting-state and 
during tasks designed to induce specific processes, where the latter has been 
suggested to have the advantage of capturing more behaviorally relevant in-
formation (11). However, it is still unknown exactly how the brain processes 
emotions, that is, how emotions are experienced, appraised and regulated and 
how they ultimately affect our behavior. Moreover, it has become increasingly 
clear that emotional and cognitive processes interact to affect complex behav-
iors (12). 

The ACC has repeatedly been shown to be involved in both emotional and 
cognitive processes. It has previously been proposed that the ACC can be 
functionally divided into a ventral-rostral affective and a dorsal-caudal cogni-
tive subdivision (13). However, later research has questioned this dichotomi-
zation and instead proposed that both subdivisions play important parts in 
emotional processing; more specifically, that ventral-rostral regions have a 
regulatory role with respect to limbic regions and that dorsal-caudal regions 
have a role in appraisal and expression of negative emotion (1). The dACC 
and insula constitute central parts of the salience network (SN) (14) which is 
involved in integration and detection of internal and external salient infor-
mation. The SN is also responsible for switching between the default mode 
network (DMN), which supports self-reflection and often deactivates during 
cognitive effort, and the central executive network (CEN), which activates 
during tasks requiring attention (15-17). Through the SN, the ACC has a key 
role in adapting our behavior to our internal and external environment.  

Moreover, the ACC is part of a proposed (18-20), but questioned (21) “fear 
circuit”; activation of the ACC has been associated with fear conditioning (22-
24) and observational fear learning (25). The ACC also activates during ap-
praisal of anxiety-provoking potential threats (as opposed to fear-provoking 
immediate threats) (26), as well as during catastrophizing and worrying (27). 
A meta-analysis of neuroimaging studies of emotion identified a core network 
of brain regions involved in emotion regulation, which included the ACC (28). 
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However, the ACC also plays an important role in cognitive processes such 
as conflict monitoring (29), target detection (30, 31), response selection (32) 
and social cognition (16). Through its role in conflict monitoring, the ACC 
helps bias attention, motor planning and action selection to drive behavior to 
correct response (32). One classical psychological test that induces conflict 
and assesses the ability to inhibit cognitive interference is the Stroop task (33), 
where test subjects are asked to name the color of a presented word stimulus, 
while ignoring the word content. Notably, the ACC has repeatedly been shown 
to activate during the Stroop task (34) and it has been suggested that the ACC 
is especially important in situations that require inhibition of automatic re-
sponses (35). Taken together, research has shown that the ACC in many ways 
is fundamentally important for guiding and adapting our behavior.  

The role of the ACC in psychiatric disorders 
When considering the role of the ACC in emotion and cognition described 
above, it is not surprising that the ACC seems to be implicated in common 
psychiatric disorders, many of which include symptoms related to difficulties 
in emotional and cognitive processing. 

For example, several neuroimaging studies of depression have found aber-
rant ACC activity, although results vary depending on stimulus type and 
whether specific subregions of the ACC are investigated. For example, rest-
ing-state analyses have found decreased activity in the pgACC and increased 
activity in the sgACC in depression (36, 37). Moreover, depressed subjects 
show an increased activation in the sgACC in response to positive stimuli and 
decreased activation in the pgACC in response to negative stimuli (36), whilst 
the dACC is overreactive to negative stimuli (38). In response to sad facial 
expressions, patients with depression show reduced ACC activity relative to 
healthy controls (39). Increased activity in the ACC has been found in de-
pressed subjects when inhibiting attention to negative stimuli, suggesting 
greater cognitive effort required to divert attention from negative stimuli (37). 

Likewise, studies of anxiety disorders have also found deviating ACC ac-
tivity. Studies of dACC function in social anxiety disorder (SAD) using emo-
tional stimuli, such as disgusted or harsh faces or anticipation of public speak-
ing, have reported mixed results. Some studies report increased activity (24, 
40-42) whilst others report decreased dACC activity (24, 43-45) in SAD. In 
generalized anxiety disorder (GAD), dACC activity during emotional regula-
tion and top-down attentional control is decreased compared with healthy sub-
jects (43). 
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The ACC also appears to play a role in certain cases of non-psychiatric 
disorders linked to anxiety and depression. For example, studies have found a 
possible link between neuroinflammation in gastrointestinal disorders, 
changes in the ACC and affective symptoms (7), indicating that the ACC is 
particularly sensitive to disruptions of the gut-brain axis. It has been sug-
gested, therefore, that ACC neurons are more sensitive to oxidative stress. One 
explanation for this could be that ACC neurons project long distances to their 
targets; another explanation could be that the von Economo neurons, and fast 
spiking inhibitory interneurons also found in the ACC, are more vulnerable to 
oxidative stress (7). Interestingly, in cardiac arrest survivors, who risk devel-
oping brain injury as a result of ischemia, there is an increased prevalence of 
anxiety and depression (46); and neuroimaging studies of cardiac arrest survi-
vors have found reductions in gray matter volume in the ACC (47). 

The role of the ACC in psychiatric treatment 
The ACC has been implicated not only in the pathology, but also the treatment 
of, psychiatric disorders. For example, ACC reactivity to sad facial expres-
sions in depressed subjects increases after cognitive behavioral therapy (CBT) 
to a level comparable with those in healthy controls (39). Moreover, treatment 
with selective serotonin reuptake inhibitors (SSRIs) for depression leads to 
increased functional connectivity between the dACC and nucleus accumbens 
in responders (48).  

The ACC is also implicated in the mechanism of repetitive transcranial 
magnetic stimulation (rTMS), a non-invasive treatment targeting brain struc-
tures such as the left dorsolateral prefrontal cortex (dlPFC) to facilitate neuro-
plasticity that can restore functional balance across brain networks. As such, 
studies have shown that rTMS over the dlPFC modulates ACC connectivity 
in depressed and healthy subjects (49, 50). An alternative treatment target to 
the dlPFC is the dorsomedial prefrontal cortex (dmPFC). Aberrant dmPFC 
function has been linked to depressive symptoms of anhedonia (51-54), which 
are associated with poor treatment response to rTMS treatment over the dlPFC 
(55, 56). Furthermore, the dmPFC is more closely located to the ACC (57) 
and is tightly linked to the ACC in emotion regulation (58). 

Neural activity in the ACC is also a promising biomarker for predicting 
treatment response. For example, the level of baseline ACC activity is corre-
lated with treatment outcome from CBT for depression (39, 59). Moreover, a 
meta-analysis of depression found that increased ACC activity at baseline pre-
dicts treatment response to antidepressant medication (60). The dACC has 
also been implicated in treatment response prediction in obsessive compulsive 
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disorder (OCD) (for sertraline treatment) (61) and in post-traumatic stress dis-
order (PTSD) (for psychotherapy treatment) (62). In SAD, the baseline level 
of dACC activity predicts symptom improvement following CBT (63, 64) and 
has even been shown to outperform genetic, demographic, and clinical varia-
bles in terms of predictive power (65).  

Investigating psychiatric symptoms 
Psychiatric assessments rely on a combination of information gathered from 
clinical interviews, mental status examinations, questionnaires, psychological 
tests and physical exams including, when needed, blood samples or morpho-
logical brain imaging. 

A commonly used diagnostic tool in these assessments is the Mini-Interna-
tional Neuropsychiatric Interview (M.I.N.I) (66), a structured diagnostic in-
terview based on the DSM (Diagnostic and Statistical Manual of Mental Dis-
orders) (67) and ICD (International Classification of Diseases) (68) diagnos-
tic criteria. The M.I.N.I covers the most common psychiatric disorders and 
provides increased reliability and validity of diagnostic assessments. 

Moreover, psychiatric evaluations often include assessment tools that help 
rate the level of symptoms or impairment. These ratings can be especially use-
ful in establishing the severity of the disorder, in evaluating symptom change 
over time, as well as in assessing the effect of interventions. Some of these 
ratings are performed by the clinician, such as the Montgomery-Åsberg De-
pression Rating Scale (MADRS) (69), the Liebowitz Social Anxiety Scale 
(LSAS) (70) and the Clinical Assessment Interview for Negative Symptoms 
(CAINS) (71). Some tools are also available as self-rating versions, which are 
more easily administered (for example, as patients can administer them from 
home or online) and which reflect the patient’s subjective experience of symp-
tom severity. Common examples include the self-rating versions of the 
MADRS (MADRS-SR) for depressive symptoms (69) and the LSAS (LSAS-
SR) for symptoms of social anxiety (72). The above-mentioned examples 
evaluate symptoms associated with specific psychiatric disorders; however, 
other tools have been developed that more broadly rate well-being, such as the 
EQ-5D, a tool that rates health-related quality of life (73) focusing on mobil-
ity, self-care, usual activities, pain/discomfort and anxiety/depression. 
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Measuring cognitive function 
Cognition is a broad term that describes the mental process of thinking, learn-
ing and understanding, as well as using stored information in an appropriate 
way. Cognitive functions can be divided into categories that describe different 
processes, such as memory, attention, language or executive functions (a set 
of cognitive processes that underlie goal-directed behavior (74)). Many dif-
ferent tasks have been developed in order to evaluate cognitive function, 
which can be valuable when assessing disorders affecting the brain, such as 
memory disorders or psychiatric disorders. An example of a widely used tool 
for detecting mild cognitive impairment is the Montreal Cognitive Assessment 
(MoCA) (75). The MoCa consists of several tasks that the patient performs as 
per the instructions provided by the clinician. It targets short-term memory, 
visuospatial ability, executive function, attention, concentration, working 
memory, language and orientation. Although easily administered in a clinical 
setting, tools such as the MoCa might not be optimal in discriminating be-
tween different aspects of cognitive impairment. In order to assess these as-
pects in detail, neuropsychological test batteries might be better suited. One 
example is the  Cambridge Neuropsychological Test Automated Battery 
(CANTAB) (Cambridge Cognition, UK) (76), where the investigator chooses 
the specific sub-tasks that are deemed most relevant for the patient or research 
question addressed. 

In neuroscientific research, cognitive tasks are sometimes performed dur-
ing neuroimaging scanning in order to increase understanding of the underly-
ing mental processes engaged in the task. 

Functional magnetic resonance imaging 
Functional magnetic resonance imaging (fMRI) is a non-invasive imaging 
technique first introduced in 1990 (77), which since then has revolutionized 
research on human brain function. MRI uses non-ionizing electromagnetic ra-
diation to generate images of the brain. The magnetic field in the MR scanner 
is very strong; most clinical MR scanners today have field strengths of 1.5 or 
3T, although an increasing number of 7T MR-scanning systems are being used 
for research purposes (78).  

When a subject is placed inside an MR scanner, protons within hydrogen 
atoms in the body align with the magnetic field (79). The resulting net mag-
netization does not lead to any measurable signal. Then, an oscillating radiof-
requency (RF) field is generated, which knocks the protons out of alignment. 
When the RF pulse is turned off, the protons return to equilibrium and, in 
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doing so, generate a measurable signal that is detected by electromagnetic gra-
dients and reconstructed to an image.  

Functional MRI, in turn, relies on changes in blood oxygenation over time 
that occur with neural activity, which produce a blood oxygenation level-de-
pendent (BOLD) signal that can be detected in the scanner. Due to neurovas-
cular coupling, when a brain region is active, regional blood flow increases 
simultaneously. The blood flow to an active brain area increases more than 
the oxygen metabolic rate does, resulting in increased oxygenation and a lower 
ratio of deoxygenated hemoglobin (deoxy-Hb) versus oxygenated hemoglobin 
(oxy-Hb). Oxy-Hb and deoxy-Hb have different magnetic properties; deoxy-
Hb is paramagnetic and causes local dephasing of protons (78), meaning that 
it interferes more with the magnetic field than oxy-Hb, which is diamagnetic. 
Therefore, the BOLD signal increases when the blood becomes more oxygen-
ated (79), making it possible to indirectly measure neural activity in different 
brain areas during the exam. 

The skin conductance response 
As mentioned previously, psychologists suggested well over a hundred years 
ago that bodily signals play an important part in the experience of emotions. 
The James-Lange theory (9) proposed that peripheral, bodily changes precede 
the emotional experience, and that emotions are experienced when these pe-
ripheral changes are interpreted by the brain. One such bodily signal of im-
portance is electrodermal activity (EDA)- changes in the electrical conduct-
ance of the skin. Changes in skin conductance stem from sweat production by 
sweat glands innervated by the sympathetic nervous system, which is well-
known for the “fight or flight” response. EDA, therefore, reflects activity of 
the sympathetic nervous system, and is the only autonomic psychophysiolog-
ical variable that is not contaminated by parasympathetic activity (80). EDA 
consists of a background tonic component (i.e., the skin conductance level, 
SCL), and a rapid phasic component (i.e., the skin conductance response, 
SCR) (80). The SCR represents faster-changing elements of the signal that can 
either be associated with a stimulus (event-related SCR) or spontaneous/ non-
specific (non-specific skin conductance response, NS-SCR). The most com-
mon way to measure SCRs is by employing an external current to detect sig-
nals stemming from changes in resistance (81). An event-related SCR follows 
a typical shape after stimulus presentation (Figure 2). First, there is a latency 
period between the stimulus presentation and the onset of the SCR (around 2 
seconds; ranging from 1-5 seconds), after which the SCR rises until it reaches 
a peak and then is gradually reduced (81).  
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Figure 2. The skin conductance response following a stimulus (event-related SCR). 
Following a latency period of 1-5 seconds, the SCR rises and reaches its peak ampli-
tude, after which it is gradually reduced. The half-recovery time signifies the time 
period in which the response decreases from the peak to the half amplitude of the 
response. 

The amplitude of the response increases linearly with perceived arousal (82); 
habituation (progressively smaller responses) is seen with repeated presenta-
tion (83). As electrodermal activity is measured non-invasively, this method 
offers an opportunity to study sympathetic responses during emotional or cog-
nitive tasks. In research, EDA is often used as an indirect measure of emo-
tional arousal, cognitive effort and attention (84). EDA, and more specifically, 
SCRs, have been reliably associated with many aspects of human behavior 
including anxiety and responses to threat (81, 85). Although there are individ-
ual differences in EDA (82), individual variation seems stable and influenced 
by both genetic and environmental factors (86). At group level, aberrant SCR 
responses have been reported in several psychiatric disorders, including in de-
pression, anxiety disorders and bipolar disorder (87). 
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Aims  

The overall aim of this thesis is to further explore the ACC as a predictive and 
regulatory structure in relation to psychiatric symptoms. Specifically, ACC 
activity was studied in two common psychiatric disorders (depression and 
SAD) using fMRI. The research was then extended to apply the same meth-
odology in investigating the effects of brain injury caused by ischemia in a 
longitudinal follow-up study of cardiac arrest survivors, a group at risk of de-
veloping psychiatric symptoms.  

The specific aims of each separate study are listed below.  

• The aim of study I was to investigate task performance and dACC 
activity during cognitive challenge in SAD compared with healthy 
controls. An additional aim was to explore the relationship between 
performance on the task, affective symptoms and dACC activity.  

• Study II aimed to evaluate how emotion anticipation and processing 
is affected at the behavioral, neural (specifically in the ACC, amyg-
dala and insula) and peripheral (SCRs) level in depression com-
pared with healthy controls.  

• The aim of study III was to investigate whether active or sham in-
termittent theta-burst stimulation (iTBS) treatment over the dmPFC 
modulates behavioral ratings, neural reactivity and SCRs to emo-
tion anticipation and processing in patients with depression. An-
other aim was to investigate potential correlations between neural 
activity in the ACC, insula and amygdala with changes in anhe-
donia and depression symptoms after active or sham iTBS.  

• The aim of study IV was to increase understanding of the effects of 
a cardiac arrest on brain function, in order to improve cognitive re-
habilitation, psychiatric well-being, quality of life and daily func-
tioning of cardiac arrest survivors. The study focused on repeated 
cognitive, psychiatric, neuroimaging (measuring, amongst others, 
dACC activity) and quality of life assessments during the first year 
after cardiac arrest, comparing survivors with healthy controls.  
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Materials and methods 

An overview of the study methodologies is presented in Table 1. 
Table 1. Overview of the methodology in studies I-IV. 

 Study I Study II Study III Study IV 
Main  
inclusion  
criterion 

Social anxiety 
disorder 

Depression Depression Cardiac arrest 
survivors 

Subject 
groups 

Patients 
(n=69), 
healthy 
controls 
(n=38) 

Patients 
(n=42), 
healthy 
controls 
(n=44) 

Patients (total 
n=42; same 
patients as in 
Study II)  
randomized 
to active 
(n=22) or 
sham (n=20) 
iTBS 
treatment 

Patients 
(n=29), 
healthy 
controls 
(n=21) 

Studied 
brain region 

dACC,  
exploratory 
whole-brain 
analysis 

ACC, insula, 
amygdala,  
exploratory 
whole-brain 
analysis 

ACC, insula, 
amygdala 

dACC 

fMRI  
paradigm 

Multi-Source 
Interference 
Task 

Emotion  
anticipation 
and 
processing 
task 

Emotion  
anticipation 
and 
processing 
task 

Multi-Source 
Interference 
Task 

Clinical  
assessments 

LSAS-SR, 
STAI-T, 
MADRS-S 

MADRS-S, 
CAINS 

MADRS-S, 
CAINS 

MoCa,  
CANTAB, 
M.I.N.I, 
MADRS-S, 
EQ-5D-5L 

Other  
analyses 

- SCRs, ratings 
of emotional 
stimuli 

SCRs, ratings 
of emotional 
stimuli 

Morphologi-
cal  
MRI images 

ACC: Anterior cingulate cortex, CAINS: Clinical Assessment Interview for Negative Symp-
toms, CANTAB: Cambridge Neuropsychological Test Automated Battery, dACC: Dorsal an-
terior cingulate cortex, EQ-5D-5L: 5-level version of the EQ-5D assessment of health-related 
quality of life, LSAS-SR: Liebowitz Social Anxiety Scale- self-report version, MADRS-S: The 
Montgomery-Åsberg Depression Rating Scale- self-rating version, M.I.N.I: Mini-International 
Neuropsychiatric Interview, MoCa: Montreal Cognitive Assessment, SCRs: Skin conductance 
responses, STAI-T: Spielberger State-Trait Anxiety Inventory- Trait version. 
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Participants 
Study I 
Study I initially included 89 patients with SAD from two randomized con-
trolled trials (RCTs) (88, 89) for SAD treatment, and two groups of in total 50 
healthy control subjects. All participants were recruited through newspaper 
advertisements and public billboards. To be eligible for inclusion, participants 
had to be between 18 and 65 years of age. All patients had to meet the DSM-
IV (90) criteria for SAD as the primary diagnosis, as confirmed by the M.I.N.I 
(66) and the SAD section of the Structured Clinical Interview for DSM-IV 
(SCID-I) (91); healthy controls could not meet criteria for any psychiatric di-
agnosis according to the M.I.N.I. Exclusion criteria for all participants were 
contraindications for MRI scanning, presence of severe somatic disease or se-
rious additional psychiatric disorder such as psychosis or severe major depres-
sion, treatment for any psychiatric disorder (ongoing or terminated within 
three months), drug abuse or dependency, menopause, and pregnancy. 

Studies II-III 
Studies II and III included 42 patients with depression with anhedonia from a 
RCT (92) of iTBS treatment over the dmPFC and an add-on brain-imaging 
study (93) with shared methodology. Of the 42 patients, 22 were randomly 
assigned to receive active, and 20 to receive sham, iTBS treatment. Study II 
also included 44 healthy controls recruited through online advertisements. 

Patients were recruited from the psychiatric outpatient clinic at the Uppsala 
University Hospital, Sweden. All patients had to meet criteria for an ongoing 
unipolar or bipolar depressive episode verified through the M.I.N.I (66) and 
score  ≤40 points on The Motivation and Pleasure Scale- Self-Report (MAP-
SR) (94). Moreover, patients were required to have unchanged medication 
during one month prior to study start and throughout the treatment. 

All subjects had to be between 18-59 years of age. Exclusion criteria for 
both participant groups were epilepsy, metal implants, active substance use 
disorder, and pregnancy. Moreover, an exclusion criterion for the healthy con-
trol group was any ongoing, or history of, psychiatric disorder, as verified 
through the M.I.N.I.  

Study IV 
Study IV included 29 cardiac arrest survivors and 21 matched healthy con-
trols. Patients who had survived an out-of-hospital-cardiac arrest (OHCA) of 
cardiogenic genesis were recruited both at Uppsala University Hospital in 
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Sweden, and Haukeland University Hospital in Bergen, Norway. Inclusion 
criteria were age between 18 and 70 years, and that the patient had been ad-
mitted to one of the two hospitals during or after the cardiac arrest. Exclusion 
criteria were known brain injuries or memory disorders, severe psychiatric 
conditions (including psychosis and severe depression) as verified through the 
M.I.N.I (66) or medical records, use of illegal drugs, over-use of analgesics or 
sedatives, or alcohol use that affects daily functioning. 

In addition, a healthy control group (matched for age, gender and level of 
education to the patients recruited in Bergen) were recruited through public 
advertising at Haukeland University Hospital’s social media. The same exclu-
sion criteria were applied to the healthy control group as to the patient group, 
although without access to medical records.  

Study protocols  
Study I 
The screening process and diagnostic assessments are described in detail in 
Paper I. 

Social anxiety symptoms and trait anxiety were assessed using the self-re-
port version of the Liebowitz Social Anxiety Scale (LSAS-SR) (72), adminis-
tered online, and the Spielberger State-Trait Anxiety Inventory- Trait version 
(STAI-T) (95), respectively. Moreover, symptoms of depression were rated 
through the Montgomery-Åsberg Depression Rating Scale- self-rating version 
(MADRS-S) (69) administered online. One of the healthy control groups did 
not fill out the MADRS-S questionnaire. 

Participants then underwent fMRI scanning during which they performed 
a modified version of the Multi-Source Interference Task (MSIT), which is a 
cognitive interference task designed to activate the dACC (30) (Figure 3). In 
each trial, a set of three digits (0, 1, 2, or 3) was presented to the participants 
on a display. One digit (target) always differed from the other two digits (dis-
tractors) in the set. In the control condition, distractors were always ‘0’ and 
the target digit and its position were congruent, i.e., matched. In the interfer-
ence condition, distractors were either ‘1’, ‘2’ or ‘3’ and the target digit and 
position were incongruent, i.e., did not match. The participants were asked to 
indicate the value of the target digit (‘1’, ‘2’ or ‘3’) by pressing the corre-
sponding response button. The task included four blocks each of the control 
and interference condition; each block had a duration of 42 s and consisted of 
24 trials (with a duration of 1750 ms per trial).  
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Figure 3. The modified Multi-Source Interference Task. The figure shows three trials 
each of the control (left) and interference (right) condition. The correct answers in this 
example are ‘3’, ‘2’ and ‘1’ for the control condition and ‘3’, ‘1’ and ‘3’ for the inter-
ference condition. This figure was published in Behavioural Brain Research (Study 
I) (96) under the Creative Commons Attribution license (Deed - Attribution 4.0 Inter-
national - Creative Commons).  

Response times and accuracy rates were recorded during the task; however, 
due to programming error, these were recorded only for the interference trials.  

Studies II-III 
The screening process and subsequent randomization of patients to active or 
sham iTBS treatment is described in Paper III. In short, patients with depres-
sion underwent clinical symptom assessment and fMRI scanning with simul-
taneous skin conductance recordings one working day before iTBS treatment 
start (baseline) and 4 weeks after baseline (follow-up). Healthy controls un-
derwent one assessment and scanning session only and were not subjected to 
treatment. Study II includes data from patients’ baseline assessments and from 
healthy controls to study cross-sectional disorder-specific reactivity patterns, 
while study III includes data from patients’ baseline and follow-up assess-
ments to study potential treatment effects. 

Clinical symptom assessments included ratings of symptoms of depression 
and of anhedonia. Depressive symptoms were assessed through the MADRS-
S (69). Symptoms of anhedonia were assessed with the CAINS (71), which 
discriminates between consummatory and anticipatory pleasure (97, 98). 

The fMRI paradigm consisted of an emotional task targeting both emotion 
anticipation and emotion processing, previously described by Gingnell and 
colleagues (99) (Figure 4). Pictures of positive or negative valence, matched 
on valence and arousal, were presented to the participants on a display (emo-
tion processing). Each picture was preceded by a color cue indicating the 
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valence of the subsequent picture (emotion anticipation), with red slides for 
negatively valenced pictures and green slides for positively valenced pictures. 
The pictures consisted of 15 negative and 15 positive pictures selected from 
the International Affective Pictures System (IAPS) (100). Skin conductance 
was simultaneously recorded using electrodes attached to the palmar surface 
of the hypothenar eminence of the left hand. Participants viewed all 30 pic-
tures again after the scanning session and rated valence and arousal for each 
picture on the Self-Assessment Manikin used in the IAPS material. 

iTBS treatment (study III) was delivered over the dmPFC twice daily for 
ten days at target intensity and is described in detail in Paper III and by Bodén 
and colleagues (92). In the sham condition, transcutaneous electrical nerve 
stimulation (TENS) was given to mimic the sensation of active stimulation.  

 
Figure 4. Illustrative example of the emotion anticipation and processing paradigm. 
Red color cues preceded pictures of negative valence (in this example, a spider), and 
green color cues preceded pictures of positive valence (in this example, strawberries). 
Photos in this example were taken by the author of this thesis and were not part of the 
images shown to participants.  

Study IV 
The study protocol for study IV is presented in detail in Paper IV. In short, 
cardiac arrest survivors underwent clinical assessments at three time-points: 
at baseline (within 2-6 weeks of the cardiac arrest, depending on the condition 
of the patient), at 6 months and at 12 months after the cardiac arrest, respec-
tively. All time-points included medical, cognitive, psychiatric and quality of 
life assessments. Moreover, at 6 and 12 months post-cardiac arrest, partici-
pants underwent morphological MRI and fMRI scanning including the MSIT 
task. For the patients recruited in Norway, an additional scan with morpholog-
ical MRI including diffusion-weighted imaging was performed within 72 
hours of the cardiac arrest. Healthy controls underwent two assessments, with 
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6 months in between, including cognitive, psychiatric, neuroimaging and 
quality of life assessments. Study IV included more assessments than are dis-
cussed in this thesis; an overview of the assessments that are included in this 
thesis is presented in Table 2. 

Cognitive function was measured by MoCA (75), CANTAB (Cambridge 
Cognition, UK) (76) and the MSIT task described in Study I. CANTAB is a 
computerized neuropsychological test battery performed on a touch-screen 
iPad. The specific CANTAB tasks included in the study and their outcome 
measures are described in detail in Paper IV; in short, these tested simultane-
ous visual matching ability, short-term visual recognition memory, visual 
memory, new learning and executive function. 

Psychiatric assessments included screening for psychiatric morbidity 
through the M.I.N.I (66) and assessment of depressive symptoms with the 
MADRS-S (69). 

Each participant’s health state was further evaluated with the descriptive 
questionnaire from the 5-level version of EQ-5D (EQ-5D-5L) where ratings 
can be recoded into a single value, the EQ-5D-5L index (101). 
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Table 2. Overview of the assessments included in this thesis from study IV. + indi-
cates that the assessment was included at the specified time-point for the specific 
group (patients or healthy controls). 

  Patients Healthy 
controls 

Assessment Purpose Baseline 6 months 
post- 
cardiac 
arrest 

12 
months 
post- 
cardiac 
arrest 

Two  
assessments, 
with 6 
months in 
between 

Medical  
records 

Medical 
and back-
ground in-
formation 

+ + +  

Interview Background 
information 

+ + + + 

MoCa Cognitive 
function 

+ + + + 

CANTAB Cognitive 
function 

+ + + + 

Neuroimag-
ing* includ-
ing fMRI 
(MSIT) 

Brain  
morphology 
and func-
tion 

 + + + 

M.I.N.I- 
interview 

Structured 
psychiatric 
interview 

+ + + + 

MADRS-S Self-re-
ported 
depressive 
symptoms 

+ + + + 

EQ-5D-5L Health-re-
lated  
quality of 
life 

+ + + + 

* In a subgroup of patients, recruited in Norway, an additional neuroimaging scanning session 
with morphological MRI was performed within 72 hours post-arrest. 
CANTAB: Cambridge Neuropsychological Test Automated Battery, EQ-5D-5L: 5-level ver-
sion of the EQ-5D assessment of health-related quality of life, fMRI: functional magnetic res-
onance imaging, MADRS-S: The Montgomery-Åsberg Depression Rating Scale- self-rating 
version, M.I.N.I: Mini-International Neuropsychiatric Interview, MoCa: Montreal Cognitive 
Assessment, MSIT: Multi-Source Interference Task. 

Data acquisition and processing 
Scanner parameter settings for the neuroimaging data acquisition in studies I-
IV are provided in Table 3. All scanners had a magnetic field strength of 3T. 
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Table 3. Parameter settings for neuroimaging data acquisition. 

 Study I Studies II + 
III 

Study IV 
(Uppsala) 

Study IV 
(Bergen) 

MR scanner 
Scanner 
type 

Philips 
Achieva, Best, 
the Nether-
lands 

Philips 
Achieva, Best, 
the Nether-
lands 

Philips 
Achieva, Best, 
the Nether-
lands 

GE Signa 
scanner, Gen-
eral Electric 
Company, 
USA 

Anatomical image 
Echo 
time 
(TE), ms 

15 3.8 3.9 3.2 

Repeti-
tion time 
(TR), ms 

5700 8.2 8.4 8.2 

Field of 
view, 
mm 

230 x 230 256 x 256 240 x 240 240 x 240 

Voxel 
size, mm 

0.8 x 1.0 x 2.0 1.0 x 1.0 x 1.0 1.0 x 1.0 x 1.0 1.0 x 1.0 x 1.0 

BOLD EPI image 
Echo 
time 
(TE), ms 

35 30 35 24-26* 

Repeti-
tion time 
(TR), ms 

3000 2000 3000 2000 

Flip  
angle, 
degrees 

90 90 90 90 

Field of 
view, 
mm 

230 x 230 64 x 64 230 x 230 220 x 220 

Voxel 
size, mm 

3.0 x 3.0 x 3.0 3.0 x 3.0 x 3.0 2.0 x 2.0 x 2.0 2.3 x 2.3 x 2.3 

* Depending on number of slices, which in turn depended on head size 

Study I 
The fMRI data were preprocessed in MATLAB R2018b (Natick, Massachu-
setts: The MathWorks Inc) using SPM8 (Wellcome Centre for Human Neu-
roimaging, University College London, UK) (102). Preprocessing of the data 
included realignment of each participant’s functional images to the mean im-
age of each time series, slice-timing correction to the middle slice of each 
volume, co-registration with the anatomical scan, normalization to Montreal 
Neurological Institute (MNI) standard space using parameters obtained from 
segmentation of the anatomical image, and smoothing with an 8 mm Gaussian 
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kernel (full width, half maximum). The BOLD signal in each voxel was high-
pass filtered with a cut-off period of 128 s. 

Participants with head movement exceeding 3 mm or 1 degree of rotation 
were excluded, as were participants with head movement below 3 mm or 1 
degree of rotation if the movement coincided with the onset of a stimulus 
block. 

Studies II-III 
fMRI data were preprocessed with fMRIPrep (103, 104), described in detail 
in Papers II and III. Framewise displacement (FD) and DVARS were calcu-
lated through their implementations in Nipype, following the definitions by 
Power et al. (105). Frames that exceeded a threshold of 0.5 mm FD or 1.5 
standardized DVARS were annotated as motion outliers. 

Skin conductance responses were recorded during fMRI scanning using 
two Ag-AgCl electrodes (EL509 Biopac electrodes) filled with isotonic elec-
trode gel (GEL101 Biopac gel) attached to the palmar surface of the left hand. 
Data was recorded using the Biopac MP150 system and Acqknowledge soft-
ware, version 4.2 (BIOPAC systems, Goleta, CA, USA) at a sample rate of 
100 Hz.  

For most subjects, a hardware high-pass filter was used during recording, 
however, no high-pass filter was used for a few participants due to changes in 
recording settings. The mean value of the SCR response to the four conditions 
green color (positive anticipation), red color (negative anticipation), negative 
picture (negative processing) and positive picture (positive processing) was 
computed for each participant and used in subsequent statistical analyses. In 
order to exclude missing data, only participants whose signals exceeded 0.01 
µS in more than half of their trials were included. Data from a participant was 
furthermore excluded if more than half of their event-related signals had a 
value above 3 µS, as this was interpreted as a signal artifact. SCR data was 
processed using the NeuroKit2 toolbox (106) in Python (Python Software 
Foundation, USA). Data was normalized (the square root of each event-related 
SCR was computed) and mean range-corrected (the event-related SCR was 
divided by the subject’s mean value) (107). Subsequently, a baseline correc-
tion analysis was conducted (108), where the highest skin conductance value 
within a time window of 1-5 s after stimulus onset was identified. Baseline 
was calculated as the mean value between 0 and 0.5 s after stimulus onset.  
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Study IV 
fMRI data were preprocessed in SPM12 in MATLAB R2018b. Preprocessing 
of the data included realignment of each participant’s functional images to the 
mean image of each time series, co-registration with the anatomical scan, nor-
malization to Montreal Neurological Institute (MNI) standard space using pa-
rameters obtained from segmentation of the anatomical image, and smoothing 
with an 8 mm Gaussian kernel (full width, half maximum). The BOLD signal 
in each voxel was high-pass filtered with a cut-off period of 128 s. Framewise 
displacement was calculated for each volume; subjects where more than 20 % 
of frames exceeded a threshold of 0.9 mm were annotated as motion outliers 
and excluded altogether from further imaging analysis (109). 

All morphological scans were assessed by a board certified neuroradiolo-
gist (DF) using a designated study protocol.  

Statistical analyses 
In all studies, group comparisons of demographic data were conducted 
through t-tests, Wilcoxon Rank-Sum tests, chi-squared tests, or Fischer’s ex-
act test depending on data type, normality distribution, and sample size. Sta-
tistical analyses were performed either in MATLAB R2018b, R Statistical 
Software (110) or JASP (111), unless otherwise specified. For all statistical 
analyses conducted in the studies, statistical significance was set at p < 0.05, 
unless otherwise specified.  

Study I 
Clinical data (LSAS-SR, MADRS-S and STAI-T scores) were compared be-
tween patients and controls using two sample t-tests.  

First-level analysis of the neuroimaging data was performed in MATLAB 
with SPM12. Parameters included in the first-level analysis were onsets and 
durations of the interference and control trial blocks as well as the six move-
ment parameters obtained from the realignment step during preprocessing. 
The individual beta-estimates for each condition were entered into contrasts 
to test for the effect of interference and control conditions, respectively. The 
contrast images from each participant were then entered into second-level 
analysis at group level. The second-level analysis of imaging data consisted 
of a region of interest (ROI) analysis of the dACC. The dACC ROI was de-
fined as the portion of the cingulate cortex between Y= 0 and Y= 30 mm and 
superior to Z= 0 mm (Talairach coordinates) (30, 65). Interference trials were 
contrasted against control trials (‘Interference > Control’) for voxels within 
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the ROI and the resulting differences in neural reactivity were further analysed 
in SPM12, both in a one-sample t-test of patients and controls analysed as one 
group, and in a two-sample t-test comparing patients with controls. For both 
analyses, the significance level was set at pFWE < 0.05. The one-sample t-test 
performed within the dACC ROI rendered, at pFWE < 0.05, a cluster of 293 
voxels from which individual values of mean neural reactivity in the ‘Interfer-
ence > Control’ contrast were extracted and used to perform two-sample t-
tests to compare patients with controls, and to perform Pearson’s correlation 
tests with behavioral and clinical data. Correlation analyses were performed 
across groups as well as in the patient and control group, respectively.  

Moreover, an exploratory whole-brain analysis was performed to investi-
gate whether neural reactivity in the ‘Interference > Control’ contrast differed 
between patients and controls in any brain region other than the dACC. This 
was performed with two-sample t-tests in SPM12 with significance set at pFWE 

< 0.05.  

Studies II-III 
In study II, behavioral valence and arousal ratings for the IAPS pictures as 
well as scores of consummatory and anticipatory pleasure from the CAINS, 
MADRS-S scores and SCRs to the green and red color cues and to positive 
and negative pictures, were compared between patients and controls through 
two-sample t-tests. Valence and arousal ratings for negative and for positive 
pictures were compared in both groups using two-sample t-tests. 

In study III, clinical data (diagnosis and medication) were compared be-
tween the two treatment allocation groups using chi-square tests or Fischer's 
exact test. Changes in MADRS-S scores (defined as baseline − follow-up) 
were compared across treatment allocation groups and between active and 
sham treatment groups through paired and two-sample t-tests, respectively, to 
test for the clinical effect of treatment. Valence and arousal ratings for nega-
tive and for positive pictures at baseline were compared using two-sample t-
tests. Valence and arousal ratings were also compared between active and 
sham treatment groups with analyses of variance (ANOVA) with factors 
group (active or sham) and time (baseline or follow-up). Similarly, ANOVAs 
were conducted to analyse differences in SCRs with treatment, with factors 
group (active or sham) and time (baseline or follow-up), calculated separately 
for positive anticipation, negative anticipation, positive processing and nega-
tive processing. 

fMRI data were analysed similarly in studies II and III. Parameters included 
in the first-level analysis were onsets and durations of negatively and posi-
tively valenced pictures, red and green color cues, black screens between color 



 

 30 

cue and picture, as well as movement parameters obtained from preprocessing. 
To control for movement and physiological noise, realignment parameters (di-
rection x y z, rotation x y z), aCompCor 1-6 (six principal components ex-
tracted from noise signals in cerebrospinal fluid and white matter regions) and 
FD were entered as 13 separate regressors. The individual beta-estimates for 
each condition were subsequently entered into contrasts to test for the effects 
of emotion processing (negative and positive) and anticipation (red- negative 
and green- positive). The contrast images from each participant were then en-
tered into second-level analysis at group level. 

In the second-level analysis, imaging data were investigated through ROI 
analyses. ROIs were chosen based on previous literature having highlighted 
these regions as important in depression and rTMS treatment and consisted of 
the ACC, left and right amygdala, and left and right insula, as defined by the 
Automatic Anatomical Labeling (AAL) 2 atlas and Talairach Daemon data-
base atlas in WFU pickatlas toolbox for SPM (112-116). Mean contrast esti-
mates for every ROI were extracted with the spm_read_vols.m function im-
plemented in SPM12. Estimates were extracted for each of the four contrasts 
(positive and negative anticipation, positive and negative processing). In study 
II, Welch’s two-sample t-tests were then performed on all extracted ROI esti-
mates in R statistical software to compare neural reactivity between patients 
and controls. The uncorrected p-values were adjusted for false discovery rate 
(FDR) according to the method described by Benjamini and Yekutieli (117). 
The level of significance was set at p < 0.05 (FDR-corrected). In study III, 
ANOVAs were conducted with factors group (active or sham) and time (base-
line or follow-up), calculated for the extracted ROI estimates to analyse dif-
ferences in neural activity with treatment. 

In study III, exploratory Pearson correlations were then calculated by com-
puting the change (baseline − follow-up) in neural reactivity in the ROIs and 
correlating these with the change (baseline − follow-up) in CAINS and 
MADRS-S scores. Changes in CAINS scores were correlated with changes in 
neural reactivity to positive anticipation and processing, whilst changes in 
MADRS-S scores were correlated with changes in neural reactivity to nega-
tive anticipation and processing. These correlations were analysed separately 
for the two treatment allocation groups. 

Additionally, study II included an exploratory analysis including all brain 
regions defined in the AAL 2 atlas. These were compared between patients 
and controls to analyse differences in neural reactivity to the four contrasts. 
Statistical significance was set at p < 0.05 (FDR-corrected). 
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Study IV  
Scores of MoCa, CANTAB, MADRS-S and EQ-5D-5L indexes were compared 
between patients at all three time-points (baseline, at 6 months and at 12 months 
post-cardiac arrest) (Figure 5) through Friedman rank sum tests or repeated 
measures ANOVAs (depending on the normality distribution of the residuals), 
and post-hoc analyses with Holm correction. Reaction times and accuracy rates 
for the interference trials of the MSIT were compared between patients at 6 and 
at 12 months post-cardiac arrest through paired t-tests (Figure 6).  

For comparisons between patients and healthy controls of MoCa, CAN-
TAB, MADRS-S and EQ-5D-5L scores the following comparisons were 
made: patients at baseline were compared with healthy controls at their first 
assessment, and patients at 6- and 12-months post-arrest were compared with 
healthy controls at their second assessment, respectively (Figure 5). Healthy 
controls’ second assessment took place 6 months after the first assessment.  
For these analyses, Wilcoxon Rank-Sum tests, Student’s two-sample t-tests or 
Welch’s two-sample t-tests were computed depending on normality and 
equality of variance between the two samples. Reaction times and accuracy 
rates for the interference trials of the MSIT were compared between patients 
at 6 months post-arrest and healthy controls at first assessment, as well as be-
tween patients at 12 months post-arrest and healthy controls at second assess-
ment, by Welch’s two-sample t-tests (Figure 6).  

fMRI data were analysed in MATLAB with SPM12. Parameters included 
in the first- level analysis were onsets and durations of the interference and 
control trial blocks as well as motion parameters obtained from realignment 
and FD values. Time derivatives were modeled in the first-level analysis.  
The individual beta-estimates for each condition were entered into contrasts 
to test for the effect of interference and control conditions, respectively. The 
contrast images from each participant were then entered into second-level 
analyses at group level. Scanning location and number of slices acquired dur-
ing scanning were entered as co-variates in the second-level analysis. 

Second-level analysis of neuroimaging data was performed through a ROI 
analysis of the dACC, where the dACC was defined using the same coordi-
nates as described in Study I. Interference trials were contrasted against con-
trol trials (‘Interference > Control’) for voxels within the dACC ROI and the 
resulting differences in neural reactivity in the dACC were compared between 
groups in SPM12. The following comparisons were made: patients at 6 
months post-arrest were compared with healthy controls at first assessment 
and patients at 12 months post-arrest were compared with healthy controls at 
second assessment (two-sample t-tests); patients at 6 months post-arrest were 
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compared with patients at 12 months post-arrest (one-sample t-test) (Figure 
6). The significance level for the imaging analyses was set at pFWE = 0.05. 

 
Figure 5. Overview of the comparisons made for scores of MoCa, CANTAB, MADRS-
S and EQ-5D-5L in cardiac arrest survivors (red) and healthy controls (blue). Arrows 
show comparisons between groups as well as within the cardiac arrest survivor group.  

 
Figure 6. Overview of the comparisons made for reaction times, accuracy rates and 
neural reactivity in the ‘Interference > Control’ contrast in the MSIT task in cardiac 
arrest survivors (red) and healthy controls (blue). Arrows show comparisons between 
groups as well as within the cardiac arrest survivor group.  
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Results 

Study I 
89 patients and 50 healthy controls were included in the study. After exclusion 
due to excessive head movement during scanning, a total of 69 patients (mean 
± SD age 31.9 ± 9.0 years, 31 women) and 38 healthy controls (mean ± SD 
age 28.6 ± 10.6 years, 22 women) were included in the final sample. Demo-
graphic variables did not differ between groups (Table 1, Paper I). Confirming 
group designation, patients scored significantly higher on measures of anxiety 
and depression (LSAS-SR, STAI-T, and MADRS-S) compared with controls 
(Table 1, Paper I).  

Behavioral data from the MSIT task (mean reaction times and accuracy 
rates to the interference trials) showed no differences between patients and 
controls (Table 2, Paper I). Across groups, neural activity in the dACC was 
increased during interference, compared to control, trials (pFWE < 0.001) (Fig-
ure 2, Paper I). There were no statistically significant differences between pa-
tients and controls in dACC activity (Figure 3, Paper I), nor in any other brain 
region as explored in the whole-brain analysis, in the ‘Interference > Control’ 
contrast.  

There were no statistically significant correlations between dACC activity 
in the ‘Interference > Control’ contrast and behavioral data from the MSIT 
task or measures of anxiety and depression, except for a small but significant 
negative correlation between dACC activity and MADRS-S score in patients 
(r = -0.26, p = 0.03) (Table 3 and Appendix A2, Paper I).  

Studies II-III 
42 patients (mean ± SD age 29.2 ± 9.4 years, 21 women) (studies II and III) 
and 44 healthy controls (mean ± SD age 29.6 ± 11.3 years, 27 women) (study 
II) were included in the studies. Of the 42 patients, 25 were diagnosed with a 
depressive episode, 14 with recurrent depression and 3 with bipolar depression 
(Table 1, Paper II). Mean ± SD total MADRS-S and CAINS scores in patients 
were 29.6 ± 7.7 and 28.9 ± 7.7, respectively (not included in papers). Demo-
graphic variables did not differ between groups in study II (Table 1, Paper II), 
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nor in study III (Table 1, Paper III). The two treatment allocation groups in 
study III did not differ statistically in terms of diagnosis or medication use 
(Table 1, Paper III). Valence and arousal ratings of the IAPS pictures showed 
that negative and positive pictures were experienced with the intended emo-
tional valence in both patients and controls; however, despite the original 
matching of the selected pictures on arousal, negative pictures induced higher 
arousal than positive pictures (Supplementary Material S4, Paper II; Table 2, 
Paper III). 

Further results from the two studies are described separately below. 

Study II 
Confirming group designation, ratings of anhedonia (measured by consum-
matory and anticipatory pleasure ratings from the CAINS) (Table 3, Paper II) 
and depression (MADRS-S scores, not included in paper) were higher in pa-
tients. There was a statistically significant difference in valence ratings be-
tween patients and healthy controls, with patients perceiving positive pictures 
as being less positive (p < 0.001) (Table 2, Paper II). 

SCRs were available from 22 patients and 13 healthy controls after exclu-
sion due to missing data and signal artifacts. Healthy controls had significantly 
higher SCRs to red and green color cues (p = 0.011 and p = 0.012, respec-
tively), while patients had significantly higher SCRs to negative pictures (p = 
0.016).  

After exclusion of fMRI data due to missing data or excessive head move-
ment, data from 27 patients and 36 healthy controls were included in the anal-
yses. Comparisons between patients and controls in the ROI analyses revealed 
a higher activation in the ACC (pFDR = 0.043) and right insula (pFDR = 0.043) 
in patients than in controls to the green color contrast (positive anticipation) 
(Figures 1 and 2a-b, and Tables 4-5, Paper II). The exploratory analysis across 
all regions in the AAL 2 atlas revealed 20 brain regions, involved in emotional 
and cognitive processes (Supplementary Material S5, Paper II) where neural 
reactivity differed between patients and controls. Differences in neural reac-
tivity were found only during positive anticipation. In all regions, patients dis-
played increased reactivity compared with controls (all pFDR < 0.05).  

Study III 
Of the 42 patients included in the study, 22 patients were randomly allocated 
to active, and 20 patients to sham, iTBS treatment. Three participants 
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withdrew from the study before follow-up. The MADRS-S score was reduced 
with 4.9 ± 7.9 points in the active iTBS group, and 3.9 ± 8.4 points in the sham 
iTBS group. This reduction was not significantly different between treatment 
allocation groups. However, across groups, the decrease in MADRS-S ratings 
from baseline to follow-up was statistically significant (p = 0.001). 

For the behavioral picture ratings, available from 42 patients at baseline and 
38 at follow-up, ANOVA analyses showed a significant group x time interaction 
for negative picture valence only (p = 0.027); however, this effect was driven 
by group differences at baseline (Table 3 and Figures 1A-D, Paper III). 

Paired (baseline and follow-up) SCR data was available for 11 participants 
(active: n=4; sham: n=7) after exclusion due to missing data and signal arti-
facts. ANOVA analyses showed a significant effect of time, but not group, on 
SCRs to positive anticipation (p = 0.030), with increased SCRs at follow-up. 
There was also a significant effect of time, but not group, on SCRs to negative 
processing (p = 0.012), with decreased SCRs at follow-up. No significant 
group x time interactions emerged. 

Paired fMRI data was available from 24 participants (active: n=13, sham: 
n=11) after exclusion due to missing data or excessive head movement. 
ANOVA analyses showed a significant effect of time, but not group, on neural 
reactivity to negative pictures (negative processing) in the left amygdala (p = 
0.004), right amygdala (p < 0.001) and right insula (p = 0.036), with all regions 
displaying decreased activity at follow-up (Figures 2A-C, Paper III). Moreo-
ver, there was a statistically significant effect of time, but not group, on neural 
reactivity in the right amygdala (p= 0.015) to positive pictures (positive pro-
cessing), which also displayed decreased neural reactivity at follow-up (Fig-
ure 3, Paper III). No effect of time or treatment on neural reactivity to positive 
and negative anticipation was found. No significant group x time interactions 
emerged for any contrast, indicating no iTBS-specific treatment effect.  

Exploratory correlation analyses for the active treatment group showed sig-
nificant negative correlations between changes in CAINS ratings and changes 
in neural reactivity in the ACC to positive anticipation (r = -0.638, p = 0.019) 
and positive processing (r = -0.670, p = 0.012), where increases in ACC ac-
tivity were correlated with decreases in anhedonia symptoms (Figures 4-5, 
Paper III). For the sham treatment group, a significant positive correlation was 
found between changes in MADRS-S scores and changes in neural reactivity 
in the right amygdala to negative processing (r = 0.688, p = 0.019) (Figure 6, 
Paper III). 
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Study IV  
In total, 29 patients were included in the study (mean ± SD age 57 ± 16 years, 
9 female), of which 21 were recruited in Bergen, Norway and 8 in Uppsala, 
Sweden. 21 healthy controls (mean ± SD age 55 ± 11 years, 12 female), 
matched for age, gender and educational level to the Norwegian patient group, 
were recruited in Bergen. Confirming the matching procedure, no significant 
differences in these sociodemographic variables were found between groups 
(Table 2, Paper IV). 

Results from the MoCa (Figure 1, Paper IV) showed that the test score in 
patients changed significantly over time (p < 0.001), with increased scores at 
6- and 12-months post-arrest compared with baseline (both p < 0.01). How-
ever, there was no statistically significant difference in scores at 6 months and 
12 months post-arrest. When comparing patients with healthy controls, all 
comparisons showed a significant difference (all p < 0.01), with patients per-
forming worse on the task. 

Results from the CANTAB task (Figures 2-4, Paper IV) showed that for 
patients, none of the outcome measures changed significantly over time except 
response times to the executive task, which decreased between baseline and 6 
months post-arrest (p = 0.007), but with no further differences between 6- and 
12-months post-arrest. When comparing patients at baseline with healthy con-
trols, patients performed worse (or responded slower) on all tasks (all p < 0.05) 
compared with controls, except for a task of simultaneous matching of pat-
terns, where no differences emerged. At 12 months post-arrest, however, the 
only significant difference that remained between patients and healthy con-
trols in any CANTAB task was slower response times to the executive task in 
patients (p = 0.049). Performance on tasks of short-term visual recognition 
memory, visual memory, and new learning no longer differed between groups. 

There were no significant differences over time in patient’s performance 
on the MSIT task. However, reaction times and accuracy rates of the interfer-
ence trials showed significant differences between groups, where patients at 
6- months post-arrest responded faster (p = 0.036) and with more errors (p < 
0.001) than controls did (Table 3 and Figures 5A-5B, Paper IV); at 12 months 
post-arrest, patients still made more errors than controls did (p = 0.006) (Table 
3 and Figure 6, Paper IV). 

Morphological MRI scans showed a generally low vascular burden. When 
comparing follow-up scans with baseline, no new findings were identified in 
terms of white matter lesions, infarcts or bleedings. 14 patients had undergone 
diffusion-weighted imaging within 72 hours of the cardiac arrest; of these, 
three had acute embolic infarcts. No patients had territorial infarcts, signs of 
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global ischemia, or macroscopic hemorrhages. The infarcts showed partial re-
gression on follow-up.  

After exclusion due to motion artifacts and missing data, fMRI data was 
available from 9 patients at 6 months and 10 patients at 12 months post-arrest, 
respectively. In the healthy control group, fMRI data was available from 20 
subjects at first and 17 subjects at second assessment, respectively. Paired neu-
roimaging data (data from both MSIT sessions) were available for 9 patients. 
Neural activity in the dACC in the ‘Interference > Control’ contrast did not 
differ between patients and controls, nor between patients at 6- and 12-months 
post-arrest, respectively. 

Psychiatric assessments showed low rates of psychiatric illness in both pa-
tients and controls. Only one patient met the criteria of an ongoing depressive 
episode; no participant met the criteria of any other ongoing psychiatric dis-
order according to the M.I.N.I. Likewise, MADRS-S ratings showed low rates 
of depressive symptoms. In the patient group, mean ± SD MADRS-S scores 
were 6.2 ± 5.6 at baseline, 4.2 ± 4.8 at 6 months, and 4.8 ± 5.0 at 12 months 
post-arrest, respectively. In healthy controls, mean ± SD MADRS-S scores 
were 4.4 ± 3.3 at first, and 3.6 ± 2.8 at second assessment, respectively. There 
were no differences in MADRS-S scores between patients at the three time-
points, nor between patients and healthy controls (Figure 7, Paper IV). 

Ratings of health-related quality of life (Figure 8, Paper IV) showed that 
patients’ EQ-5D-5L index scores significantly differed across timepoints (p < 
0.001), with higher scores at 6 months and 12 months post-arrest compared 
with baseline (p < 0.05 and p < 0.01, respectively). However, there was no 
difference in scores between 6- and 12-months post-arrest. Comparisons be-
tween patients and controls showed that patients rated their quality of life as 
significantly lower at baseline (p < 0.001) and 6 months (p < 0.05) post-arrest 
compared with healthy controls. However, at 12 months post-arrest, no sig-
nificant differences remained compared with controls.  
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Discussion 

Key results and discussion 
In this thesis, the ACC has been investigated from the viewpoint of it having 
both regulatory and predictive properties in the context of psychiatric symp-
toms. To this end, ACC function has been studied in multiple different con-
texts: in social anxiety disorder (SAD), depression and in cardiac arrest survi-
vors (a group with high risk of developing anxiety and depression), as well as 
in relation to depression treatment with iTBS, and by using either cognitive or 
emotional paradigms. The main findings can be broadly grouped into three 
categories: the role of the ACC in emotion processing, in iTBS treatment, and 
the role of the dACC in cognition and treatment prediction. The findings re-
lated to each of these categories are discussed below, in turn.  

Emotion processing and the ACC  
The ACC has a key role in emotion processing, e.g., through its regulatory 
role with respect to limbic regions, in appraisal and expression of negative 
emotions (1), and as a node in the SN (14). 

Study II investigated emotion anticipation and processing at the behavioral, 
neural and peripheral level in depression, a disorder characterized by disturbed 
emotion processing. Results showed that patients with depression exhibited 
an increased activity in the ACC and right insula during anticipation of posi-
tive stimuli. This raises the question whether hyperactivity in the ACC is best 
explained as part of the underlying pathology and cause of disturbed emotion 
processing in depression, or whether it is a result of maladaptive signaling in 
other brain regions involved in emotion processing networks. For example, 
the ACC and insula are often co-activated during emotional experiences (118); 
moreover, the exploratory analysis of all brain regions in the AAL 2 atlas 
showed that many regions involved in emotion processing were overly reac-
tive to positive anticipation in subjects with depression, compared with con-
trols. Another possible explanation is that hyperactivity in the ACC reflects a 
compensatory mechanism to adjust for ineffective signaling, either in the ACC 
itself, or in other brain regions or networks, or even in the peripheral nervous 
system. Indeed, patients with depression were also found to exhibit decreased 
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SCRs during positive anticipation. As the ACC and insula are important nodes 
in the SN (14), in which it has been suggested that the insula instantiates sub-
jective feelings from bodily signals while the ACC provides the volitional 
agent that can modulate these feelings (118, 119), this finding could suggest 
that increased ACC activity reflects a compensatory mechanism to adjust for 
aberrant peripheral signaling from the body. 

Interestingly, aberrant responses to positive anticipation were found at the 
behavioral (where clinical assessments showed deficits in anticipatory pleas-
ure), neural (increased ACC and right insula activity) and peripheral (de-
creased SCRs) level in depression. An increase in ACC and insular activity 
despite lower input from the peripheral nervous system during emotion antic-
ipation could be interpreted as evidence of disrupted sensory integration and 
interoception in depression, which might contribute to symptoms of anhe-
donia. In study III, results showed that an increase in ACC activity after active 
iTBS treatment correlated with decreased symptoms of anhedonia, strength-
ening the interpretation that these processes are linked and that an increase in 
ACC activity in depression might reflect a compensatory mechanism that is 
increased with treatment, rather than an underlying cause of the disorder. In 
line with this, results from study III also showed that SCRs to positive antici-
pation in subjects with depression increased over time, which coincided with 
an improvement in depressive symptoms. As SCRs reflect arousal levels 
(120), a decreased response to positive anticipation in depression might clini-
cally manifest as anhedonia. 

Surprisingly, emotion processing did not elicit differential neural reactivity 
in patients compared with controls. Previous studies comparing patients with 
depression with healthy controls have reported increased ACC reactivity to 
positive stimuli (36) and increased amygdala reactivity to negative stimuli in 
some (121, 122) but not all (123-125) studies. One study found increased 
amygdala reactivity to sad facial expressions in bipolar, but not unipolar, de-
pression (126). While these somewhat inconsistent findings might reflect 
methodological differences, such as types of stimuli, illness severity, and med-
ication status, one also has to consider that neural responses to cued stimuli 
can differ from those to non-cued stimuli, as anticipation itself might moderate 
the response, as has been shown in healthy subjects (127). Although neural 
reactivity to emotion processing did not differ between groups, increased 
SCRs to negative pictures were observed in patients. Previous studies have 
found aberrant SCRs in depression, although results vary depending on the 
emotional stimuli (128, 129).  
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The role of the ACC in iTBS treatment  
Study III investigated whether the emotion processes described in study II are 
modulated by iTBS treatment over the dmPFC in depression with anhedonia. 
No effect of treatment was found, which was also the case in another study on 
rTMS over the dmPFC (130); however, further comparisons are hampered by 
the fact that study III used iTBS. Although exploratory, correlation analyses 
showed that increased ACC reactivity to positive anticipation and processing 
were correlated with decreased anhedonia symptoms. rTMS treatment over 
the left dlPFC has been shown to modulate ACC activity (131) and connec-
tivity (50, 132, 133). Evidence suggests that the clinical response of rTMS is 
related to functional connectivity with the sgACC at the stimulation site (133, 
134), with some studies reporting that the degree of anticorrelation between 
the sgACC and dlPFC predicts rTMS outcome (135, 136). In study III, treat-
ment was delivered over the dmPFC; however, the observed correlations be-
tween changes in ACC activity with treatment and changes in anhedonia 
symptoms suggest that the ACC is of importance in iTBS treatment over the 
dmPFC as well.  

The aforementioned studies investigated brain activity during resting state; 
however, as previously mentioned, task-based study designs might have ad-
vantages in studying specific neural processes (11). Therefore, future research 
is warranted to further investigate whether emotional tasks such as the one 
used in studies II-III could be of value in treatment prediction.  

Although independent of treatment allocation, results showed that SCRs 
and neural reactivity changed over time in depression. SCRs, as well as amyg-
dala and right insula reactivity, to negative processing decreased over time, 
which could be interpreted as habituation effects, previously described for 
both SCRs (137) and amygdala activation (138). Another possible interpreta-
tion is that these changes represent a normalization process, in line with the 
symptom improvement seen over time across groups. Previous studies have 
indeed reported hyperactivity in the amygdala and insula to negative stimuli 
(38) and increased SCRs during fear conditioning (128) in depression; like-
wise, in study II, patients with depression exhibited higher SCRs to negative 
processing. Therefore, decreases in these responses might indicate that activ-
ity patterns change in the direction towards what is seen in non-depressed in-
dividuals (however, in study II, no differences in neural reactivity to negative 
processing between groups was found). In line with the hypothesis of normal-
ization, results from study II showed decreased SCRs to positive anticipation 
in depression, and in study III, increases in reactivity coincided with symptom 
improvement. Thus, the change in SCRs and neural reactivity might reflect 
physiological signs of symptom improvement. Indeed, depressive symptoms 
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may fluctuate and it is possible that subjects were more inclined to be recruited 
to the treatment study at the time-point when their symptoms peaked. The 
changes could, however, also reflect unspecific effects of participating in a 
study not directly related to the given treatment, but rather to the activities and 
structure surrounding participation. Another possible explanation for the 
symptom improvement and physiological changes seen over time is that the 
sham iTBS treatment might have a similar modulating effect on neural reac-
tivity as active treatment, for example through electrical trigeminal stimula-
tion, an issue that was raised by the authors of another RCT using the same 
experimental equipment (130). If this is the case, one can speculate that both 
active and sham iTBS treatment indeed led to physiological changes in study 
III. Previous studies have observed delays in behavioral effects after pharma-
cological treatment, where changes in neural activation patterns precede be-
havioral changes (139). It is possible that a longer follow-up period in study 
III could have detected delayed symptom improvement. 

The role of the dACC in cognition and treatment prediction 
In studies II and III, ACC activity was investigated through emotional para-
digms. In contrast, studies I and IV focused on the dorsal part of the ACC, the 
dACC, and its function during cognitive challenge. The MSIT task, designed 
to activate the dACC (30), was used to study cognitive processes in SAD and 
in cardiac arrest survivors. In neither study I nor IV there were any observable 
differences in dACC activity compared with controls. However, there was an 
inverse correlation between MADRS-S scores and dACC activity in SAD. 
Results from studies I and IV are further discussed below.  

dACC, prediction and cognition in SAD 
Interestingly, the dACC has been the most implicated brain region in treatment 
response prediction in SAD (63-65, 140, 141), making the absence of findings 
of aberrant dACC activity during cognitive challenge in study I noteworthy. 
However, consistent with the notion that separate brain regions are implicated 
in treatment mechanism and prediction (142), results from study I suggest that 
while initial dACC activity has been shown to be predictive of treatment suc-
cess (65), it may not differ patients with SAD from healthy controls. This sug-
gests that although dACC activity seems to be a promising neural biomarker 
for treatment prediction (as reported in other studies), its utility may not reflect 
pre-treatment differences between patients with SAD and healthy controls, but 
rather some more general capacity related to treatment responsivity. 

Results from study I further revealed an inverse correlation between 
MADRS-S scores and dACC activity in SAD. One may speculate whether 
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affected cognitive function and dACC activity in non-social settings is related 
to overall symptoms of depression or illness rather than related to social pho-
bia per se. This might further explain lack of findings of differential dACC 
activity both in SAD (study I) and in cardiac arrest survivors (study IV), where 
not all individuals might suffer from these symptoms. A negative correlation 
between depression severity and dACC activity is generally consistent with 
findings in a previous study of reduced ACC activity in adolescents with de-
pression during cognitive challenge (143). 

Furthermore, findings of intact dACC activity and performance on the 
MSIT in study I suggest that cognitive processing in SAD is not affected in 
non-emotional contexts. This is in line with findings from a previous study 
where patients with SAD showed impairments in executive function on self-
report ratings only, while their performance was intact (144). Results are also 
in line with a study showing that patients with generalized SAD performed as 
well as healthy controls in neuropsychological tests in a low-stress environ-
ment, but that patients’ performance declined during videotaping (145). It has 
been suggested that SAD is characterized by information processing biases, 
such as an imbalance of attention between self-focus and external information, 
as well as excessively negative interpretation of external social events and ex-
aggerated recall of negative information (146-148). Findings from study I of 
intact performance and similar brain activation pattern during a situation char-
acterized by cognitive load without an emotional component indicates that 
previously described information processing disturbances in SAD are circum-
scribed to emotionally challenging situations. 

dACC and cognition following cardiac arrest 
In study IV, although dACC activity during the MSIT task was unaffected in 
cardiac arrest survivors, performance on the MSIT task and other cognitive 
tasks showed cognitive deficiencies compared with controls. Especially at 
baseline, cognitive tasks overall showed that patients performed worse than 
controls, which is expected given the acute condition that arises after a cardiac 
arrest. MoCa scores significantly improved in patients during the first 6 
months post-arrest, and, although performance did not reach that of controls, 
patients reached a score above the cut-off for mild cognitive impairment at 12 
months post-arrest (75). Contrary to the results from the MoCa and MSIT, 
many of the differences in CANTAB performance between groups decreased 
at 6 months and resolved at 12 months post-arrest, indicating an improvement 
in some cognitive measures during the first year after a cardiac arrest. The 
only difference in CANTAB performance that remained between groups at 12 
months post-arrest was slower response times in the executive task in patients, 
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indicating that some cognitive domains, such as executive function, may be 
more affected in cardiac arrest survivors than other domains, which has also 
been reported in previous studies (149). This finding underlines the im-
portance of using neuropsychological test batteries in cognitive assessments, 
as these might be more informative. Interestingly, slowed information pro-
cessing speed has also been reported following other types of brain damage, 
such as traumatic brain injury (150), stroke (151) and multiple sclerosis (152).  

The relatively low number of participants in the MRI assessments in study 
IV makes it hard to draw strong conclusions; nevertheless, it is surprising that 
neuroimaging data did not show aberrant dACC function during the MSIT in 
cardiac arrest survivors. During a cardiac arrest, neuronal injury occurs rap-
idly as an effect of ceased cerebral blood flow; secondary brain injury can also 
occur following restoration of blood flow (153). It has been suggested that 
ACC neurons are especially sensitive to oxidative stress, perhaps because of 
the proposed vulnerability and elevated metabolic demands of von Economo 
neurons found in the ACC (7). Indeed, reductions in ACC gray matter volume 
have been reported in cardiac arrest survivors (47). Although the cognitive 
deficits found in study IV are likely related to several brain regions being af-
fected, it is surprising that dACC activity seemed intact despite worse MSIT 
performance in patients. One possible explanation of this finding could be 
methodological- patients were scanned at two different study sites with differ-
ent scanners and using different scanner parameters, which might have af-
fected results.  

Quality of life ratings showed that, although patients in the aftermath of a 
cardiac arrest rated their quality of life lower than controls did, no differences 
remained at 12 months post-arrest. Indeed, this could be explained by im-
proved function over the first year, in line with (and perhaps related to) cog-
nitive improvements. Alternatively, survivors could have adapted to and ac-
cepted potential sequelae and changes in life situation one year after the arrest. 
In meetings with the cardiac arrest survivors in study IV, many survivors ex-
pressed a profound gratitude having survived, which could also affect their 
quality of life ratings. The prevalence of psychiatric disorders was low, and 
therefore the observed differences between groups in cognitive function and 
initial differences in quality of life is unlikely to be explained by psychiatric 
illness.  

Taken together, results from study IV overall show improvements in cog-
nitive function and quality of life, as well as partial regression of brain injury, 
during the first year after cardiac arrest.  
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Methodological considerations, limitations and strengths 
Samples 
Although the studies included three different samples, some methodological 
considerations are relevant for all studies. One strength of all studies was that 
participants were well characterized in terms of clinical assessments. An ad-
ditional strength was the inclusion of a healthy control group for comparisons 
in study I, II and IV. In study III, the inclusion of a sham treatment group for 
comparisons, as well as the double-blind design of the study, is a strength. In 
studies I-III, not all psychiatric comorbidities were an exclusion criterion, 
which could have affected results as it is possible that subjects with several 
psychiatric disorders exhibit different neural and SCR reactivity patterns than 
subjects with only SAD or depression. However, one benefit of this approach 
is that results might be more representative of common presentations of the 
disorders, strengthening validity of the results.  

Moreover, the sample sizes for some of the analyses (especially in studies 
II-IV) were generally moderate, with small sample sizes of SCR data (espe-
cially in study III). 

Specific considerations for each study are further discussed below. 
In study I, patients with SAD were recruited through newspaper advertise-

ments and public billboards, potentially causing a selection bias towards peo-
ple less affected by their SAD. However, mean LSAS-SR scores indicated a 
generalized SAD with fears related to most social situations (154).  

In studies II and III, patients were included from a RCT of iTBS treatment 
for depression with anhedonia; indeed, mean MADRS-S and CAINS scores 
in patients indicated moderate depression with moderate to severe levels of 
anhedonia (155). Most of the patients had an ongoing unipolar depression, but, 
reflecting the transdiagnostic approach of the study, three patients with bipolar 
depression were also included. Previous studies have found higher prevalence 
of electrodermal hyporeactivity in patients with bipolar, as compared with uni-
polar, depression (156) as well as differences in neural activity between uni-
polar and bipolar depression, including lower ACC activation in unipolar de-
pression (157). However, studies directly comparing the two conditions are 
scarce, making it difficult to draw conclusions. Meta-analyses have shown a 
comparable rTMS-response in bipolar and unipolar depression (158). Several 
patients had ongoing treatment with antidepressant medications, such as 
SSRIs and mood stabilizers, which, although reflective of the patient popula-
tion typically receiving rTMS treatment, can also affect neural reactivity and 
SCRs. For example, pharmaco-fMRI studies on common antidepressant med-
ications report attenuation of the limbic and para-limbic regions, and enhanced 
activation within prefrontal networks, following treatment (159). In healthy 
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subjects, lamotrigine (160) and lithium (161) affect neural reactivity to emo-
tional tasks, but quetiapine was found to have no effect on emotional pro-
cessing other than during recognition memory (162). Findings on the potential 
effect of antidepressant medication on skin conductance vary between studies 
(82). However, patients were included in the RCT as they had not received 
satisfactory effect from their treatment, and it is possible that concomitant 
medication in this sample does not lead to the same neurophysiological 
changes as in treatment-responders. Moreover, the two treatment allocation 
groups in study III did not differ statistically in terms of medication use.  

Study IV included cardiac arrest survivors and a healthy control group. It 
could have been meaningful to also include a control group with cardiovascu-
lar disease that had not undergone a cardiac arrest to investigate whether un-
derlying cardiovascular disease can contribute to, for example, cognitive im-
pairment after cardiac arrest. However, studies have found notably higher in-
cidences in cognitive impairment in OHCA survivors than in patients with a 
myocardial infarction (163). Relatedly, it would have been interesting to com-
pare results with a control group subjected to intensive care for other reasons 
than cardiac arrest, since previous studies have found cognitive impairments 
in patients that had received intensive care treatment (164, 165). Moreover, 
participants with severe psychiatric disorders were not included in the study, 
which could affect results of psychiatric well-being in cardiac arrest survivors.  

Methods and study design 
All studies included fMRI analyses, and therefore the following methodolog-
ical discussions regarding the neuroimaging data are relevant for all studies. 
A well-known issue in neuroimaging research is the fact that motion artifacts 
affect data analysis and results; therefore, participants need to be excluded if 
their head movements exceed a certain value. Although this leads to more re-
liable results, it unfortunately also leads to data loss and smaller-than-intended 
sample sizes. One way to minimize the issue of head movement in studies I-
IV could be to use increased levels of physical restraint; however, this could 
make the studies less feasible for the participants. In study IV, the neuroimag-
ing sample size was further reduced as many patients had implanted cardiac 
defibrillators that did not allow them to undergo scanning.  

Moreover, there is no gold standard for how to process fMRI data. Prepro-
cessing requires several steps to clean and standardize the data before statisti-
cal analyses, for which many programs (each with a variety of options and 
settings) are available. Variability of data preprocessing and analysis pipelines 
leads to variability in results and conclusions, even when the same dataset is 
analysed (166), which contributes to replication challenges in the field (167). 
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The use of preprocessing pipelines such as fMRIPrep (103, 104), which was 
used in studies II and III, is a promising step towards standardizing neuroim-
aging analysis, leading to more robust and replicable results across research 
teams. 

In studies II-III, pictures from IAPS (100) were used to induce emotion 
processing. Despite matching of pictures, participants attributed higher 
arousal to negative than to positive pictures. This might reflect societal factors 
given that the pictures from IAPS were developed many years ago, and there-
fore the positive pictures might not be deemed as arousing today. Moreover, 
the pictures differ in their artistic design (for example in colors, focus and 
light) compared with pictures taken with modern cameras and widely distrib-
uted on social media and the internet generally. One can therefore speculate 
whether these pictures induce the same emotional response as they did in the 
times of their development. A limitation of the emotional paradigm is that it 
did not include a neutral stimulus condition, however, adding a neutral condi-
tion would lengthen the paradigm and could make the study less feasible for 
participants.  

In study IV, although the multi-center design had the benefit of leading to 
increased sample size, differences in MR scanner types and scanner settings 
could affect the results, especially since patients were included at both study 
sites, but healthy controls only at one. When comparing patients’ performance 
on the MoCa and CANTAB tasks at 12 months post-arrest with healthy con-
trols, it is important to keep in mind that controls only underwent the tasks at 
two time-points. This could decrease observed differences between groups, as 
it is possible that healthy controls, due to learning effects, would have per-
formed better on the task at a third time-point.  

The aim of the study was to investigate brain function after cardiac arrest 
from many different aspects (i.e., cognitive, morphological/functional, psy-
chiatric, and quality of life), and through different modalities (self-rating 
scales, clinical interviews, different cognitive tasks and neuroimaging). The 
benefit of this broad approach is that it deepens understanding of the many 
various ways in which transient ischemia can affect brain function and the life 
of survivors. It thereby provides a good basis for future research, which indeed 
is also important in order to validate the findings, as analysing large amounts 
of data (especially in smaller samples) increases the risk of spurious findings.  

Ethical considerations 
Conducting research, especially when including subjects with disorders that 
can affect cognitive functions and information processing, requires several 
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ethical considerations. Patients must be reassured that their usual care will not 
be affected by their decision to accept or decline participation in the study. It 
is vital to ensure that all participants have understood the implications of en-
tering a study and that they have been able to provide informed consent. Social 
anxiety disorder includes fear of being judged, self-consciousness, and anxiety 
in social situations, which can potentially affect participants during the deci-
sion whether or not to enter a study. Ongoing depression can affect memory, 
information processing and decision-making. Likewise, cardiac arrest survi-
vors that have just been through a life-threatening event with subsequent in-
tensive care treatment can be expected to be in a condition where information 
processing and decision-making are affected. To ensure that these factors did 
not hamper the ability of participants to provide informed consent, both writ-
ten and oral information was provided, and participants were informed that at 
any time-point, they could withdraw their consent to participate without spec-
ifying a reason. 

Although generally termed as safe, MRI scanning sessions can be experi-
enced as physically uncomfortable, especially for older participants and those 
with mobility or pain issues, as well as psychologically challenging. Likewise, 
extensive clinical assessments including cognitive tasks can be experienced as 
lengthy and mentally challenging. 

The RCT in study III, investigating a novel treatment with some partici-
pants being randomized to sham treatment, requires special ethical considera-
tions. The most common side effect of iTBS treatment is scalp pain at the 
stimulation site, which commonly decreases during the treatment course 
(168). Although benign, it is important to inform participants of this risk. As 
a precaution, patients with epilepsy were excluded from the RCT, although 
the risk of inducing seizures with iTBS treatment is low (169). The well-being 
of the patients and potential adverse effects were closely monitored during the 
RCT (92). Participants allocated to the sham treatment group were offered 
subsequent open-label treatment. 

All studies were approved by the Research Ethical Review Board in Upp-
sala; study IV was also approved by the Norwegian regional committee for 
medical and health related ethics (REK-Vest). 

Conclusion 
The aim of this thesis was to explore the ACC as a predictive and regulatory 
structure in relation to psychiatric symptoms using fMRI, first in the context 
of social anxiety disorder (SAD) and depression, including iTBS treatment, 
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and subsequently in cardiac arrest survivors (who are at increased risk of de-
veloping psychiatric illness). 

Dorsal ACC activity in SAD was found to be unaffected during cognitive 
tasks without emotional challenge in study I, adding to existing knowledge of 
brain reactivity patterns in SAD. Although the dACC has previously been re-
ported to be useful as a biomarker in treatment prediction, results from study 
I indicate that the predictive properties of the dACC do not reflect pre-treat-
ment differences in the disorder, but rather some more general capacity related 
to treatment responsivity. 

Responses to positive emotion anticipation in study II were found to differ 
in depression, with aberrant reactivity in the ACC, insula and in skin conduct-
ance, perhaps reflecting disrupted sensory integration and interoception. This 
indicates that emotional processes in depression are disrupted not only in cen-
tral, but also peripheral, neural circuits.  

After treatment with active compared with sham iTBS over the dmPFC for 
depression with anhedonia in study III, no differences in depressive symptoms, 
neural or skin conductance reactivity were found during emotion anticipation or 
processing. However, there was a correlation between decreases in anhedonia 
symptoms and increases in ACC activity in the active treatment group, indicat-
ing that the ACC is important in the treatment mechanism of iTBS. 

Although cardiac arrest survivors in study IV were found to exhibit cogni-
tive deficiencies, and despite previous suggestions of the ACC being particu-
larly vulnerable to metabolic stress, dACC activity during a cognitive task was 
unaffected. During the first year post-arrest, improvements were seen in cog-
nitive function in survivors, as well as an increase in quality of life ratings, 
which eventually reached the level seen in healthy controls. 

Taken together, the results from this thesis provide a deepened understand-
ing of the role of the ACC in psychiatric symptoms.  

Clinical implications and future directions 
Neuroimaging has revolutionized research on human brain function. In the 
field of psychiatry, the fMRI method has increased understanding of the pro-
cesses accompanying or underlying psychiatric symptoms on group level. 
However, on the individual level, these processes are still poorly understood. 
Furthermore, a well-known challenge for clinicians in the field of psychiatry 
is assessing which treatment that will likely be the most effective for each 
individual patient. Therefore, finding biomarkers that can guide treatment 
choice, as well as provide information on the likely course and prognosis of a 
disorder, would be of immense value in improving psychiatric treatment, 
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leading to faster remission with minimized suffering and impairment for the 
patients. The ACC, which seems to be involved not only in the pathology of 
depression and anxiety, but also in treatment mechanisms and prediction, 
could be a promising brain region in this quest. By studying cognitive chal-
lenge without emotional load in SAD, study I adds information on SAD to a 
research field dominated by emotional tasks. Results from the study also shed 
light on the role of the dACC as a potential biomarker in treatment prediction 
by suggesting that its utility does not reflect aberrant neural signaling, but ra-
ther some more general capacity related to treatment responsivity which could 
be of interest to further investigate in future studies. As activity in the dACC 
has been shown to predict treatment response in other psychiatric disorders as 
well, such as OCD (61) and PTSD (62), it might be of future interest to study 
whether patients with these disorders differ from healthy subjects in dACC 
activity or whether this predictive power is perhaps also independent of group 
differences.  

The finding of aberrant reactivity at the behavioral, neural and peripheral 
level to an emotional task in depression in study II contributes to a deeper 
understanding of the depressive disorder as not only affecting neural signal-
ing, but also peripheral bodily signals. Elevated ACC and insula activity com-
bined with decreased SCRs in study II suggest that depressive symptoms 
might partly stem from disrupted sensory integration and interoception. The 
correlation between increased ACC activity and decreased anhedonia symp-
toms with iTBS treatment for depression found in study III suggests that in-
creased ACC activity might reflect a compensatory mechanism, shedding fur-
ther light on the pathophysiology of depression.  

More recent studies on rTMS treatment advocate the use of individual func-
tional treatment targets in order to personalize treatment and increase chances 
of favorable treatment outcome (134, 170). As mentioned previously, func-
tional connectivity between the sgACC and dlPFC predicts response to rTMS 
treatment delivered over the dlPFC (135, 136) and might therefore guide the 
choice of rTMS target (135). The correlations found in study III between de-
creased anhedonia symptoms and increased ACC activity suggest that future 
research is warranted to assess whether treatment outcome from rTMS/ iTBS 
over the dmPFC could also be predicted by functional connectivity between 
the stimulation site and the ACC.  

Although dACC activity was unaffected in cardiac arrest survivors in study 
IV, cognitive deficits were highly prevalent post-arrest. Furthermore, results 
suggest that some cognitive domains, such as executive function, may be more 
affected than others, and that decreased information processing speed might 
be a general indicator of brain damage that could be valuable in cognitive 
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assessments after cardiac arrest. The improvements in cognitive function, that 
mainly occurred during the first 6 months, indicate that early cognitive reha-
bilitation is important. Lastly, results of improved quality of life ratings, where 
survivors one-year post-arrest experience the same quality of life as healthy 
controls, might render hope to those affected by a cardiac arrest, be it survi-
vors, their kin or healthcare workers.  
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