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Psychiatric disorders can have devastating consequences and may ultimately result in suicide. 
Psychiatric patients face a greater risk of developing somatic diseases and the societal cost of 
psychiatric disorders is excessively high. Alarmingly, the World Health Organisation (WHO) 
predicts that by the year 2030, psychiatric disorders will be the largest contributor to the 
global disease burden. Thus, political action is required. 

Social anxiety disorder constitutes one of the most common psychiatric disorders. There are 
effective treatments but important challenges lie ahead. Many, but not all, patients respond to 
current pharmacological agents or psychological treatments. Also, clinical response is not 
equal to being cured from such anxiety symptoms. Thus, scientific action is required. 

Neuroscience and advanced neuroimaging tools have been around for a while and shown to 
be clinically applicable in neurology. Along these lines, studying the brain’s neural machinery 
has the potential to inform our understanding of psychopathology. 

I hope this work sheds some light on the debilitating social anxiety disorder, and highlights 
some opportunities with neuroimaging in tomorrow´s clinical psychiatry. 

 

 

Värmdö and San Francisco, October 2016 

 

  



 

 

ABSTRACT 
Social anxiety disorder (SAD) is a common psychiatric disorder associated with considerable 
suffering. Cognitive behaviour therapy (CBT) has been shown to be effective but a significant 
proportion does not respond or relapses, stressing the need of augmenting treatment. Using 
neuroimaging could elucidate the psychological and neurobiological interaction and may help 
to improve current therapeutics. To address this issue, functional and structural magnetic 
resonance imaging (MRI) were repeatedly conducted on individuals with SAD randomised to 
receive CBT or an active control condition. MRI was performed pre-, and post-treatment, as 
well as at one-year follow-up. Matched healthy controls were also scanned to be able to 
evaluate disorder-specific neural responsivity and structural morphology. This thesis aimed at 
answering three major questions. I) Does the brain’s fear circuitry (e.g., the amygdala) 
change, with regard to neural response and structural morphology, immediately after CBT? II) 
Are the immediate changes in the brain still present at long-term follow-up? III) Can neural 
responsivity in the fear circuitry predict long-term treatment outcome at the level of the 
individual? Thus, different analytic methods were performed. Firstly, multimodal 
neuroimaging addressed questions on concomitant changes in neural response and grey matter 
volume. Secondly, two different experimental functional MRI tasks captured both neural 
response to emotional faces and self-referential criticism. Thirdly, support vector machine 
learning (SVM) was used to evaluate neural predictors at the level of the individual. 

Amygdala responsivity to self-referential criticism was found to be elevated in individuals 
with SAD, as compared to matched healthy controls, and the neural response was attenuated 
after effective CBT. In individuals with SAD, amygdala grey matter volume was positively 
correlated with symptoms of anticipatory speech anxiety, and CBT-induced symptom 
reduction was associated with decreased grey matter volume of the amygdala. Also, CBT-
induced reduction of amygdala grey matter volume was evident both at short- and long-term 
follow-up. In contrast, the amygdala neural response was weakened immediately after 
treatment, but not at one-year follow-up. In extension to treatment effects on the brain, pre-
treatment connectivity between the amygdala and the dorsal anterior cingulate cortex (dACC) 
was stronger in long-term CBT non-responders, as compared to long-term CBT responders. 
Importantly, by use of an SVM algorithm, pre-treatment neural response to self-referential 
criticism in the dACC accurately predicted (>90%) the clinical response to CBT.  

In conclusion, modifying the amygdala is a likely mechanism of action in CBT, underlying 
the anxiolytic effects of this treatment, and the brain’s neural activity during self-referential 
criticism may be an accurate and clinically relevant predictor of the long-term response to 
CBT. Along these lines, neuroimaging is a vital tool in clinical psychiatry that could 
potentially improve clinical decision-making based on an individual’s neural characteristics.  
 

Keywords: Social anxiety disorder (SAD); Cognitive behaviour therapy (CBT); Amygdala; 
Multimodal neuroimaging; Support vector machine learning (SVM) 
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1. THE PHENOMENON OF SOCIAL ANXIETY DISORDER 

Feelings of shame or anxiety in social situations are recognised universally. You may 
experience that you said something embarrassing, you may fear that your behaviour was 
inappropriate, and you may think that other people judge you negatively based on your 
performance, or on your appearance. All people have experienced social fear at some point. 
Nevertheless, for some individuals such thoughts and feelings occur in most social situations 
and lead to excessive fear and behavioural withdrawal. This is a serious and pervasive 
condition known as social anxiety disorder (SAD) and it is one of the most common 
psychiatric disorders. 

In the third edition of the Diagnostic and Statistical Manual of Mental Disorders 
(DSM-III) (American Psychiatric Association [APA], 1980) social phobia was introduced, but 
the phenomenon of social anxiety was described in the French psychiatric literature as early 
as 1901 (Fairbrother, 2002). Pioneering work by Isaac Marks shed light on social phobia as a 
distinct disorder (Marks, 1970), but even as late as in the mid 1980’s, the prominent social 
anxiety researcher Michael Liebowitz argued that social phobia was a neglected disorder 
(Liebowitz, Gorman, Fyer, & Klein, 1985). 

 

1.1. DESCRIPTIVE FEATURES 

According to DSM-5 (APA, 2013) the primary diagnostic feature of SAD in adults is a 
“marked fear or anxiety about one or more social situations in which the individual is 
exposed to possible scrutiny by others”, and “the individual fears that he or she will act in a 
way or show anxiety symptoms that will be negatively evaluated” (APA, 2013). Such 
situations commonly provoke distress and they are avoided or endured with intense anxiety. 
Also, this condition has lasted for six months or more. The DSM-5 specifies that the anxious 
state cannot be better explained by other psychiatric disorders (e.g., panic or autism spectrum 
disorder), or any medical condition. The International Statistical Classification of Diseases 
and Related Health Problems, tenth revision (ICD-10) (1990) is an alternative diagnostic 
classification system and shares most, but not all, properties with the DSM-5.  

In the current DSM-5 (APA, 2013) some modification of the diagnostic criteria can 
be noted. Nowadays the primary name of the disorder is SAD, instead of its predecessor 
social phobia, because SAD was first considered a type of a simple phobia. Relative to the 
previous versions, DSM-5 emphasises the role of fear of negative evaluation by others, and 
the criteria were broadened by the inclusion of fear of rejection and fear of offending others. 
Another important adjustment is that the clinician, not the patient, determines whether the 
social fear is considered excessive or not. A more thorough discussion on the recent 
developments in DSM-5 can be found in Heimberg et al. (2014). 
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1.2. EPIDEMIOLOGY 

1.2.1. PREVALENCE 

One of the first studies on social phobia life-time prevalence suggested that 2% of the general 
population was affected (Robins et al., 1984). A decade later these figures increased 
dramatically, suggesting a life-time prevalence rate of 13.3% in the United States (Kessler et 
al., 1994). There is also a large Swedish epidemiologic study reporting a point-prevalence of 
15.6% (Furmark et al., 1999). Even though it is possible that the life-time prevalence of SAD 
varies over time and across societies, it is more likely that these alterations are explained by 
changes of the DSM criteria of SAD or study methodology, e.g., self-reports vs clinical 
interview. In the most recent epidemiological study (based on the DSM-IV criteria), SAD 
showed a life-time prevalence of 12.1% (Kessler et al., 2005). In relation to other DSM-IV 
psychiatric disorders, SAD is one of the most common anxiety disorders, exceeding panic 
(4.7%), generalised anxiety (5.7%), and post-traumatic stress disorder (PTSD; 6.8%) (Kessler 
et al., 2005). 

 

1.2.2. GENDER, ONSET AND SUBTYPES 

Epidemiological studies have consistently found that the life-time prevalence of SAD is more 
accentuated in females (Beesdo et al., 2007). Wittchen and colleagues (1999) found that the 
life-time prevalence was 9.5% in females and 4.9% in males, consistent with earlier reports 
suggesting that 69.5% of the individuals with social phobia are females (Schneier, Johnson, 
Hornig, Liebowitz, & Weissman, 1992). Additionally, a point-prevalence study in Sweden 
suggested 17.6% in females and 10.0% in males (Furmark et al., 1999). 

SAD commonly occurs in adolescence at about 15 years of age, and a first onset of 
SAD after the age of 25 is rare (Beesdo et al., 2007; Schneier et al., 1992). Wittchen et al. 
(1999) found that the onset of social phobia commonly occurs between the ages 10 and 21, 
but also that individuals with the generalised SAD subtype had an earlier onset than 
individuals with a non-generalised SAD. 

In the previous DSM-IV, a generalised specifier was added, where the generalised 
subtype meant that the individual experiences social anxiety in most social situations. Yet, 
this operationalisation of the generalised specifier was not implemented in DSM-5. Instead, a 
subtype of performance only was added. Individuals with the performance only type of SAD 
have performance fears that are typically most impairing in their professional lives (e.g., 
musicians, dancers, performers, athletes) or in roles that require regular public speaking 
(APA, 2013). In contrast to the view that SAD is a distinct and clearly defined disorder, many 
argue that SAD should be defined as a continuum (Bögels et al., 2010), and the decision not 
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to include the generalised subtype in the DSM-V was greatly debated (Heimberg et al., 2014). 
As an example, Furmark and colleagues (2000) conducted cluster analyses and found that 
three subgroups of SAD individuals emerged, consisting of a generalised subtype with a 
point-prevalence of 2%, a non-generalised subtype (6%) and a discrete subtype (8%) 
(Furmark et al., 2000), consistent with the view that deficits of social anxiety can be defined 
on a continuum. 

 

1.2.3. TREATMENT-SEEKING BEHAVIOURS 

SAD individuals are less likely than individuals with other psychiatric disorders to engage in 
treatment-seeking behaviours (Schneier et al., 1992; Wagner, Silove, Marnane, & Rouen, 
2006). It is also suggested that there are differences between subtypes of SAD individuals. 
Specifically, of SAD individuals without comorbidity, 27% sought treatment, while in SAD 
individuals with comorbidity, 43% had been in contact with a medical doctor or a 
psychologist (Wittchen et al., 1999). This suggests that individuals with SAD are more likely 
to seek treatment when the SAD symptoms expand to other debilitating psychiatric 
conditions. This is also supported by data suggesting that depression was the most robust 
predictor of treatment-seeking behaviours in SAD (Dalrymple & Zimmerman, 2011). 

 

1.2.4. COMORBIDITIES 

1.2.4.1. PSYCHIATRIC DISORDERS 

Most individuals with SAD also have comorbid psychiatric illnesses. More specifically, only 
31% of subjects with social phobia have no other lifetime disorder (Schneier et al., 1992). It 
has also been suggested that SAD individuals with comorbidity is most accentuated in the 
generalised subtype (Wittchen et al., 1999). However, compelling evidence shows that there 
is no difference in risk of being depressed between subtypes of SAD (Beesdo et al., 2007), 
indicating that regardless of severity, individuals with SAD are at risk for developing 
depression. Major depressive disorder is the most common SAD comorbidity and the 
increased risk of developing depression is more than two-fold (Beesdo et al., 2007). 
Moreover, SAD has been found not only to precede depression temporally, but also to be 
associated with a more malignant course of an already existing depression. For instance, Stein 
et al. (2001) found shorter intervals between depressive episodes, and overall more depressive 
symptoms in individuals with SAD. 

It has been shown that the number of suicide attempts is higher in SAD individuals 
as compared to healthy individuals. This association was mainly observed in SAD individuals 
with a comorbid psychiatric disorder. The increased rate of suicide attempts was about six-
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fold in SAD individuals as compared to healthy individuals, i.e., about 16% SAD individuals 
had ever attempted suicide (Schneier et al., 1992). In line with these alarming findings, a 
population-based twin-study found that the increased risk of suicide-related symptoms in 
SAD primarily occurs in the presence of comorbid MDD (Nelson et al., 2000). 

Alcohol and drug use disorders are also among the most prevalent comorbidities in 
individuals with SAD. A prevalence study in the United States showed that the occurrence of 
alcohol use disorders (abuse and dependence) was 48.2% in SAD individuals, and that drug 
use disorders (abuse and dependence) was prevalent in 22.3% (Grant et al., 2005). Also, the 
life-time prevalence of marijuana dependence was 29.0% among individuals with SAD 
(Agosti, Nunes, & Levin, 2002). Importantly, the rate of marijuana dependence in SAD was 
more than twice that of any other anxiety disorder, suggesting that it may be specifically 
connected to SAD symptomatology (Agosti et al., 2002).  

 

1.2.4.2. SOMATIC DISORDERS 

There is also a growing number of studies on the relationship between psychiatric disorders 
and somatic diseases (Licht, de Geus, van Dyck, & Penninx, 2009; Penninx, Milaneschi, 
Lamers, & Vogelzangs, 2013). For instance, Stein and colleagues (2013) reported that 
individuals with SAD were at greater risk than healthy individuals to be affected by 
hypertension. Also, there is evidence linking accelerated cellular aging to stress (Blackburn, 
Epel, & Lin, 2015; Epel et al., 2004) as well as psychiatric disorders such as MDD 
(Verhoeven et al., 2014; Wolkowitz et al., 2012) and anxiety disorders (Verhoeven et al., 
2015). In a large cohort, Verhoeven et al (2015) found that individuals with anxiety disorders 
(including SAD) had shorter leukocyte telomeres relative to healthy controls. Such finding 
suggests that individuals with anxiety disorders are subject to an accelerated cellular aging 
where biological age outpaces chronological age. This may be an important link as to why 
individuals with psychiatric disorders are at greater risk of being affected by somatic illnesses. 

 

1.2.5. SOCIETAL COSTS 

SAD is a persistent and debilitating disorder for the individual, and consequences at the 
societal level can also be noted. The extent of work loss for individuals with SAD is much 
greater in comparison to healthy individuals, but also greater relative to individuals with 
disturbing medical conditions such as diabetes and heart diseases (Fehm, Pelissolo, Furmark, 
& Wittchen, 2005). The cost of anxiety disorders is estimated to €74.4 billions in Europe, and 
only mood disorders (e.g., depression), psychotic disorders, and dementia are associated with 
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greater societal costs. Also, the cost per person with SAD is even greater than that of 
individuals affected by post-traumatic stress-disorder (PTSD) (Gustavsson et al., 2011). 

2. PSYCHOPATHOLOGY AND MAINTAINING FACTORS 

The psychopathology of SAD is conceptualised as a complex interaction between 
psychological and neurobiological factors. Aetiological models of SAD suggest that the risk 
of developing SAD is a result of an on-going inter-play between cognitions, behaviour and 
genetics (Fox & Kalin, 2014; Ollendick & Hirshfeld-Becker, 2002; Rapee & Spence, 2004; 
Stein, 1998; Wong & Rapee, 2016). For instance, overprotective parenting may reinforce the 
child’s anxious cognitions (Rapee & Heimberg, 1997), and having a family member with 
SAD is associated with a two- to three-fold risk increase for SAD (Tillfors, Furmark, 
Ekselius, & Fredrikson, 2001a). Also, there is a number of studies suggesting considerable 
influence by genetics, and a meta-analysis of twin studies estimated the heritability of social 
anxiety to 65% (Beatty, Heisel, Hall, Levine, & La France, 2002). 

 

2.1. COGNITIONS AND BEHAVIOURS 

2.1.1. SAFETY-BEHAVIOURS 

In essence, safety-behaviours are performed to prevent a feared catastrophe from being 
realised. Safety-behaviours prevent disconfirmation of threat-related cognitions, and thus, 
erroneous assumptions are maintained (Salkovskis, 1991). For instance, “I avoid eye contact 
with others because I don’t want to find out that they are critical of me”, “If I don’t use 
enough makeup, others will clearly see that my face turns red like a tomato and that is a sign 
of incompetence”, or “I am a boring jerk if I am not funny enough”. Further, individuals with 
SAD may attempt to meticulously memorise what they are about to say in a speech. Thus, 
safety-behaviours may be either overt behaviours, or internal mental processes. Individuals 
with SAD use safety-behaviours as a strategy to alleviate anxiety, but safety-behaviours may 
actually be unhelpful. Individuals believe that safety-behaviours are necessary components in 
dealing with particular social situations, e.g., rehearsing and memorising sentences in detail 
before speaking. However, this may have a contradictory effect and induce more anxiety 
when the individual focuses their attention on internal aspects. Further, individuals using 
safety-behaviours may be perceived more negatively by others (McManus, Sacadura, & 
Clark, 2008). Ultimately, the use of safety-behaviours may be a self-fulfilling prophecy for 
individuals with SAD and such behaviours are therefore considered key players in 
maintaining the disorder (Clark & Wells, 1995). 
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2.1.2. BIASED INFORMATION-PROCESSING 

Cognitive theories suggest that an individual’s tendency to preferentially process negatively 
valenced information may have a crucial role in the onset and maintenance of an anxiety 
disorder (Beck & Clark, 1997; Beck & Haigh, 2014; Clark & Wells, 1995; Hirsch & Clark, 
2004; Rapee & Heimberg, 1997).  

Preferential attention towards threat-relevant information in relation to non-
threatening stimuli is considered a negative bias. Typically, this is referred to as the hyper-
vigilance hypothesis (Bögels & Mansell, 2004), where the individual’s attention is hyper-
vigilant to detect threatening information in the environment. Moreover, individuals with 
SAD will not only scan the environment for any signs of impending negative evaluation and 
detect such signs rapidly, but may also show a difficulty in disengaging their attention away 
from the threat (Rapee & Heimberg, 1997), i.e., the disengagement hypothesis. 

Attentional biases in SAD have typically been examined using experimental 
paradigms, and there are a few different approaches, e.g., the emotional stroop task and eye 
tracking studies (for a review, see Bögels & Mansell, 2004; Heinrichs & Hofmann, 2001). See 
also Hirsch & Clark’s (2004) review on information-processing bias in SAD. The modified 
dot-probe task (MacLeod, Mathews, & Tata, 1986) is a common paradigm that has gained 
renewed attention in recent years. The task appears in different modalities, both using words 
and images. In this computerised task, two stimuli appear simultaneously on a screen for 
about 500 ms (e.g., left/right, or top/bottom). One stimulus is threatening (e.g., an angry or 
fearful facial expression), and the other stimulus is non-threatening (e.g., a happy or neutral 
facial expression). Immediately following these stimuli, a probe appears on the screen (e.g., 
often a letter or a geometric shape). The probe appears in a location on the screen replacing 
the negative or the neutral stimuli. The individual is instructed to identify the probe as quickly 
as possible. If an individual's attention is drawn to threatening stimulus, response times will 
be shorter for probes that replace threatening stimuli, as compared to probes that replace 
neutral/happy stimulus. Although not disorder-specific (Pergamin-Hight, Naim, Bakermans-
Kranenburg, van, & Bar-Haim, 2015), the task has demonstrated an attentional bias in 
individuals with SAD (Amir, Elias, Klumpp, & Przeworski, 2003). Musa and colleagues 
found that the attention of individuals with SAD was biased towards social threat-related 
words as compared to healthy controls (Musa, Lepine, Clark, Mansell, & Ehlers, 2003), 
whereas individuals with SAD with a comorbid depressive disorder were not.  

Interestingly, when an attentional bias is altered it may attenuate anxiety, 
suggesting that attentional bias may be one mechanism characterising the psychopathology of 
SAD. Interventions targeting attention biases are known as attention bias modifications 
(ABM). ABM have become increasingly popular in recent years (MacLeod & Mathews, 
2012), see section 3.3 on cognitive-behavioural interventions for a presentation of ABM. 
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2.1.3. SELF-FOCUSED ATTENTION 

In the early 1970s Fenigstein and colleagues proposed that there was a relationship between 
social anxiety and public self-consciousness, i.e., when a person becomes aware of another’s 
perspective (Fenigstein, Scheier, & Buss, 1975). This finding was subsequently replicated in a 
number of studies in different countries (for instance, see Vleeming & Engelse, 1981). Self-
referential information was later found to be a powerful encoding process in the memory, for 
instance, incidental recall indicated that adjectives rated under a self-reference task were 
recalled the best (Rogers, Kuiper, & Kirker, 1977). Smith and colleagues (1983) added that 
the recall effect was driven by words concerning public self-consciousness while anxious 
individuals are subject to evaluation from others, meaning that socially anxious individuals 
more easily recall information about what others think of them, in contrast to their concerns 
about themselves, lending support to the notion that social anxiety is related to public, but not 
private self-consciousness (Fenigstein et al., 1975; Vleeming & Engelse, 1981). Moreover, an 
experimental investigation showed that self-focused attention was associated with individuals 
experiencing high, as compared to low social anxiety (Daly, Vangelisti, & Lawrence, 1989). 
Clark & Wells (1995) proposed a new model of SAD where the information processing of 
self as a social object is a central idea. Wells & Papageorgiou (1999) asked individuals with 
SAD and healthy controls to imagine recent situations, both social and non-social situations, 
and to evaluate if they were imagining these situations as if they were looking out from their 
own eyes (field perspective), or if they were looking at themselves from an external point of 
view (observers perspective). They found that SAD individuals, relative to controls, more 
often took an observer’s perspective in social situations, but that the group’s perspectives did 
not differ in how they remembered non-social situations. However, such a design can only 
provide tentative evidence because they outline an indirect measure of attentional processes 
involving memory. In contrast, there are experiments measuring attention to internal and 
external cues simultaneously. Mansell and colleagues randomised high and low socially 
anxious individuals to perform, or not perform, a public speaking task (Mansell, Clark, & 
Ehlers, 2003). Before the performance the individuals viewed pictures of faces on a computer 
and were instructed to seemingly detect a vibration in their fingertip (which they were led to 
believe reflected changes in their heart rate and sweating), or a letter on the screen. The 
authors found that the attentional resources in socially anxious individuals expecting to give a 
speech were directed towards internal information (Mansell et al., 2003). Furthermore, while 
interacting with others, it has been reported that individuals with fear of blushing show 
considerably more anxiety when instructed to be self-focused attentive, relative to being task-
focused (Zou, Hudson, & Rapee, 2007). Gaydukevych & Kocovski (2012) also manipulated 
self-focused attention by providing individuals with instructions to either pay attention to their 
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feelings, thoughts, actions, and body sensations during a conversation, or to attend to the 
speaking partner’s words and facial expressions. In line with previous evidence, the authors 
found that socially anxious individuals exposed to high self-focused attention showed more 
negative post-event processing (Gaydukevych & Kocovski, 2012). In summary, there is 
considerable evidence that self-focused attention is a key element in social situations when 
individuals with SAD experience anxiety, indicating that self-focused attention may maintain 
the disorder. 

 

2.1.4. ESTIMATION OF SOCIAL COSTS 

Foa and colleagues (1996) found that individuals with SAD exhibited a judgmental bias for 
probability and cost of negative social events. Briefly, the authors asked individuals with 
generalised SAD, and matched healthy controls, to rate different social, and non-social 
situations with a negative consequence, e.g., “You will lose your purse or wallet” or “At a 
party, others will notice that you are nervous”. SAD individuals, relative to controls, 
estimated social events as more probable and more costly, than non-social events. In addition, 
SAD individuals, as compared to individuals with other anxiety disorders, estimated the 
probability and cost of negative social events to be much higher (McManus, Clark, & 
Hackmann, 2000). Further, Hofmann suggested that changes in estimated social cost mediated 
treatment changes in cognitive behaviour therapy (CBT) for SAD (Hofmann, 2004). 

 

2.2. THE BRAIN 

2.2.1. THE FEAR CIRCUITRY 

A relationship between the brain and emotional responses has been noted in lesion studies of 
both animals and humans. The psychologist Heinrich Klüver and the neurosurgeon Paul Bucy 
were the first to discover that rhesus monkeys with lesions in the temporal lobe suffered from 
negative emotional symptoms (Klüver & Bucy, 1937), and subsequently when the surgical 
operation was restricted to the amygdala, it resulted in a weakening or disappearance of the 
fear response (Weiskrantz, 1956). Kalynchuk and colleagues (1997) demonstrated that rats 
repeatedly exposed to electric stimulation of the amygdala, as compared to rats having sham 
stimulations, showed increased number of anxiety-related behaviour, and interestingly that 
there was a dose-response relationship between amount of amygdala-stimulation and anxious 
behaviours. Strong evidence that the amygdala is involved in fear responses comes from 
animal research on conditioning (Quirk, Repa, & LeDoux, 1995; Tovote, Fadok, & Luthi, 
2015). In addition to emotions per se, the amygdala may be important for vigilance in 
emotional responding (Davis & Whalen, 2001). More recently, there is also evidence from 
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optogenetic animal research where it is possible to experimentally manipulate certain types of 
neurons, showing that the amygdala is involved in anxious states (Adhikari et al., 2015). 
Having this in mind, the amygdala is not a unitary structure. Instead, the cytoarchitecture of 
the amygdala shows that it consists of several nuclei (Amunts et al., 2005). Commonly, the 
basal, the lateral and the central nucleus are emphasised as having important and distinct 
functions (Mahan & Ressler, 2012). The main input to the amygdala, e.g., from prefrontal 
cortex pathways, is the lateral and the intercalated cell masses, considered to be the main site 
of fear acquisition (Hartley & Phelps, 2009). In contrast, the central nucleus is the main 
output, showing dense connections with the brainstem, suggesting that the central nucleus 
mediates the expression of fear (Calhoon & Tye, 2015; Janak & Tye, 2015; Kalin, Shelton, & 
Davidson, 2004). Thus, the amygdala is considered to be a main hub in the fear circuitry 
(LeDoux, 2003). 

Shin and Liberzon (2009) reviewed studies on common anxiety disorders 
characterised by elevated fear responses and found that the amygdala demonstrates elevated 
activity in patients relative to controls. Also, the authors highlighted the anterior cingulate 
cortex (ACC), the hippocampus and the insula as part of the fear circuitry. According to Etkin 
et al., there is a distinction between dorsal anterior cingulate cortex (dACC) and the ventral 
anterior cingulate cortex (vACC), where the latter is tied to functions of regulation, as 
opposed to evaluation/expression in the dACC (Etkin, Egner, & Kalisch, 2011; Milad et al., 
2007). The insula is tied to one’s awareness of internal body states such as heartbeats 
(Critchley, Wiens, Rotshtein, Öhman, & Dolan, 2004). These conclusions are also partly 
consistent with a land-mark meta-analysis by Etkin and Wager (2007) suggesting heightened 
amygdala and insula responsivity in patients with SAD, PTSD, and specific phobia.  

 

2.2.2. EMOTION REGULATION 

There is considerable evidence that psychiatric patients are characterised by heightened fear-
responses. Further, there is accumulating evidence suggesting that there is an important 
connection between the amygdala and prefrontal cortical activations facilitating emotion 
regulation, such as extinction learning (Hartley & Phelps, 2009). It is also important to keep 
in mind that emotion regulation is a broad term, including automatic processes such as 
extinction and reconsolidation, as well as higher-order cognitive regulation like reappraisal.  

Commonly, regions encompassing the medial prefrontal cortex (mPFC) have been 
shown to be involved in regulating and dampening amygdala reactivity in animals, e.g., fear 
extinction. For instance, by experimentally manipulating certain brain cells, the pathway 
between the ventromedial prefrontal cortex (vmPFC) and basomedial amygdala constitutes a 
top-down regulation function showing that the vmPFC suppresses fear-related freezing and 
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anxious states in mice (Adhikari et al., 2015). Interestingly, a similar emotion regulatory 
ventromedial prefrontal cortex mechanism has been shown in humans (Phelps, Delgado, 
Nearing, & LeDoux, 2004). Also, lateral prefrontal cortex activations indirectly regulate the 
amygdala (Delgado, Nearing, LeDoux, & Phelps, 2008; Wager, Davidson, Hughes, Lindquist, 
& Ochsner, 2008), see also review by Ochsner and colleagues (2012). 

In addition to increased neural activation of the vmPFC, there is evidence 
suggesting that the grey matter thickness of the vmPFC is associated with improved 
extinction learning (Hartley, Fischl, & Phelps, 2011), furthering the support that both 
functional and structural components of the human brain are involved in emotional processes. 

 

 

Figure 1. The lateral nucleus (LA) of the 
amygdala receives afferent sensory input and is 
the site of conditioned stimulus-unconditioned 
stimulus (CS–US) plasticity during fear 
conditioning. The LA projects to the central 
nucleus (CE), which has outputs to regions that 
control the expression of the conditional 
response (CR). For a comprehensive review, 
see Hartley & Phelps (2009). 

Reprinted by permission from Macmillan Publishers Ltd: 
Neuropsychopharmacology (Hartley & Phelps, 2009), © 2009 

 

 

2.2.3. THE SOCIALLY ANXIOUS BRAIN 

There is a large body of research on the neurobiology and use of neuroimaging techniques in 
SAD relative to healthy controls, but only a few studies comparing SAD to other anxiety 
disorders. In the last decade there are at least six reviews including neuroimaging studies on 
social anxiety (Brühl, Delsignore, Komossa, & Weidt, 2014a; Etkin & Wager, 2007; Freitas-
Ferrari et al., 2010; Hattingh et al., 2012; Miskovic & Schmidt, 2012; Schulz, Mothes-Lasch, 
& Straube, 2013). 

In the recent meta-analytic review by Brühl et al., (2014a) there is a comprehensive 
model of SAD based on the neuroimaging literature. Briefly, the SAD model highlights that 
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the bilateral amygdala, the ACC, and the right insula show elevated activity in individuals 
with SAD relative to healthy controls. Similarly, neural responses in the mPFC, and the left 
dorsolateral prefrontal cortex (dlPFC), were also elevated in SAD individuals. The following 
review does not attempt to redraw this model of anatomically relevant brain regions 
characterising SAD, instead focus will be on the different experimental approaches that have 
been used to investigate the psychopathology of SAD.  

A distinction can be made between functional magnetic resonance imaging (fMRI) 
experiments on reactions and extended actions. This distinction is crucial because of their 
objectives, and the differences in parameters of the task. Reaction experiments are 
characterised by exposing the participants to quickly occurring objects while recording instant 
neural responses. These reaction experiments commonly instruct the participant to view 
and/or instantly match different objects presented on the screen, e.g., the participant may be 
instructed to combine two matching facial expressions. This distinction is similar to that 
appearing in Schulz et al., (2013). The authors reviewed the SAD neuroimaging literature and 
suggested that reaction experiments share a common feature where the processing occurs 
automatically, and thus referred to them as automatic threat-processing tasks. The stimulus 
onset asynchrony (SOA) in reaction experiments is commonly a few seconds.  

In contrast, there are experiments where the objective is to measure complex 
extended actions. Individuals may view stimuli presented on the screen, and are instructed to 
make certain inferences based on their perception. For instance, in an emotion regulation task, 
a participant may be instructed to view negatively valenced information, and while recording 
their neural activity, the participant’s task is to reappraise the content in a more neutral or 
positive fashion. The SOAs in such experiments may be far more extended than those 
commonly used in reaction tasks. Note that this distinction is not related to the stimulus per 
se. An experimental task of emotional faces may be considered as reactive or as an extended 
action depending on the instruction presented to the participant. For instance, matching faces 
is considered reactive, while the process of reappraising faces is considered an extended 
action. The differentiation of these types of experiments is important because their respective 
objective is dissimilar, and importantly, the properties of the experiment and the design are 
likely to influence the outcome, e.g., the blood-oxygen level-dependent (BOLD) signal in 
fMRI. The interpretation of the neural signal and its anatomical location is important but the 
context in which the signal was provoked is crucial. Consequently, there is a risk of 
confounding when different studies (e.g., assessing instant reactivity and extended actions) 
are matched and compared in the same model.  
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2.2.3.1. REACTION TASKS  

Viewing faces is the most common experimental task used in the neuroimaging literature on 
SAD. Typically, the participants are instructed to match two out of three faces that share a 
common feature, e.g., emotional valence. Such tasks are a reliable predictor of amygdala, and 
insula reactivity in healthy individuals (Fusar-Poli et al., 2009), and have repeatedly been 
shown to evoke elevated amygdala responses in SAD individuals, relative to matched healthy 
controls (Evans et al., 2008; Stein, Goldin, Sareen, Zorrilla, & Brown, 2002; Yoon, 
Fitzgerald, Angstadt, McCarron, & Phan, 2007). See also review by Schulz et al. (2013).  

SAD individuals are more likely to interpret neutral facial expressions as being 
more negative, compared to healthy controls, and in line with this, amygdala response to faces 
with neutral expressions are elevated (Birbaumer et al., 1998). Heightened neural reactivity in 
SAD is also reported in the insula (Klumpp, Post, Angstadt, Fitzgerald, & Phan, 2013b), and 
the ACC (Amir et al., 2005; Klumpp, Angstadt, & Phan, 2012). There are also a few studies 
demonstrating that the connectivity between brain regions differentiates SAD individuals 
from healthy controls, e.g., more positive connectivity between the dACC and the amygdala 
(Robinson et al., 2014); the amygdala and the fusiform gyrus (Frick, Howner, Fischer, 
Kristiansson, & Furmark, 2013b); and the left hippocampus–temporal pole (Pantazatos, 
Talati, Schneier, & Hirsch, 2014). This suggests that the amygdala and the fear circuitry may 
be major players in processing emotional facial expressions, but still, the amygdala works 
collaboratively, and these studies suggest that amygdala couplings may also differentiate 
individuals with SAD from healthy controls. Interestingly, hyper-responsiveness to emotional 
faces differentiates SAD from other anxiety disorders (Blair et al., 2008b), and it has 
repeatedly been shown that social anxiety symptom severity predicts amygdala responsivity 
(Evans et al., 2008; Goldin, Manber, Hakimi, Canli, & Gross, 2009a; Phan, Fitzgerald, 
Nathan, & Tancer, 2006). Furthermore, Goldin et al. (2009a) found that the differences 
between SAD and controls were specific to social threats (i.e., emotional faces) and that the 
SAD hyper-responsiveness was located in in the parahippocampal gyrus. Interestingly, they 
did not find any evidence of between-group differences on instant reactivity to stimuli of non-
social violent scenarios, suggesting that heightened reactivity in the fear-circuitry frequently 
reported in SAD may be specific to social threats.  

It is worthwhile to note that findings of elevated amygdala responsivity in SAD 
may vary when a certain aspect of the experimental task is manipulated. For instance, by 
adding perceptual load or providing implicit and explicit instructions to the participant 
(Straube, Kolassa, Glauer, Mentzel, & Miltner, 2004; Wheaton, Fitzgerald, Phan, & Klumpp, 
2014). This suggests that viewing emotional faces is a complex task and that the disorder-
related amygdala reactivity may be a major player in many but not all aspects of attending to 
facial expressions. 
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Besides viewing faces, there are other reaction tasks as well. For instance, Blair and 
colleagues displayed sentences on unintentional social transgressions (e.g., choking on food at 
a party and coughing it up) and found that SAD individuals rated such transgressions as more 
embarrassing than controls. Also, while reading about unintentional social transgressions, the 
amygdala and the insula were more responsive in SAD individuals (Blair et al., 2010). 
Another fMRI experiment on social anxiety-related words reported a rather surprising finding, 
showing hyper-responsivity in the amygdala in SAD individuals, relative to controls, when 
the participants were instructed to determine if the word represented a noun or not. 
Seemingly, the amygdala response was not heightened in SAD individuals when the 
participants had to decide if the word was related to a social context or not (Schmidt, Mohr, 
Miltner, & Straube, 2010).  

In addition to elevated responses in the fear circuitry, there are reaction task studies 
reporting findings in the prefrontal cortex. Goldin et al., found that the medial orbitofrontal 
cortex (mOFC) and the subgenual ACC were hyper-responsive in SAD while viewing 
emotional faces (Goldin et al., 2009a). Moreover, a previously mentioned study on 
unintentional social transgressions found that SAD individuals showed elevated responsivity 
in the vmPFC and the dorsomedial prefrontal cortex (dmPFC) (Blair et al., 2010). In 
extension to this, Blair et al. (2008b) reported an experiment when SAD individuals (vs 
controls) passively viewed sentences of criticism, and showed that the neural response to self-
referred criticism (relative to criticism of others) was hyper-responsive in the mPFC and the 
mid cingulate cortex in SAD. This finding however, was not replicated in a non-clinical 
sample (Abraham et al., 2013). Thus, it is possible that amplified neural responses to self-
referential criticism could differentiate between clinical and subclinical social anxiety. 

Taken together, these studies provide support for the notion that neural hyper-
responsiveness to emotional faces is a disorder-relevant task and a reliable predictor of neural 
responsivity in the amygdala, parahippocampus, dACC and the insula. There are also some 
studies using reaction tasks investigating neural response to socially relevant words, reporting 
elevated SAD activations within the fear circuitry. Furthermore, there are also experimental 
reaction tasks showing elevated activations in the medial prefrontal cortex in SAD, relative to 
controls. 

 

2.2.3.2. EXTENDED ACTION TASKS 

The time course of neural response has been evaluated by SAD individuals passively viewing 
video clips of actors attending social and non-social situations (Boehme, Mohr, Becker, 
Miltner, & Straube, 2014a), and the authors reported that the dACC, amygdala, and the insula, 
were more activated in SAD. However, it was only the dACC that showed elevated activity 
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both early and later on while viewing such scenarios. The left amygdala was more responsive 
early on, and the left insula was more active in SAD individuals during the late phase of 
viewing another person engaging in a social interaction. Fear of negative evaluation is not 
only present in a social situation per se, but for many individuals such anxiety occurs before 
attending a social situation, this is referred to as anticipatory social anxiety. SAD individuals 
have shown heightened neural activity in the amygdala (Tillfors et al., 2001b) and insula 
(Lorberbaum et al., 2004), but at the same time less activation of the dACC while anticipating 
a public speech (Lorberbaum et al., 2004). Moreover, greater amygdala activation in socially 
anxious adolescents, relative to healthy controls, has been shown when anticipating 
evaluation from a peer (Guyer et al., 2008). However, there is at least one study on 
anticipatory social anxiety that did not find heightened amygdala response (Nakao et al., 
2011). Further, during the anticipation of emotional stimuli of prior known negative and 
ambiguous emotional valence, elevated amygdala activation was found in SAD individuals 
relative to controls, and such neural response correlated with social anxiety symptoms (Brühl 
et al., 2011). SAD individuals have also showed increased insula activity while anticipating a 
speech task (Boehme et al., 2014b). The amygdala also showed heightened activation in this 
study, but only at the beginning of the speech anticipatory phase.  

During reappraisal of negative self-beliefs, Goldin and colleagues found that 
healthy controls, relative to SAD individuals, were faster to recruit the dACC (Goldin, 
Manber-Ball, Werner, Heimberg, & Gross, 2009b), also emphasising that time is an important 
consideration in fMRI experiments using extended action tasks. A previously mentioned 
study by Goldin et al., (2009a) evaluated instant reactions as well as extended actions in a 
single study, i.e., the authors instructed participants to both passively view neutral and violent 
scenarios, and negative faces, and also to actively reappraise the content. The authors found 
that, while reappraising negative stimulus, the dmPFC activity was stronger in healthy 
controls, relative to SAD individuals. Furthermore, evaluating neural response over time, they 
also found that individuals with SAD generally showed slower recruitment of reappraisal-
dependent prefrontal cortex activity, i.e., healthy controls were faster to recruit left dlPFC and 
mPFC regions (Goldin et al., 2009b). Moreover, when healthy individuals reappraise negative 
information, neural activity in the dmPFC differs from that of SAD individuals. Also, dmPFC 
activity in healthy controls has been shown to be stronger later on during reappraisal of 
emotional information (Ziv, Goldin, Jazaieri, Hahn, & Gross, 2013). A recent non-clinical 
study reported that inwardly focused attention yielded stronger mPFC activation in 
individuals with high social anxiety, relative to a group with low social anxiety (Boehme, 
Miltner, & Straube, 2015). Interestingly, it was also shown that the mPFC activation was 
positively correlated with traits of self-focused attention, lending support for the notion that 
elevated mPFC response is a proxy for heightened self-focused attention in SAD.  
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There are differences in experimental tasks on instant reactions and extended 
actions. Studies employing reaction tasks commonly reported elevated fear circuitry 
responsivity in SAD individuals, as opposed to extended actions where a slightly different 
pattern emerges. Extended action tasks also show disorder-related activations in the fear 
circuitry, but add that time is an important consideration, e.g., early and late phase activations 
may differ. Also, extended action tasks using temporal dynamics to assess neural response 
alterations across time, suggest reappraisal-related deficits in SAD individuals, relative to 
healthy controls. Thus, evaluating neural response in SAD individuals should, to a greater 
extent, assess time as a relevant factor e.g., early and late phase activity. 

In addition to reaction and extended action tasks there are also some SAD 
neuroimaging studies on resting-state functional connectivity. For instance, Hahn et al. (2011) 
showed that the functional coupling of the amygdala and the mOFC was reduced in SAD 
individuals, indicating that SAD is characterised by disrupted emotion regulation not only 
while performing emotionally relevant tasks, but also at rest. Further, resting-state 
connectivity with the amygdala and occipital regions was increased in SAD relative to 
controls (Liao et al., 2010). Interestingly, Zhang and colleagues employed a machine learning 
approach showing that widespread activations across the brain, including the mPFC, were 
able to accurately differentiate SAD individuals from controls (Zhang et al., 2015), furthering 
the support for the notion that the neural deficits associated with SAD cannot only be 
explained by a single network like the fear-circuitry. 

 

2.2.3.3. STRUCTURAL ASSESSMENTS 

As outlined in the meta-analytic review by Brühl and colleagues (2014a) there are a few 
studies on structural differences (grey and white matter morphology) in SAD, and there is 
heterogeneity of methods in the literature. To assess structural abnormalities in SAD, voxel-
based morphometry (VBM) (Ashburner & Friston, 2000) is the most common approach. 
However, it is premature to outline any robust structural alterations characterising SAD. 

In SAD individuals, larger grey matter volumes have been found in the amygdala 
and hippocampus/parahippocampus (Machado-De-Sousa et al., 2014; Talati, Pantazatos, 
Schneier, Weissman, & Hirsch, 2013) as compared to healthy controls. However, there are 
also studies demonstrating an opposite relationship, showing reduced grey matter volume in 
the amygdala and the hippocampus (Irle et al., 2010; Liao et al., 2011). Also, cortical 
thickness of the insula has been shown to be greater in SAD, as compared to healthy 
individuals (Brühl et al., 2014b).  

In addition to the fear circuitry morphology, Frick et al. (2013a) showed that the 
thickness of the rostral anterior cingulate cortex (rACC) correlated with social anxiety 
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symptom severity, with thinner cortex corresponding to more severe symptoms. Also, the 
dlPFC cortical thickness has been shown to be greater in SAD individuals, relative to controls 
(Brühl et al., 2014b), and larger grey matter volume has also been found in the mPFC in SAD 
(Liao et al., 2011). Furthermore, there is also a large study lending support to the notion that 
emotion regulation in individuals with depression, panic disorder or SAD is dysfunctional, as 
revealed by similar reductions in grey matter volume of the rostral ACC (van Tol et al., 
2010). 

3. COGNITIVE-BEHAVIOURAL INTERVENTIONS 

Cognitive-behavioural interventions are based on distinctive theoretical frameworks, such as 
respondent and operant conditioning (Skinner, 1938; Watson & Rayner, 2000), or 
information-processing cognitive theories (Beck & Clark, 1997; Beck & Haigh, 2014). CBT 
is a therapeutic approach consisting of numerous models using a broad set of techniques 
targeting different psychiatric (Cuijpers, Cristea, Karyotaki, Reijnders, & Huibers, 2016) and 
somatic (Ljótsson et al., 2013) disorders. Within the scope of cognitive interventions there are 
computerised tasks such as ABM. The objective with ABM is to change cognitive biases, 
which also underlies some models of CBT. 

There are several CBT models available for SAD, e.g., Rapee & Heimbergs model 
(Heimberg, Brozovich, & Rapee, 2010; Rapee & Heimberg, 1997), Clark & Wells’ model 
(Clark & Wells, 1995) and Hofmann´s model (Hofmann, 2007) to mention a few. Further, 
such treatments can be delivered in multiple formats, e.g., individually face-to-face or via the 
internet. Each model highlights a set of common characteristics of SAD and emphasises 
interventions to target such deficits, e.g., elevated self-focused attention (Clark & Wells, 
1995; Rapee & Heimberg, 1997) or aberrant estimation of social costs to failures in social 
situations (Hofmann, 2007). These treatments consist of interventions derived from both 
cognitive and behavioural therapy, e.g., cognitive restructuring, attention training, behavioural 
experiments and exposure therapy. 

 

3.1. IMMEDIATE AND LONG-TERM TREATMENT OUTCOME 

A recent network meta-analysis including more than a hundred trials (>13.000 individuals) on 
both pharmacological and psychological treatments for SAD concluded that CBT and 
pharmacological treatment with selective serotonin reuptake inhibitors (SSRIs) and serotonin 
and norepinephrine reuptake inhibitors (SNRIs) were most effective to alleviate social anxiety 
symptoms (Mayo-Wilson et al., 2014). There are some direct comparisons between CBT and 
SSRIs, for instance, Clark et al. (2003) found that sixteen weeks of individual cognitive 
therapy (Clark & Wells model) was superior to fluoxetine and self-exposure treatment both at 
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post-treatment and at one-year follow-up (Clark et al., 2003). However, twelve weeks of 
group-delivered CBT (Heimberg’s model), and the antidepressant phenelzine showed 
comparable effects, both treatments being superior to both pill-placebo as well as supportive 
group therapy (Heimberg et al., 1998). Even though CBT and SSRIs/SNRIs are considered 
effective, a significant proportion of the treated patients do not reach full remission. For 
instance, Heimberg et al., (1998) found that 35-42% of the SAD individuals treated with 
phenelzine or group-delivered CBT respectively were considered treatment non-responders 
immediately after treatment termination.  

In addition to mono treatments, there are a few trials investigating the combination 
of psychotropic medications and CBT (Blomhoff et al., 2001; Davidson et al., 2004), there is 
for example recent evidence that SSRIs and internet-delivered CBT for SAD is more effective 
than pill-placebo and internet-delivered CBT (Gingnell et al., 2016). 

 

3.2. COGNITIVE BEHAVIOUR THERAPY VIA THE INTERNET 

Internet-delivered treatments have gained much attention in recent years (Andersson, 2016). 
The concept of internet-delivered CBT can most easily be described as guided self-help. The 
patient receives text-based information, often on a weekly basis, and the texts contain 
information and homework assignments derived from existing CBT models. The patient 
works on his/her assignments and reports them in written form so that a clinician can respond 
back to provide guidance, support and encouragement. The clinician responds via text once a 
week, thus, the clinician and patient do not need to schedule any meetings. This procedure is 
repeated over the course of treatment. The patient is introduced to new text and new 
assignments each week and there is a progression until the treatment is terminated 
(Andersson, 2014). 

In comparison to conventional CBT, some advantages with internet-delivered CBT 
can be noted (Andersson, 2009; Andersson & Cuijpers, 2008; Andersson & Titov, 2014). 
Firstly, CBT delivered via the internet is efficient considering the limited time that the 
clinician is involved in the treatment, approximately 15 minutes per patient and week. 
Secondly, the intervention is standardised, meaning that all treated individuals are presented 
with the same information and interventions throughout the treatment, e.g., negative issues 
related to therapists’ low adherence to treatment protocols are limited (Andersson & Cuijpers, 
2008; Andersson & Titov, 2014). Thirdly, the patient is able to access his/her treatment even 
after the treatment period has come to an end, which may facilitate learning in the long-term. 
In extension to this, there are novel approaches combining internet-delivered CBT with 
conventional face-to-face CBT (Månsson, Skagius Ruiz, Gervind, Dahlin, & Andersson, 
2013b).  
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Andersson and colleagues reported the first RCT on internet-delivered CBT for 
SAD (Andersson et al., 2006), and currently there are more than 15 randomised trials on 
internet-delivered CBT for SAD (Andersson, Carlbring, Furmark, & Group, 2012; Berger et 
al., 2011; Berger, Hohl, & Caspar, 2009; Carlbring et al., 2007; Furmark et al., 2009). There 
are even studies suggesting that the effect of internet-delivered CBT is comparable to that of 
face-to-face CBT (Andersson, Cuijpers, Carlbring, Riper, & Hedman, 2014; Hedman et al., 
2011a), and this treatment form has also shown to be efficient in a different culture where 
access to internet is generally poorer (Tulbure et al., 2015).  

In addition to the evidence of efficacy, there is also compelling evidence showing 
internet-delivered CBT to be effective in routine psychiatric care at short-term (El Alaoui et 
al., 2015a) and long-term (El Alaoui, Hedman, Ljótsson, & Lindefors, 2015b; Hedman et al., 
2011b) follow-up. However, using strict criteria for clinical response, only 30% reach 
remission at long-term follow-up (El Alaoui et al., 2015a), suggesting that there is room for 
improvement, especially considering the importance of treatment-induced changes in the long 
term.  

Individuals with SAD are subject to great suffering, both psychologically and 
somatically. SAD is also associated with high societal costs (Fehm et al., 2005). Although 
current treatments are largely effective, many individuals do not respond to the 
pharmacological and psychological interventions, thus, it is imperative to develop more 
effective treatments for SAD. One way forward is to fine-tune current interventions to 
increase response rates; another is to determine predictors of treatment outcome. The idea is 
that there will not be one treatment that works for all and an alternative approach would be to 
evaluate for whom the treatment works. Being able to predict clinical response would save 
resources, and importantly, reduce suffering because of treatment failures. However, in the 
psychiatric literature there are no reliable or robust demographic or clinical predictors of 
treatment outcome in SAD (Eskildsen, Hougaard, & Rosenberg, 2010). There are reports 
suggesting that expectancies of treatment effectiveness, adherence to treatment (El Alaoui et 
al., 2015c), and depressive symptoms (Hedman et al., 2012) in combination with social 
avoidance (Tillfors, Furmark, Carlbring, & Andersson, 2015) could predict the clinical course 
and outcome of internet-delivered CBT for SAD. Most studies predict the therapeutic 
response at the group-level, whereas the main concern in the clinic is whether a certain 
individual is likely to respond or not. Thus, predictors of treatment response at the individual 
level would be a useful tool in clinical psychiatry and should be a topic for future research. 
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3.3. ATTENTION BIAS MODIFICATION 

ABM is a development of an experiment that was designed to assess attentional biases, 
namely the dot-probe task. The objective of ABM is to teach individuals to redirect their 
attention away from threats, such as facial expressions of fear or disgust. There are two major 
differences between the initial dot-probe task and ABM. Firstly, in ABM, the probe (e.g., 
letter E or F) always replaces the non-threatening stimuli (in contrast to the threat stimulus). 
Secondly, participants are told that they are being trained to redirect their attention away from 
threatening stimuli and that this will alleviate anxiety. ABM trains the individual to allocate 
attentional resources towards non-threats so that he/she can respond in accordance with the 
goal of the task: to respond to the probe as fast as possible. Briefly, facial expressions are 
presented for 500 ms on a computer screen. A probe replaces a non-threatening neutral face 
and a response should be provided as fast as possible. The probe remains on the screen until a 
response is given, after which the next trial begins. By doing this repeatedly, the idea is that 
the individual learns to direct the attention towards non-threatening stimuli. 

Intriguingly, in one of the first ABM studies on SAD, Schmidt et al. (2009) found 
that 72% of the participants receiving ABM no longer met the diagnostic criteria for SAD, 
and these results were maintained at four-month follow-up. Two meta-analyses have 
demonstrated small to medium effect sizes of ABM for anxiety disorders (Hakamata et al., 
2010; Hallion & Ruscio, 2011). However, the promising findings found with ABM conducted 
in a laboratory setting have not been replicated when the same treatment has been delivered 
via the internet (Boettcher, Berger, & Renneberg, 2011; Carlbring et al., 2012; Neubauer et 
al., 2013). It is possible that ABM only works for individuals showing an attentional bias 
before treatment initiation and the context where ABM is delivered may also be important 
(MacLeod & Grafton, 2016; Price et al., 2016). Nonetheless, a recent critical meta-analysis 
found non-significant effect sizes (Hedges g = 0.11, 95% CI –0.13 to 0.35) after adjustment 
for publication bias and study outliers (Cristea, Kok, & Cuijpers, 2015) and stressed that 
ABM for patients with social anxiety only has limited clinical relevance. 

4. NEUROPLASTICITY AFTER TREATMENT 

Human neuroimaging studies have shown that the brain is remarkably adaptive, manifested as 
changes induced by learning (Lövdén, Wenger, Mårtensson, Lindenberger, & Bäckman, 
2013), behaviour (Kühn, Gleich, Lorenz, Lindenberger, & Gallinat, 2014; Maass et al., 2015), 
as well as emotions (Arnone et al., 2013). In line with such findings, it is likely that neural 
changes also occur when a negative emotional state diminishes, e.g., decreased anxious 
symptoms effectuate altered activity in the fear circuitry or circuitry of emotion regulation. 
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For instance, repeated exposure to phobic stimuli is a principal component in most, 
but not all, models of CBT for anxiety disorders. Hauner and colleagues assessed individuals 
with spider phobia and administered a structured approach of exposure to a spider for two 
hours. Before and after the exposure, fMRI-BOLD signal to spider images were recorded. 
Prior to repeated exposure, responses in the amygdala, the insula, and the ACC were evident, 
and interestingly, fear-related reactivity was dampened, and seemingly prefrontal emotion 
regulatory activity increased after exposure treatment (Hauner, Mineka, Voss, & Paller, 
2012). It is possible that this study is a valid example on how an effective psychological 
treatment for anxiety changes the neuronal milieu. Somewhat in line with this finding, and by 
use of positron emission tomography (PET), Furmark and colleagues were the first group to 
demonstrate neural response changes after anxiety-reducing treatments for SAD, indicating 
common signal reductions of the amygdala and hippocampus after treatment with an SSRI or 
CBT (Furmark et al., 2002).  

4.1. IMMEDIATE NEUROPLASTICITY AFTER TREATMENT 

4.1.1. FUNCTIONAL RESPONSE ALTERATIONS 

4.1.1.1. COGNITIVE BEHAVIOUR THERAPY 

Klumpp and colleagues showed emotional faces to SAD individuals before and after 
treatment and found decreased responsivity in the insula, the dmPFC and the mOFC after 
CBT (Klumpp, Fitzgerald, & Phan, 2013a). Combined Internet-delivered CBT and 
escitalopram treatment for SAD dampened amygdala responsivity to emotional faces 
(Gingnell et al., 2016), furthering the support for the notion that the amygdala may be a 
common anxiolytic pathway for various SAD treatments (Furmark et al., 2002). Also, a 
resting-state neuroimaging study showed that abnormal amygdala connectivity in SAD 
individuals, relative healthy controls, was normalised after CBT (Yuan et al., 2016). In 
particular, the authors found that that prior to treatment, SAD individuals’ amygdalae were 
more coupled with the dACC and the dmPFC, and that this elevated connectivity decreased 
after successful CBT (Yuan et al., 2016). 

CBT, as compared to a wait-list control, has also shown to effectuate increases in 
mPFC response to negative self-beliefs (Goldin et al., 2013), and the same study, using 
extended action experimental task on emotion regulation, revealed that the dmPFC, and the 
dlPFC increased after effective CBT, suggesting that neural correlates of emotion regulation 
may be modified with treatment. This study lends further support for the notion to evaluate 
time as an important factor in such studies. 
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4.1.1.2. ATTENTION BIAS MODIFICATION 

Taylor et al. (2014) assessed a non-clinical group with individuals experiencing social anxiety 
symptoms and reported decreased responses in the amygdala and insula, and increases in the 
dACC, dlPFC and vmPFC, after a single session of attention bias modification. In contrast, 
Britton et al. (2015) performed a randomised trial comparing active ABM to an ABM placebo 
condition for four weeks in individuals with sub-clinical SAD, showing that the active 
training group exhibited increased and the placebo group decreased activation of the 
amygdala following training. However, it is important to note that the two studies used 
different fMRI experimental tasks.  Taylor et al. (2014) used a common emotional face 
assessment task while Britton et al. (2015) were training the participants to redirect their 
attention away from threatening stimuli. 

 

4.1.2. STRUCTURAL ALTERATIONS 

There are neuroimaging studies evaluating the brain’s morphological change after anxiolytic 
treatment for SAD. There is currently one case report on CBT (Kawaguchi et al., 2014), and 
two non-randomised studies using a psychotropic drug (Cassimjee et al., 2010; Talati, 
Pantazatos, Hirsch, & Schneier, 2015). Interestingly, none of these studies have related 
structural changes to functional response alterations. Kawaguchi and colleagues reported a 
single subject case report on a woman with SAD who received effective CBT for twelve 
weeks. Structural MRI was performed before treatment initiation, and at three-month follow-
up. The results showed that there was an increased grey matter volume of the right 
hippocampus, and reduced grey matter volume of the right amygdala (Kawaguchi et al., 
2014). 

5. NEURAL PREDICTORS OF TREATMENT RESPONSE 

In addition to improving our understanding of the neural machinery behind anxiolytic 
treatments, the brain may also inform our understanding of psychological treatments in other 
ways, for instance by evaluating if the brain’s neural activity can reliably predict the clinical 
course of treatment. Shin and colleagues recently reviewed neuroimaging predictors of 
treatment response in anxiety disorder (Shin, Davis, Vanelzakker, Dahlgren, & Dubois, 2013) 
and suggested that there may be common neuronal pre-treatment activations across anxiety 
disorders that are associated with treatment outcome, e.g., pre-treatment responsivity in the 
amygdala and the dACC. Findings in the anxiety literature are somewhat consistent with 
treatment prediction studies of MDD as well (Fu et al., 2008; Fu, Steiner, & Costafreda, 
2013). Doehrmann et al., (2012) combined pre-treatment clinical measures with initial neural 
response parameters noting that they, when taken together, accounted for more than 40% of 
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the variance in treatment response to CBT for SAD. Although highly relevant, this is not 
directly useful in psychiatric clinics where reliable tools to predict outcome in single subjects 
are needed. Lueken et al. (2016) reviewed the literature on biomarkers predicting treatment 
response in anxiety disorders and concluded that analyses at the individual patient level, as 
well as cross-validation in independent samples are needed to set the next stage of biomarker 
research. For instance, the brains connectomics (Whitfield-Gabrieli et al., 2016) and machine-
learning techniques may be promising for single-subject classification (Fu et al., 2013; Gong 
et al., 2011; Orrù, Pettersson-Yeo, Marquand, Sartori, & Mechelli, 2012) thereby having the 
potential to guide clinical decision-making.   
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6. AIMS 

The overall aim of this thesis was to study neural responses and structural properties of the 
brain to inform our understanding of effective psychological treatment for SAD. Three 
questions were asked and they are represented in the empirical studies below. Firstly, does the 
brain’s fear circuitry (e.g., the amygdala), with regard to neural response and structural 
morphology, change immediately after CBT? Secondly, are the immediate changes in the 
brain still present at long-term follow-up? Thirdly, can neural responsivity in the fear circuitry 
predict long-term treatment outcome at the level of the individual? 

The following studies were performed to answer these questions. 

 

6.1. STUDY I 

Study I reports neural responses to an emotional face processing task, before and after 
internet-delivered CBT or ABM (Månsson et al., 2013a). 

 

6.2. STUDY II 

Study II used a multimodal approach to examine both neural response alterations to self-
referential criticism and grey matter volumetric changes, before and after internet-delivered 
CBT or ABM. Moreover, the individuals with SAD were compared to healthy controls to 
evaluate indices of psychopathology in SAD and putative normalisation effects of CBT 
(Månsson et al., 2016). 

 

6.3. STUDY III 

Study III evaluated long-term effects of internet-delivered CBT, both on structural and 
functional neuroplasticity one year after treatment (Månsson et al., 2017).  

 

6.4. STUDY IV 

Study IV employed a SVM classification approach on neural response to self-referential 
criticism to evaluate single-subject predictors of long-term response one year after CBT 
(Månsson et al., 2015a). 
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7. EMPIRICAL STUDIES 

7.1. GENERAL METHODS 

Table 1 displays an overview of the current studies and their respective method and design. 

 

7.1.1. OVERVIEW OF STUDIES AND METHODS 

Table 1. Schematic overview of experimental task, study design, methods and main analyses in Study I to IV 

Study MRI 
fMRI 
experiment 

Design 

Time and type of 
assessment 
(time to follow-
up) 

Treatment 
exposure and 
participants 
(n) 

Main 
analysis 

I BOLD Emotional 
faces 

Randomised MRI baseline and 
post-treatment  
(12 w) 

CBT (11)  
vs ABM (11) 

Time × 
Treatment 
Interaction 

II BOLD + 
Grey matter 

Self-
referential 
criticism 

Randomised; 
Case-control 

MRI at baseline 
and post-
treatment (12 w);  
Baseline 

CBT (11)  
vs ABM (12); 
Healthy 
controls (26) 

Time × 
Treatment 
Interaction; 
SAD vs 
Controls 

III BOLD + 
Grey matter 

Self- 
referential 
criticism 

Longitudinal 
cross-over 

MRI at baseline 
and long-term 
follow-up (one 
year) 

CBT + ABM 
(13) 

Time × Group 
(Responders 
vs Non-
responders) 
Interaction 

IV BOLD Self- 
referential 
criticism 

Longitudinal 
cross-over 

Predictor: fMRI at 
baseline; 
Outcome: 
Treatment 
responder status 
(one year) 

CBT + ABM 
(23) 

Responders 
vs Non-
responders 

 

7.1.2. CLINICAL PARTICIPANTS 

Participants were recruited via media advertisements and individuals reported interest on a 
webpage and answered self-report questionnaires regarding social anxiety, depression, and 
magnetic resonance safety (i.e., metal implants, pacemaker or large tattoos on upper body) via 
the internet. All the participants were Swedish native speakers. 
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Individuals had to be at least 18 years of age, have no neurological or major 
somatic disorder, no suicidal ideation, no other on-going psychological treatment and they 
were not included if psychotropic medication (e.g., selective serotonin reuptake inhibitors, 
SSRIs) had been recently initiated or changed, i.e., a stable dose for three months was 
required. Applicants fulfilling the initial screening criteria (n=44) were interviewed via 
telephone, and 26 subjects having SAD as primary diagnosis and no current MDD were 
included in the study. Clinical, demographic and study characteristics are presented in Table 2 
and Figure 2.  

 

7.1.2.1. TREATMENT RANDOMISATION PROCEDURE 

The clinical participants were randomised to either CBT or ABM by a blinded external 
researcher and information regarding the assigned first treatment was placed in a sealed 
envelope and passed over to the participant after the pre-treatment brain imaging session. All 
treatments were initiated within a period of two weeks.  

 

7.1.2.2. BRAIN IMAGING PROCEDURE AND TREATMENT CROSS-OVER 

The first MRI was completed before the treatments were initiated and repeated testing was 
performed after nine weeks, i.e., regardless of treatment both interventions had the same 
period from pre- to post-treatment assessment. A second treatment phase started after the 
second MRI session where those who first received CBT were exposed to ABM, and vice 
versa (cross-over), i.e., at one-year follow-up the participants had received both interventions. 

Moreover, the individuals were later asked to participate in a one-year follow-up 
MRI assessment. As shown in Table 2, only half of the clinical participants volunteered to the 
one-year follow-up MRI assessment, but 88% (23/26) answered all self-report questionnaires. 
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Figure 2. Flow diagram showing clinical individuals participating in the treatment and the assessments throughout 
the study 
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Table 2. Study and participant characteristics 

  SAD individuals Healthy 
controls 

Participants contributions, n (% missing)   

Assessment 1, baseline: MRI; SQ 26; 26 26; 26 

Assessment 2, post-treatment: MRI; SQ; CGI-I 23 (11%); 24 (8%); 24 (8%) – 

Assessment 3, one-year follow-up: MRI; SQ; CGI-I 13 (50%); 24 (8%); 23 (11%) – 

   

Sex, female, n (%) 22 (85%) 18 (69%) 

Age, mean (SD) 32.3 (9.6) 32.2 (10.4) 

Age, range of years 19 – 57 18 – 57 

Handedness, right, n (%) 26 (100%) 26 (100%) 

Education, n (%)   

 Completed university 9 (35%) 11 (42%) 

 Current university 10 (38%) 8 (31%) 

 Lower grade 5 (19%) 7 (27%) 

Treatment history, n (%)   

 Current psychotropic medication 8 (31%) 0 (0%) 

 Previous psychotropic medication 5 (19%) 7 (27%) 

 Never had prescription medication 13 (50%) 19 (73%) 

Clinical characteristics at baseline   

 SAD, age of onset, mean (SD) 15.9 (6.0) – 

 LSAS-SR, mean (SD) 76.3 (18.7) 20.5 (11.4) 

 SIAS, mean (SD) 48.7 (12.2) 12.6 (7.9) 

 SPS, mean (SD) 43.3 (13.1) 6.5 (5.8) 

 SPSQ, mean (SD) 32.6 (7.7) 5.1 (4.1) 

 MADRS-S, mean (SD) 15.7 (6.6) 6.3 (4.9) 

   

 

7.1.3. HEALTHY CONTROL PARTICIPANTS 

Twenty-six healthy control participants free from psychiatric disorders, as assessed by the 
Mini-International Neuropsychiatric Interview (MINI) (Sheehan et al., 1998), were recruited 
via media advertisement and posters at the university campus. In relation to the clinical 
participants, the healthy controls were matched on age, sex, and educational level. The 
healthy controls were only assessed with MRI at one time-point, and they received about 70 € 
and a cinema ticket as compensation. See also Table 2 for study and participant 
characteristics. 



 

30 

 

7.1.4. PSYCHOLOGICAL TREATMENTS 

7.1.4.1. COGNITIVE BEHAVIOUR THERAPY 

An evidence-based cognitive behavioural treatment program for SAD was used (Andersson et 
al., 2012; Andersson et al., 2006; Carlbring et al., 2007; Furmark et al., 2009), delivered over 
a period of nine weeks via the internet. The treatment program is also published in Swedish as 
a self-help book (Furmark, Holmström, Sparthan, Carlbring, & Andersson, 2006). 

The treatment is divided into nine separate modules. Each module contains text-
based information, homework assignments and worksheets to assist the participant’s work. 
The therapist provided a new treatment module every week, and to ensure adherence, the 
participants had to complete homework assignments and multiple-choice quizzes before 
moving on to the next treatment module. The participants had to get at least 95% of the 
answers correct on the quizzes. The feedback was designed to reinforce and augment the 
patient´s work throughout treatment. Feedback was administered weekly and the therapist 
provided all feedback via text in a web-platform. The therapists were clinical psychology 
students receiving supervision by an experienced and licensed clinical psychologist. 

 

7.1.4.2. ATTENTION BIAS MODIFICATION 

The ABM condition was a computer-assisted intervention aimed at improving a threat-
detecting cognitive bias (MacLeod & Mathews, 2012). The objectives and design of this 
intervention was previously outlined in section 3.3. The ABM was performed using the 
participant’s personal computer. During the intervention period, the participants did not have 
any contact with the researchers, except that they received reminders via e-mail and SMS if 
they did not complete the training as scheduled. The ABM was delivered twice a week for 
four weeks and the current program was the same as in previous studies from our research 
group (Boettcher, Hasselrot, Sund, Andersson, & Carlbring, 2014; Carlbring et al., 2012; 
Kuckertz et al., 2014). In the current thesis, ABM is considered to be an active control 
condition implemented in a randomised design evaluating neural effects of CBT for SAD. 

 

7.1.5. DIAGNOSTICS AND EVALUATION OF TREATMENT RESPONSE 

7.1.5.1. CLINICAL INTERVIEWS 

The structured clinical interview for DSM-IV (SCID) (First, Gibbon, Spitzer, & Williams, 
1997) was used to assess the presence of SAD and major depressive disorder (MDD) in all 
participants. 
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The clinician administered screening interview MINI version 6.0 (Sheehan et al., 
1998) was used to assess the healthy control participants to minimise the risk that they were 
suffering from any DSM-IV axis I disorder, nor antisocial personality disorder. The 
psychometric properties of MINI is overall acceptable, showing low inter-rater reliability for 
some diagnoses, but in general higher sensitivity and specificity in comparison to the 
structured clinical interview for DSM-III-R (Sheehan et al., 1997). However, Sheehan et al 
(1997) did not find that the rate of false positives was inflated in a normal control group, 
suggesting that it may be a valid and efficient tool for assessing psychiatric disorders in 
healthy individuals. 

Treatment response was assessed with the Clinically Global Impression-
Improvement (CGI-I) scale (Zaider, Heimberg, Fresco, Schneier, & Liebowitz, 2003). 
Independent assessors, blind to the experimental conditions in the study administered the 
CGI-I at post-treatment and at one-year follow-up. In accordance with prior studies scores of 
one or two (very much or much improved) defined treatment responders while participants 
scoring three to seven (ranging from minimally improved to very much worse) were classified 
as non-responders. There is evidence suggesting that clinician administered CGI ratings are 
related to self-reported measure of social anxiety symptoms in SAD patients (Zaider et al., 
2003), supporting that the CGI is a valid tool to assess clinical response to SAD treatments. 

  

7.1.5.2. SELF-REPORTED MEASURES 

The Liebowitz Social Anxiety Scale, self-report version (LSAS-SR) was used as the main 
treatment outcome for SAD symptoms (Liebowitz, 1987). The LSAS is considered gold 
standard and has consistently been reported to have good psychometric properties considering 
reliability and validity (Baker, Heinrichs, Kim, & Hofmann, 2002; Hedman et al., 2010; 
Heimberg et al., 1999). The Social Phobia Screening Questionnaire (SPSQ) (Furmark et al., 
1999), the Social Phobia Scale (SPS) and Social Interaction and Anxiety Scale (SIAS) 
(Mattick & Clarke, 1998) were used as secondary outcome measures. 

In addition to social anxiety, depressive symptoms were assessed both in clinical 
and healthy participants using the Montgomery Åsberg Depression Rating Scale, self-report 
version (MADRS-S) (Svanborg & Åsberg, 1994). All the above self-report measures have 
been shown to have good psychometric properties. 

 

7.1.5.3. BEHAVIOURAL TASK ON ANTICIPATORY SOCIAL ANXIETY 

In addition to self-report questionnaires the participants performed behavioural tests as a 
means to increase the ecological validity of the study. After the MRI assessments the 
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individuals performed a 2-minute public speaking task and subjective units of distress (SUDs) 
were recorded at four time-points (approximately 60, 40, 30 and 1 min before the speech) 
while the individual was lying in the MRI scanner. Anticipatory social anxiety was calculated 
as the mean of fear and distress, rated separately on a min-max scale from 0 to 100. The 
SUDs from the anticipatory social anxiety task were used to assess clinical response. 

 

7.1.6. MAGNETIC RESONANCE IMAGING 

7.1.6.1. BASIC PRINCIPLES OF MAGNETIC RESONANCE IMAGING 

Oxygen is vital and necessary to sustain life. The blood carries oxygen and distributes it 
across the whole body, including the brain. The molecule haemoglobin is able to carry oxygen 
in the blood and this molecule has different magnetic properties depending whether or not it is 
carrying oxygen. This basic principle constitutes a major component for fMRI (Huettel, Song, 
& McCarthy, 2009). 

By use of fMRI we can detect brain regions where the concentration of oxygenated 
blood increases, also referred to as the blood-oxygen level dependent (BOLD) response. 
When the brain’s activity increases in one region, the oxygen consumption of those neurons 
increases. Thus, images adopted from BOLD-fMRI shows an indirect measure of neural 
activations via oxygenated blood. This basic assumption has also been challenged, e.g. by 
adding that oxygenated blood may not only increase by neural activations per se, but also in 
regions that the brain anticipates it will use (Sirotin & Das, 2009). With these assumptions 
and limitations in mind, BOLD-fMRI allows us to localise brain activity with good spatial 
(millimetres) and acceptable temporal resolution (seconds). MRI may be considered one of 
the most important methods available to understand human brain function (Logothetis & 
Wandell, 2004), especially considering that MRI is commonly non-invasive. Also, as 
compared to computed tomography, MRI at a field strength of three tesla is harmless and non-
invasive, and thus convenient in longitudinal research studies where the individuals can be 
scanned multiple times without any known risks or complications. 

To be able to interpret functional activation images the participants perform tasks 
repeatedly over a period of time. For such purposes, the individuals are exposed to stimulus 
paradigms while they are being examined in the fMRI scanner. Logothetis (2008) put forward 
that it is not technique-related limitations or poor physics being the major limitation for fMRI, 
instead he raises the importance of the experimental protocol. 
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7.1.6.2. EXPERIMENTAL TASKS 

While the participants were undergoing BOLD-fMRI they viewed a screen via a tilted mirror 
attached to the head coil. The screen was connected to a computer running E-prime 
(Psychology Software Tools, PA, USA) and the participants had a response pad (Current 
Designs, PA, USA) in their left or right hand. 

First, the participants completed an emotional face-processing task including 
images of facial expressions and geometrical shapes. The grey scale images were collected 
from a standard set of pictures (Ekman & Friesen, 1976) and the facial expressions 
encompassed anger, fear, surprise, and neutral affect. Also, the faces were gender balanced, 
i.e., there was an equal number of female, and male faces displayed during the task. Each 
block began with a brief instruction to “Match Faces” or “Match Shapes”. Three stimuli 
appeared on the screen (faces or geometrical shapes), one on the upper part, two other on the 
lower part. The instruction was to indicate if it was the left or right stimuli on the lower part 
that matched the upper stimulus by pressing a button response pad. The task consisted of 18 
pseudo-randomised blocks with six trials in each block, in total 108 trials. (Hariri, Tessitore, 
Mattay, Fera, & Weinberger, 2002). Experimental fMRI tasks using facial expressions have 
been used extensively. For instance, Costafreda and colleagues conducted a meta-analysis of 
385 neuroimaging studies and found that tasks including emotional faces are a strong 
predictor of amygdala responsivity (Costafreda, Brammer, David, & Fu, 2008). 

Secondly, neural response to self-referential criticism was evaluated using a 
disorder-relevant paradigm developed by Dr Karina Blair and colleagues (Blair et al., 2008a) 
that was translated into Swedish (see also Figure 3). The sentences were split into three 
categories based on the referential target: self, other female, or other male. After reading a 
sentence, the participant had been instructed to press a button as a confirmation. The task 
included negative (e.g., “Nobody likes you”), or positive (e.g., “Everyone loves you”) 
sentences. The negative and positive sentences were matched on number of letters and words, 
and appeared in a randomised order. Each stimulus was presented for a maximum of 2500 ms 
and separated by a cross or circle presented for 500 ms. Further, due to the risk that the 
haemodynamic response would overlap between the trials, random jittering, i.e., fixation 
crosses (“+”) were randomly interspersed and displayed for 2500 ms.  
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Figure 3. In the BOLD-fMRI experimental task on self- and other referential criticism the 
participants were instructed to read sentences and press a button as a confirmation. The 
sentences contained criticism targeting the self or others. Fixation crosses were randomly 
interspersed between the sentences, and each sentence and fixation cross was separated by a 
cross or circle. 

 

7.1.6.3. IMAGING ACQUISITION 

Structural high-resolution T1-weighted images (field of view: 250 mm, voxel size: 0.5×0.5×1 
mm3) were collected using a 3T Discovery MR750 (General Electric) scanner. T1-images 
comprised 180 slices, each with a thickness of one mm. The scanner was equipped with a 32-
channel head coil to increase the signal to noise ratio. 

Each MRI session was initiated by acquiring the structural images. Hereafter, the 
fMRI-BOLD experimental tasks were introduced, and the BOLD contrast images (T2* 
weighted) were acquired using the following scanning parameters: echo time: 30 ms, 
repetition time: 2000 ms, flip-angle: 80°, field of view: 25×25 cm2, matrix size: 96×96. 
Thirty-seven slices with a thickness of 3.4 mm (2.6×2.6×3.4 voxel size) were acquired every 
2000 ms. Ten dummy scans were run before the image acquisitions started to avoid signals 
resulting from progressive saturation.  
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7.1.6.4. PRE-PROCESSING 

To prepare the imaging data for statistical analyses and remove uninteresting variability from 
the data all images were pre-processed. All pre-processing steps were done using the 
Statistical Parametric Mapping Software 8 (SPM8; Wellcome Department of Cognitive 
Neurology, London, UK) implemented in MATLAB (Mathworks, Inc, Natick, Massachusetts, 
USA).  

Firstly, functional scans were realigned to the mean image of each run to correct for 
head movements during image acquisition (realignment). Secondly, slice timing was 
performed to correct for acquisition-time differences (slice timing). Thirdly, the slice timing-
corrected images were then rigidly co-registered to a structural image (co-registration). 
Fourthly, structural scans were segmented into grey and white matter using a modified 
version of the unified segmentation algorithm (Ashburner & Friston, 2005). Parameters for 
warping the scans to the Montreal Neurological Institute (MNI152) template were calculated 
using the unified segmentation procedure, and functional scans were subsequently warped to 
MNI standard space by applying these parameters (normalisation). Finally, segmented grey 
matter images, and functional scans, were smoothed with a Gaussian filter (smoothing). 

There are some adaptations to this procedure in the thesis. Specifically, Study II 
and III are longitudinal studies on structural alterations. Thus, in Study II and III a 
longitudinal registration procedure using the VBM8 toolbox was added (http://dbm.neuro.uni-
jena.de/vbm.html), including intra-subject realignment, correction for signal inhomogeneity, 
segmentation, and the spatial normalisation parameters were estimated using the segmentation 
of the mean longitudinal image. Importantly, the images were modulated and corrected for 
individual brain size. 

 

7.1.7. STATISTICS 

7.1.7.1. DEMOGRAPHIC AND CLINICAL ANALYSIS 

Demographics and clinical data were evaluated using the STATA Statistical Software, v. 13.1 
(STATA Corporation, College Station, TX, USA) or the SPSS Statistics, v. 19.0 (IBM 
Corporation, Armonk, NY, USA). 

Mediation analyses were carried out to explore the most probable path for reduced 
social anxiety. The b-path refers to the relationship between the mediator and the outcome 
(i.e., social anxiety improvement). The interaction of a- and b-path represents the indirect 
effect, and the predictor-outcome association is referred to as the direct effect (c’-path). The 
interaction term was estimated using bootstrap resampling (n=5000) to jointly estimate the 
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direct and indirect effects and therefore minimising the dependence on normally distributed 
data (Shrout & Bolger, 2002). 

 

7.1.7.2. IMAGING ANALYSIS 

Functional brain imaging data were fitted to the General Linear Model (GLM) using SPM8. 
First-level, within-subject analyses included regressors of interest in the model, as well as the 
six movement parameters from the realignment pre-processing step as nuisance regressors. 
The model was convolved with the canonical haemodynamic response function defined in 
SPM8 and filtered using a 128s high-pass filter.  

Images from each individual (i.e., functional and structural images) were 
implemented in a second level analysis to assess within- and between-group comparisons, as 
well as brain-behaviour correlations like grey matter volume and social anxiety symptoms. 
Furthermore, brain regions were essentially defined by the Automated Anatomical Labeling 
(AAL) ROI library within the Wake Forest University (WFU) PickAtlas software (Maldjian, 
Laurienti, Kraft, & Burdette, 2003). 

 

7.1.7.3. MASS-UNIVARIATE ANALYSES 

In mass-univariate analyses, a large number of voxels (e.g., thousands of brain voxels) are 
tested in one statistical computation. Thus, the risk of type I errors is evident. There are some 
approaches correcting for the multiple testing. Family-Wise Error (FWE) correction was used 
in this thesis. Conceptually, the FWE correction is similar to Bonferroni correction 
(Lieberman & Cunningham, 2009) and its objective is to eliminate the risk of false positives. 
The FWE correction may be considered too conservative and that the risk of failing to detect 
voxels with real activation is too high. Nonetheless, a recent meta-analysis suggests 
alarmingly high rates of false positives in common parametric methods (Eklund, Nichols, & 
Knutsson, 2016), and recommends the use of non-parametric permutation tests. Further, a 
central issue with the mass-univariate testing and FWE correction is that all the voxels are 
treated as independent variables. A weakness with this approach is that it ignores the fact that 
a set of voxels interact with each other, thus, voxels are not independent from each other. In 
contrast to mass-univariate analyses there are also multivariate approaches seeking to 
overcome such weaknesses, e.g., machine learning approaches on pattern recognition. 

In Study II and III, univariate multimodal analyses were performed within the GLM 
framework. Commonly, researchers demonstrate effects on the brain in a specific modality 
and domain, i.e., behaviour, BOLD response, grey matter volume, and white matter integrity. 
In the literature there are studies demonstrating effects on each of these modalities, 
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independent of each other. For instance, individuals with psychiatric disorders may show both 
structural and functional response differences to healthy individuals, and neuroplasticity after 
interventions may be demonstrated in one modality at a time. However, these domains 
operate in a collaborative manner, i.e., if grey matter is missing, there is no neural activation 
either. Taken together, moving from unimodal to multimodal imaging may help us to better 
understand the nature of psychiatric disorders, and its relationship to the brain’s response and 
structure (Calhoun & Sui, 2016). In the current thesis, the Biological Parametric Mapping 
(BPM) toolbox (Casanova et al., 2007) was used which allows several modalities to be 
combined in one model, i.e., VBM and BOLD-response images.  

In Study IV, voxel-wise psychophysiological interactions (PPI) (Friston et al., 
1997) in SPM8 were conducted to evaluate couplings between regions processing self-
referential criticism, relative to criticism targeting others. Furthermore, Study IV also 
employed a multivariate machine learning technique. 

 

7.1.7.4. MACHINE LEARNING ANALYSES 

Clinical psychologists observe other people’s behaviours and collect data about an individual, 
for example their cognitions. While the individual is exposed to different tasks or contexts, his 
or her responses are recorded. Based on multiple observations, inferences and decisions are 
made. For instance, the psychologist learns from theory and clinical practice and then decides 
to categorise an individual according to some characteristics like diagnoses. Machine learning 
techniques are computer models designed to function as humans. The machine learns from 
examples and generalises this knowledge to make intelligent decisions in new, unseen data. 
There are different machine learners available, e.g., exploratory unsupervised learning 
techniques, and hypothesis-driven machine learning techniques. The latter also referred to as 
supervised learning and Support Vector Machine learning (SVM) (Cortes & Vapnik, 1995), 
was used in the current thesis. 

The basic idea with SVM is to recognise a pattern among multiple sources of 
information with the aim to group these patterns into two different categories. If the model is 
valid and the classifier is properly trained, it can be used to classify unseen data where the 
category is unknown, e.g., based on a pattern of responses it is likely (preferably better than 
chance) that the individual belongs to a certain category or label. In applying SVM to fMRI, 
the BOLD response represents the data from which the classifier will learn, i.e, the brain’s 
voxels are features in the classifier. Commonly there is a step of feature selection. Feature 
selection means that the classifier is trained based on a subset of all the available voxel across 
the whole-brain. Feature selection is important to increase the interpretability of the model. 
For instance, the classifier may be set to learn from a certain number of features because these 
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features share common functions or they are anatomically pre-defined, e.g., regions of the 
brain that are particularly important for executing certain tasks. 

In pattern recognition, a machine-learning model is estimated on data (“training”). 
During the training phase it is important to consider if the classifier may be induced by noise, 
a situation commonly referred to as “over-fitting”, e.g., the classifier may perform incredibly 
accurately to predict the current labels, but at the same time perform poorly in an independent 
data set. Therefore, machine-learning models are subject to what is referred to as “testing” 
which means that the classifier should predict the label of novel unseen data, i.e., ultimately 
an independent data set. Also, to improve the generalisability of the classifier and minimise 
the possibility of “over-fitting”, cross-validation techniques are commonly used, e.g., leave-
one-out cross-validation. Of crucial importance, and in contrast to voxel-wise group statistics, 
pattern recognition analyses can make predictions at the level of the individual, based on the 
pattern within the data, for example treatment responder status or diagnostic category for a 
new unseen participant (Orrù et al., 2012; Pereira, Mitchell, & Botvinick, 2009). SVM 
analyses were carried out in Study IV using the Pattern Recognition for Neuroimaging 
Toolbox (PRoNTo) (Schrouff et al., 2013) implemented in MATLAB.  

 

7.1.8. ETHICAL STATEMENT 

The regional ethical review board approved the research project (DNR 2010-185-31 M). All 
study participants gave written informed consent prior to enrolment, and the study was 
conducted in accordance with the World Medical Associations Declaration of Helsinki 
involving human subjects.  

 

7.2. RESULTS ON TREATMENT OUTCOMES 

7.2.1. IMMEDIATE RESPONSE 

Immediately after the treatments were terminated, the clinician administered CGI-I 
assessments revealed significantly more participants responding positively to the CBT than to 
the ABM control treatment. A repeated measure MANOVA including all social anxiety self-
reports (LSAS-SR, SIAS, SPS and SPSQ) revealed an interaction effect suggesting a better 
outcome after CBT, as compared to ABM. After adjusting for pre-treatment levels, 
anticipatory social anxiety decreased more after CBT, as compared to ABM, see also Table 3. 
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7.2.2. LONG-TERM RESPONSE 

At one-year follow-up, there were in total 52% (12/23) treatment responders according to the 
CGI-I scale. The participants improved from pre-treatment (LSAS-SR Mean=75.37, 
SD=19.1) to one-year follow-up (LSAS-SR Mean=44.67, SD=22.8), and anticipatory social 
anxiety was significantly reduced from pre-treatment to one-year follow-up, see Table 3. 

 

Table 3. Treatment outcome at short-term (post-treatment) and at long-term (one-year follow-up). Time × 
Treatment interactions were calculated on Pre- vs Post-treatment (Time) × CBT vs ABM (Treatment). 

 Statistics p 

Self-reported social anxiety symptoms 

Short-term: Time × Treatment Wilks’s λ=0.53, F(4,19)=4.13 0.01 

Long-term: Pre-treatment vs one-year follow-up t(23)=7.52 <0.001 
 

Clinically Global Impression-Improvement 

Short-term: Responders at post-treatment CBT (66%, 8/12) vs ABM (25%, 3/12); χ2=4.20 0.04 

Long-term: Responders at one-year follow-up 52%, 12/23  
   

Anticipatory social anxiety   

Short-term: Time × Treatment Wilks’s λ=0.68, F(2,21)=4.98 0.017 

Long-term: Pre-treatment vs one-year follow-up ß=–6.2, Z=–2.98 <0.05 

   

 

7.3. RESULTS ON NEUROIMAGING 

7.3.1. IMMEDIATE CHANGES IN NEURAL RESPONSE AND STRUCTURAL 
MORPHOLOGY 

7.3.1.1. NEURAL RESPONSE TO EMOTIONAL FACES (STUDY I) 

Firstly, as expected, the emotional faces (faces vs shapes) robustly activated the amygdala in 
analyses including all individuals before treatment initiation (Table 4). Secondly, a significant 
Time (pre- vs post-treatment) × Treatment (CBT vs ABM) interaction was found suggesting a 
different neural change in anxiety-related amygdala response with decreased reactivity in 
individuals receiving CBT, as compared to SAD individuals treated with ABM (Table 4). 
Thirdly, functional connectivity analysis indicated that change within the mOFC was 
significantly negatively correlated with left amygdala change after CBT. Thus, increased 
activity in mOFC after treatment was linked to reduced left amygdala reactivity. 
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Table 4. Anxiety-related BOLD response to emotional faces (vs shapes) at pre-treatment, as well as neural 
changes as a function of treatment. Interactions were calculated on pre- vs post-treatment (Time) × CBT vs 
ABM (Treatment) as factors. 

Analyses and brain regions 
MNI Maximum Z 

value 
Voxels 
(mm3) 

p 
x y z 

Pre-treatment response 

L Amygdala –30 –4 –20 3.32 513 0.009* 

R Amygdala 24 –7 –14 3.39 837 0.008* 

 
Time × Treatment  

L Amygdala –27 –7 –11 2.98 378 0.03* 

 Delta left amygdala (post-pre), negative correlation 

R mOFC 3 56 11 3.39 27 <0.001 

       

*=FWE, Family Wise-Error corrected p-value (within small volume correction) 

 

7.3.1.2. NEURAL RESPONSE TO SELF-REFERENTIAL CRITICISM AND GREY 
MATTER VOLUME (STUDY II) 

Time × Treatment interactions indicated that left amygdala grey matter volume and right 
amygdala BOLD response decreased significantly more with CBT as compared to the ABM 
control treatment (see Table 5 and Figure 4). Pre-treatment grey matter volume in the left 
amygdala was positively correlated with the level of anticipatory social anxiety in SAD 
participants, and CBT-induced reductions of the grey matter volumes of the bilateral 
amygdalae were positively associated with decreased levels of anticipatory social anxiety, see 
also Table 5 and Figure 5. 

Also, in line with our prediction, pre-treatment amygdala BOLD response to self-
referential criticism was elevated in SAD participants, as compared to the healthy controls 
(Table 6). However, there was no significant group difference on grey matter volume in the 
fear circuitry (Z<2.99, pFWE>0.374). 
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Table 5. Structural and functional response alterations in SAD participants treated with CBT, in comparison 
to the ABM control treatment. Associations between grey matter volume and anticipatory social anxiety are 
presented, as well as the relationship between amygdala grey matter volume, and BOLD-response to self-
referential criticism after CBT. 

Analyses and brain regions MRI 
MNI Maximum Z 

value 
Voxels 
(mm3) 

pFWE 

x y z 

Time !  Treatment 

L Amygdala  GM –20 –1 –21 3.30 233 0.024 

R Amygdala  GM 22 2 –21 2.70 91 0.122 

L Amygdala  BOLD –26 –7 –17 2.05 88 0.218 

R Amygdala  BOLD 28 0 –16 3.28 472 0.015 
 

Pre-treatment grey matter volume: positive association with anticipatory social anxiety 

L Amygdala  GM –24 –4 –12 2.96 921 0.04 

 
Reduced grey matter volume associated with decreased anticipatory social anxiety 

L Amygdala  GM –16 –3 –18 2.83 246 0.05 

R Amygdala  GM 22 6 –18 3.42 442 0.01 

 Interrelated reductions of grey matter volume and BOLD-response to self-referential criticism 

L Amygdala  GM+BOLD –21 2 –20 2.45 135 0.029 

R Amygdala  GM+BOLD 29 1 –22 3.14 240 0.001 

       

 

 
 

Figure 4. Changes in amygdala grey matter volume, sorted by treatment and hemisphere. The y-axis 
demonstrates change in beta-weight values, and lower beta-weights correspond to reduced grey matter volume 
and BOLD responsivity over time (pre-post). Error bars represent standard error. 
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Figure 5. Brain-behaviour correlations showing that reduced amygdala grey matter volume (left and right 
respectively) was positively associated with improved symptoms of anticipatory social anxiety after cognitive 
behaviour therapy. Grey shading corresponds to 95% confidence intervals. 

 

Mediation analysis determined the most probable path for improvement in anticipatory social 
anxiety, suggesting that within the CBT group, the a-path was significant in both amygdalae, 
indicating that structural plasticity was interrelated with diminished amygdala neural 
responsivity (Table 5). In the right amygdala, reduced grey matter volume mediated the 
relationship between reduced BOLD response and symptom improvement (a×b-path, indirect 
effect: β=33.39, CI 95%=9.32 to 57.45, p=0.007), and the direct effect was not significant 
(c’-path: β=–15.26, CI 95%=–38.93 to 8.40, p=0.206), see also Figure 5. 

 

 
Figure 6. The mediation paths supported reduced grey matter volume as the mediator of the relation between 
diminished amygdala BOLD responsivity (predictor) and improved anticipatory social anxiety after CBT. 
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Table 6. SAD individuals compared to healthy controls on BOLD-response to self-referential criticism. 

Analyses and brain  MRI 
regions 

MNI Maximum Z 
value 

Voxels 
(mm3) 

pFWE 

x y z 

L Amygdala  BOLD –26 –2 –11 2.54 304 0.088 

R Amygdala  BOLD 27 –8 –12 3.04 506 0.029 

       

 

7.3.2. LONG-TERM FOLLOW-UP NEURAL RESPONSE AND STRUCTURAL 
MORPHOLOGY 

7.3.2.1. NEURAL RESPONSE TO SELF-REFERENTIAL CRITICISM AND GREY 
MATTER VOLUME (STUDY III) 

In contrast to our previous study on short-term effects (Månsson et al., 2016), a similar 
interaction effect on neural responsivity to self-referential criticism was not observed at the 
one-year follow-up. However, an interaction effect was found suggesting that treatment 
responders, relative to non-responders, had significantly greater reduction of left amygdala 
grey matter volume from pre-treatment to one-year follow-up (after adjustments for brain 
size, age, sex, and concurrent SSRIs), see Table 7 and Figure 8. In line with the previous 
findings, reduced state-related anticipatory social anxiety from pre-treatment to follow-up, 
was associated with reduced left amygdala grey matter volume, see Table 7. 

 

Table 7. Structural grey matter volume effects at long-term follow-up. The ANOVA results reflect 2 × 2 
interactions with Time (pre-treatment vs. one-year follow-up) and Group (responders vs. non-responders) as 
factors. 

Analyses and brain regions MRI 
MNI Maximum Z 

value 
Voxels 
(mm3) 

pFWE 
x y z 

Time ×  Group       

L Amygdala  GM –16 –3 –17 3.67 297 0.02 

R Amygdala  GM 18 –3 –15 2.87 88 0.14 

 Reduced grey matter volume associated with decreased anticipatory social anxiety 

L Amygdala   GM –26 –4 –23 3.17 351 0.05 

R Amygdala  GM 24 –3 –21 2.66 236 0.17 
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a) 

 

 

b) 

 

 

 

Figure 7. X-axis shows amygdala grey matter volume beta weight values in left [a], and right [b] amygdala 
respectively at 1-year follow-up. Y-axis demonstrates amygdala grey matter volume at pre-treatment. Treatment 
responders (circles/solid line) and non-responders (diamonds/dashed line) are shown separately. The dotted line 
represents a linear non-different change from pre- to follow-up. Individuals to the left of the fitted line exhibited 
reduced volume, and individuals to the right of the fitted line had somewhat increased amygdala grey matter 
volume from pre-treatment to one-year follow-up. 

 

7.3.3. PREDICTING LONG-TERM CLINICAL OUTCOME 

7.3.3.1. NEURAL RESPONSE TO SELF-REFERENTIAL CRITICISM (STUDY IV) 

Firstly, it was found that ACC neural responsivity to self-referential criticism was highly 
accurate in classifying CGI-I responder status one year after treatment (balanced accuracy 
91.7%, CI 95% 73.2 to 97.6; Figure 8). Secondly, PPI analyses of pre-treatment neural 
responsivity showed that the dACC, but not the vACC, was significantly less coupled with the 
right amygdala in long-term responders as compared to non-responders, see Table 8. 
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B) C) 

 
 

Functional value 
 

 False positives (1 – specificity) 

Figure 8. Support vector machine classification of responder status at one-year follow-up in the anterior 
cingulate cortex. A) Weight map indicating relative weights ascribed to voxels at representative sagittal 
slices; B) Classification of responder status; C) Receiver operating characteristic curve, including area 
under the curve (AUC=0.91); Blue triangles = Non-responders; Red squares = Responders; 

 

Table 8. Psycho-Physiological Interactions on pre-treatment BOLD response to self-referential criticism, 
comparing long-term treatment responders to non-responders. 

Analyses and brain regions 
MNI Maximum  

Z value 
Voxels (mm3) p 

x y z 

dACC - L Amygdala –21 –1 –11 1.81 54 0.035 

dACC - R Amygdala 30 –1 –14 2.91 729 0.036* 

       
*=FWE, Family Wise-Error corrected p-value (within small volume correction) 
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8. DISCUSSION 

8.1. EMPIRICAL FINDINGS 

In the empirical studies of this thesis, three questions were asked. I) Does the brain’s fear 
circuitry change, with regard to neural response and structural morphology, immediately after 
CBT? II) Are the immediate changes in the brain (neural response and morphology) still 
present at long-term follow-up? III) Can fear circuitry neural response predict long-term 
treatment outcome at the level of the individual? 

To answer these questions, a combination of functional and structural MRI methods was used 
to investigate treatment-induced neuroplasticity after CBT for adults with SAD. Also, 
different experimental tasks to decode distinct neural activations were employed, as well as 
common univariate and multivariate techniques to analyse both unimodal and multimodal 
images. The main conclusions and the supporting findings are summarised below.  

 

Firstly, it is concluded that modifying the brain’s neural response and structural morphology 
of the amygdala is a likely mechanism of action of the immediate anxiolytic response to CBT.  

I. Amygdala responsivity to self-referential criticism and emotional faces is attenuated in 
individuals with SAD receiving CBT and weakening of the amygdala response is 
correlated with decreased social anxiety symptoms 

II. In SAD individuals’, amygdala grey matter volume is positively correlated with 
symptoms of anticipatory social anxiety, and CBT-induced symptom reduction is 
positively associated with decreased amygdala grey matter volume 

III. CBT-induced reduction of grey matter volume is associated with decreased BOLD-
fMRI response to self-referential criticism immediately after SAD treatment, and the 
change of amygdala grey matter volume is mediating the relationship between reduced 
neural response and decreased anticipatory social anxiety 

IV. Amygdala responsivity to self-referential criticism is elevated in SAD individuals, as 
compared to matched healthy controls, and this difference was non-significant after 
CBT 

 

Secondly, modifying the brain’s structural morphology of the amygdala is a likely mechanism 
of the long-term anxiolytic response to CBT. 

I. CBT-induced reduction of amygdala grey matter volume was evident at one-year 
follow-up 

II. Likewise, CBT-induced reduction of anticipatory social anxiety from pre-treatment to 
one-year follow-up was associated with decreased amygdala grey matter volume 
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III. Whereas BOLD-fMRI response to self-referential criticism was attenuated 
immediately after treatment, but not at one-year follow-up 

 

Thirdly, the brain’s neural response to self-referential criticism may be an accurate and 
clinically relevant predictor of the long-term response to CBT for SAD. 

I. Pre-treatment neural connectivity (criticism targeting self vs others) between the 
amygdala and the dACC was stronger in long-term CBT non-responders, as compared 
to one-year follow-up CBT responders 

II. By use of an SVM algorithm facilitating single-subject classification, pre-treatment 
neural response to self-referential criticism in the dACC accurately predicted (>90%) 
one-year follow-up CBT responder status in individuals with SAD 

 

8.1.1. RESTRUCTURING THE SOCIALLY ANXIOUS BRAIN 

8.1.1.1. TARGETING THE FEAR CIRCUITRY 

By use of two independent experimental reaction tasks, it was found that anxiety-related 
amygdala response and grey matter volume decreased immediately following CBT for SAD 
(Study I and II). The current findings are thus consistent with that of Hauner et al., (2012) 
showing reduced amygdala response after exposure therapy for spider phobia. Interestingly, it 
is also in line with a previous single case study that found reduced amygdala grey matter 
volume after CBT (Kawaguchi et al., 2014). The current thesis adds to the literature that 
changes in amygdala neural response is associated with reduced amygdala grey matter 
volume, and also shows tentative evidence for a possible mediation path for structural and 
functional changes in relation to decreased social anxiety symptoms (Study II). However, 
decreased amygdala response in SAD has also been reported after SSRIs (Furmark et al., 
2005; Phan et al., 2013), and pill-placebo (Faria et al., 2012). Additionally, decreased 
amygdala response is also observed after CBT for depression (Fu et al., 2008), suggesting that 
amygdala response attenuation is not a specific feature of anxiolytic CBT and that the 
patient’s expectancies may be at play.  

In general, there is a limited number of studies on structural alterations in SAD 
compared to healthy individuals, and findings are somewhat inconclusive (Brühl et al., 
2014a). Looking beyond the SAD literature there is research suggesting that the grey matter 
volume of the amygdala is associated with traits of separation anxiety (Redlich et al., 2015), 
the size of one’s social network (Bickart, Wright, Dautoff, Dickerson, & Barrett, 2010), and 
negative emotional traits (Mincic, 2015). Collectively, these studies suggest that amygdala 
grey matter volume comprises socio-emotional components. In addition to this, the present 
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thesis showed that the amygdala grey matter volume was associated with social anxiety 
symptoms, and that the CBT-induced reduction of this volume was associated with symptom 
improvements both at short- (Study II) and long-term follow-up (Study III). However, there 
are anxiolytic SSRI neuroimaging studies on SAD not reporting any volumetric changes in 
the amygdala (Cassimjee et al., 2010; Talati et al., 2015). 

In Study 1, there was also suggestive evidence that the connectivity between 
amygdala and prefrontal cortex altered after CBT. Briefly, increased activity in the mOFC 
correlated with decreased amygdala response, suggesting that it may be a result of improved 
emotion regulation. However, this finding should be interpreted with caution because the 
objective of the experimental fMRI task was not to capture emotion regulation and this 
finding is correlational, e.g., in contrast to PPIs (Friston et al., 1997). With this in mind, it is 
nonetheless likely that the findings in Study I, II and III (altered amygdala response/volume) 
are related to improved emotion regulation (as proposed e.g. by Hartley & Phelps, 2009).  

Moreover, the current finding of exaggerated amygdala response in SAD, as 
compared to healthy controls, is consistent with the SAD neuroimaging literature (Brühl et al., 
2014a). This thesis also adds to the notion that heightened fear-related neural response to self-
referential criticism is an indicator of SAD (Blair et al., 2008a; Blair et al., 2008b). This 
information-processing deficit is also highlighted in the psychological literature stressing that 
attention towards the self is an important factor maintaining the disorder (Clark & McManus, 
2002; Clark & Wells, 1995; Mansell & Clark, 1999; Mansell et al., 2003). Importantly, the 
pre-treatment exaggerated amygdala response adds to the notion that the observed effect by 
CBT (i.e., attenuated amygdala response) was targeting a disorder-related neurobiological 
deficit.  

 

8.1.1.2. AMYGDALA NEUROPLASTICITY IS TIME-DEPENDENT 

There were no previous intervention studies addressing both immediate and long-term 
changes in neural response and structural morphology. Volumetric changes in the brain may 
occur rapidly (e.g., after five days; May et al., 2007) and there are numerous studies 
demonstrating short-term structural brain alterations after activities and interventions (for 
instance, see Allen et al., 2012; Kühn et al., 2014).  

In this thesis it was observed that amygdala grey matter volume decreased 
immediately after anxiolytic CBT for SAD, and also that the volumetric reduction was present 
a year later. The amygdala neural response did not demonstrate a similar trajectory. 
Specifically, the amygdala neural response to self-referential criticism decreased immediately 
after treatment, but in the long-term, there was no difference between the pre-treatment and 
the one-year follow-up assessments. Importantly, decreased neural response in the amygdala 
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may not solely explain reduced anxiety symptoms. Thus, the current findings emphasise the 
importance of investigating the relationship between modalities (e.g., functional response and 
structural morphology) and time (immediate- and long-term alterations) to fully understand 
neuroplasticity associated with anxiolytic treatments.  

Along these lines, there are neuroimaging case-control studies on SAD suggesting 
that aberrant neural signalling alters over shorter periods of time. Boehme et al. suggest that 
exaggerated amygdala responsivity in SAD individuals are evident early on (first half of the 
BOLD-fMRI experiment) while anticipating a speech (Boehme et al., 2014b) or viewing 
others engaging in social interactions (Boehme et al., 2014a), but not later on during the 
experimantal manipulation. Time-dependent activations in SAD individuals have also been 
observed in other extended action tasks, particularly in the prefrontal cortex (Goldin et al., 
2009b; Goldin et al., 2013). Altogether, and in relation to the current study, neural response 
alterations change over shorter- and longer periods of time and this dynamic feature needs to 
be further addressed. 

A recent longitudinal study on healthy individuals showed that structural 
neuroplasticity was inversely quadratic over time, and that motor-cortex plasticity occurred 
without any significant change in functional responsivity within the same brain region 
(Wenger et al., 2016). This finding indicates that functional and structural changes may not 
always be linear, and similarly to the present thesis, also stress the importance of using 
multimodal neuroimaging techniques to elucidate neuroplasticity. Beyond the literature on 
neuroplasticity, there are multimodal neuroimaging case-control studies on SAD and healthy 
individuals (Liao et al., 2011), but examinations of both structure and function concomitantly 
are largely lacking in the psychiatric literature (Sui, Huster, Yu, Segall, & Calhoun, 2014). 

 

8.1.1.3. PREDICTING LONG-TERM TREATMENT RESPONSE 

The brain may carry information to help us predict the clinical response to treatment. Here, 
SVM was used to evaluate single-subject predictors and it was noted that a pattern of neural 
response in the dACC accurately predicted the treatment outcome one-year after CBT for 
SAD. Essentially, it was only the long-term clinical response of two individuals that was not 
possible to predict using the current algorithm. Intriguingly, by use of a similar method there 
are preliminary results suggesting that pre-treatment grey matter volume of the dACC is 
predictive of treatment outcome at four-year follow-up (Månsson et al., 2015b), indicating 
that structural properties can be used to predict individuals’ long-term treatment response. 
This finding is intriguing because of the applicability of structural images. Across MRI 
centres, structural images are similarly acquired (as opposed to fMRI tasks, e.g., reaction and 
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extended actions). Thus, structural imaging may be more convenient in clinical settings, and 
importantly it facilitates pooling of data between researchers. 

The current findings highlight that the ACC is a major player in predicting 
treatment response, which is consistent with previous research on neural predictors of 
treatment outcome in psychiatric disorders (Lueken et al., 2016; Shin et al., 2013). Thus, the 
ACC as a predictor of treatment outcome is likely not specific to SAD or CBT. Likewise, the 
current observation of predicting long-term treatment response included individuals that had 
been exposed to both CBT and ABM at the one-year follow-up. Moreover, the dACC and the 
amygdala were more coupled in those who did not respond to the treatment. Amygdala 
responsivity to emotional faces has also shown to be a predictive marker of risk of future life 
stress (Swartz, Knodt, Radtke, & Hariri, 2015). Interestingly, neural response in the dACC 
has even been shown to predict subsequent rearrests among adult offenders (Aharoni et al., 
2013). The literature on neural response in dACC highlight that this regions contains neural 
functions related to fear expression (Milad et al., 2007), reward-based decision making (Bush 
et al., 2002; Williams, Bush, Rauch, Cosgrove, & Eskandar, 2004), monitoring for conflict 
between competing responses (Botvinick, Nystrom, Fissell, Carter, & Cohen, 1999; 
Botvinick, 2007) and predicting task difficulty (Brown & Braver, 2005). Thus, dACC is 
involved in several neural functions and it would be beneficial to further elucidate dACC 
responsivity, clarifying which basic neural function that contributes the most to the predictive 
value of this region (e.g., predicting treatment outcome).  

In the psychiatric literature there are no robust predictors of response to CBT for 
SAD (Eskildsen et al., 2010), and consistent with this, Study IV did not observe any 
significant clinical or demographic predictors of long-term treatment outcome (Månsson et 
al., 2015a). In contrast, the current thesis put forward that a pattern of neural response to self-
referential criticism in the dACC could predict an individual’s clinical response to treatment, 
as opposed to predictors at the level of the group. Thus, the current finding may open new 
avenues towards the application of neuroimaging in clinical psychiatry.  

 

8.2. GENERAL DISCUSSION AND FUTURE STUDIES 

The main findings of this thesis are centred on the anxiolytic effect in the brain after CBT for 
SAD. Nonetheless, it is valid to ask if it really is informative to know that the brain changes 
with treatment. Not necessarily is a valid to answer. The knowledge that an organ of the body 
is affected by changes in its context is in itself not news. There is considerable evidence that 
the brain is plastic, changing by learning and new experiences (Lövdén et al., 2013). 
Neuroplasticity should not be interpreted as evidence for a more genuine clinical response, as 
compared to measurements such as a clinical interview. It is possible that less effective 
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treatments induce neuronal change as well. Instead, understanding treatment-induced 
neuroplasticity provides therapeutic targets. Knowledge of how the brain changes and the 
meaning of such changes provide an alternative and objective measure that may be useful to 
monitor, both during and after a treatment. For instance, immediate neural changes following 
an intervention could tell us how an individual’s brain is wired and how it responds to certain 
manipulations. Ultimately, this could guide decisions regarding treatment focus, e.g., 
pharmacological agents and/or psychological actions, with the ultimate aim that the individual 
reach full remission. Neuroimaging has the potential to facilitate a personalised medicine in 
clinical psychiatry where decisions regarding treatment initiation are based on an individual’s 
characteristics. This thesis found support for the notion that the amygdala is a therapeutic 
target for effective psychological SAD treatment, suggesting that we should aim to 
manipulate the amygdala, e.g., improve CBT and develop interventions enhancing the effect 
of functional and structural amygdala plasticity. Even though it was not extensively evaluated 
in the current work, there is support for the notion that amygdala plasticity is affected by 
emotion regulation, e.g., reappraisal and extinction learning (Goldin et al., 2013; Goldin et al., 
2014; Hartley & Phelps, 2009). Thus, emotion regulation may be an important path, targeting 
the amygdala and improving debilitating anxious states.  

In this thesis, an effective internet-delivered CBT for SAD was used, a method 
shown to have considerable benefits in comparison to conventional CBT delivered face-to-
face, e.g., it is easy to setup and monitor, standardised treatment protocols are used, and there 
is less risk of issues concerning low adherence by therapists (Andersson & Cuijpers, 2008; 
Andersson & Titov, 2014). Internet-delivered CBT may therefore be vey well suited for 
longitudinal experimental studies in neuroscience.  

SVM can be used to accurately predict treatment responders, this notion is in line 
with recent suggestions (Lueken et al., 2016) that machine learning approaches can facilitate 
the development of a personalised medicine, where clinical decision making is guided by 
neuroimaging data at hand (Iniesta, Stahl, & McGuffin, 2016). Nonetheless, the risk of over-
fitting with a machine learning technique accentuates the need for validation in independent 
samples. To do so, larger data collections or collaborations between researchers are required. 
The current largest neuroimaging intervention studies includes 60 (i.e., CBT vs wait-list; 
Goldin et al., 2013) and 72 participants (i.e., SSRI vs placebo; Faria et al., 2012), but most 
studies include about half of that. It is likely that these figures will steadily increase as MRI 
becomes more available and less expensive. Another approach is to make data freely available 
to facilitate analyses with greater power as well as study replications (Nilsonne, 2014; 
Poldrack & Gorgolewski, 2014). The usefulness of this strategy is also supported by analytic 
approaches enabling correction for scanner effects in multi-site MRI studies (Chen et al., 
2014; Friedman et al., 2008).  
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Herein, SAD individuals amygdala grey matter volume was associated with social 
anxiety symptoms. Grey matter volume of the amygdala and the hippocampus has shown to 
be associated with leukocyte telomeres (King et al., 2014; Nilsonne, Tamm, Månsson, 
Åkerstedt, & Lekander, 2015; Wolkowitz et al., 2015). Interestingly, psychiatric disorders 
including SAD are subject to accelerated cell aging, as indexed by shortening of telomeres 
(Lindqvist et al., 2015) and such damage appears to be reversed when individuals with 
anxiety disorders are at remission (Verhoeven et al., 2015). Thus, structural properties of the 
brain are associated with cell aging, suggesting that the brain × telomere interaction could 
advance our understanding of treatment-induced neuroplasticity. However, this needs to be 
thoroughly examined in future studies. 

Furthermore, multimodal neuroimaging approaches will allow more sophisticated 
questions to be addressed and future studies should combine MRI with other imaging 
techniques such as PET and electroencephalography (EEG). BOLD-fMRI is limited by its 
temporal resolution, thus, concomitant MRI and EEG assessments would improve the 
temporal resolution and may be an important tool in the future. 

9. LIMITATIONS 

Low power is a main concern of generalisability in the current thesis. At the same time, the 
current number of clinical participants (n=23) is within the range of other neuroimaging 
psychological intervention studies on SAD, ranging from 14 (Klumpp et al., 2013a) to 60 
participants (Goldin et al., 2014). In relation to generalisability, missing data (e.g., drop-out 
from treatment or MRI) is an important concern. In the current project, three (12%) clinical 
participants dropped out from post-treatment MRI assessment. These figures vary in the 
literature, ranging from 4% (Gingnell et al., 2016) to 43% (Britton et al., 2015). In Study III, 
thirteen individuals participated in the MRI at one-year follow-up (50% drop-out), and thus 
must be interpreted with caution. Furthermore, low power increases the risk that the 
assumption of normally distributed data is violated. To account for this, and in line with 
current recommendations, bootstrapping and permutation testing (Eklund et al., 2016) were 
used in Study II and IV. Also, the role of the amygdala was thoroughly examined in Study I, 
II and III. By use of different modalities, methods and computational strategies amygdala was 
repeatedly observed to be one target for CBT. The consistent findings suggest that this was 
unlikely to be a result of a type I error. The low power in the current thesis is also a possible 
reason as to why statistically significant (i.e., FWE corrected) bilateral amygdala effects were 
not found in all analyses. In general, using a lower statistical threshold we found bilateral 
amygdala response/volume changes. Furthermore, in accordance with the SAD neuroimaging 
literature, there is currently no reason to conclude laterality of the amygdala in SAD 
individuals (Brühl et al., 2014a). 
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There are also important considerations regarding the participants in the current 
thesis. Firstly, all SAD participants were interviewed concerning a co-occurring MDD, but 
not other psychiatric disorders. Still, based on prior epidemiological studies (Schneier et al., 
1992), it is reasonable to assume that a proportion of the current participants suffered from 
other psychiatric disorders as well. Secondly, eight SAD individuals were on concurrent 
psychotropic medication. Thus, we cannot rule out the possibility of drug × treatment 
interactions. However, the main study was a randomised and the number of individuals with 
concurrent SSRI was equally distributed in the two trial arms. Moreover, all the participants 
had a stable dose for three months prior to enrolment. Thirdly, a large proportion of the study 
participants were female, and this may also be a limitation of the external validity. At the 
same time, the prevalence rate on SAD indicates that a larger proportion of SAD individuals 
are of female gender. 

We concluded that the current results suggest that amygdala neuroplasticity is a 
likely mechanism of action in CBT for SAD. But in this respect, there are limitations to the 
conclusion that there is a causal relationship between the treatment and the outcome (i.e., 
altered amygdala response/volume). Establishing a mechanism requires temporal resolution, 
e.g., a timeline between cause and effect (Kazdin, 2007). In Study I, II and III we assessed 
change between two time-points (pre- vs post-treatment; pre- vs one-year follow-up) but there 
may have been several reasons as to why the outcome changed during the study period. But, 
then again, a randomised design with two active interventions was used. Furthermore, the 
association between neural correlates and behavioural outcomes strengthened the current 
interpretation. Even so, this is not unambiguous support for a mechanism. For instance, the 
current studies lack specificity and there may be multiple mediators at play. CBT includes 
many components and we cannot tell which ingredient (or what interaction) was the most 
important. Also, it is possible that there are unknown differences between the conditions 
(CBT vs ABM), like the participants’ expectations of the therapeutic effect, and it is not 
known how this expectation relates to effects on the brain (e.g., the placebo effect). 
Additionally, on the neuronal level we also lack specificity. MRI assessments (both 
functionally and structurally) are rough measures including a number of processes. In an 
attempt to infer causality, mediation analyses were performed in Study II, suggesting that 
reduced amygdala grey matter volume mediated the decreased amygdala BOLD-fMRI 
response and reduced symptoms of anticipatory social anxiety. However, in addition to 
replication, future studies on mechanisms of action need to provide better temporal resolution 
considering the study design, e.g., by adding several measurements throughout an 
intervention (e.g., multiple MRI assessments). 

  



 

54 

 

10. CONCLUDING REMARKS 

There is a considerable number of sufferers with SAD. Disorder onset often appears in 
adolescence and a large proportion does not seek treatment, or does so only by the time they 
suffer from other debilitating disorders. Although effective, the current psychological and 
pharmacological treatments are insufficient to cure many of those who seek treatment for 
SAD. The current thesis includes a randomised intervention study including CBT, as well as a 
case-control study on SAD and healthy controls. Importantly, repeated neuroimaging was 
performed and different analytic tools were employed, e.g., multimodal analysis and machine 
learning techniques. A few conclusions can be made from the current work. Firstly, the brain 
alters to an anxiolytic CBT for SAD. Secondly, neuroimaging may be clinically useful in 
predicting the outcome of anxiolytic treatment. This work thoroughly focused the 
investigations on one possible mechanism of the anxiolytic response, anatomically centred on 
the amygdala and the fear circuitry. Having said that, this is one piece in a bigger puzzle. 
Altogether, this work is a tiny step forward to advancing our knowledge on how effective 
psychological treatments works, and with whom we will have the greatest success. 

In conclusion, neuroimaging may be a viable tool informing our understanding of 
effective psychological treatment for common psychiatric disorders, suggesting that the 
amygdala should be an important target for anxiolytic treatments. Furthermore, patterns of 
neural activations or grey matter volume can accurately determine if an individual is likely or 
not to be a treatment responder. Thus, neuroimaging could be a tool in tomorrow’s clinical 
psychiatry. 
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11. SAMMANFATTNING PÅ SVENSKA 

Social ångest är en av de vanligaste psykiska sjukdomarna. Mer än en miljon svenskar 
bedöms lida av detta. Social ångest leder ofta till svåra konsekvenser för den som drabbas, 
men även ökade kostnader för samhället har noterats, t ex i form av ökad sjukfrånvaro. Även 
om många som drabbas inte söker hjälp så finns effektiva behandlingar för social ångest, både 
farmakologiska och psykologiska behandlingar rekommenderas av Socialstyrelsen. Kognitiv 
beteendeterapi (KBT) är en evidensbaserad och rekommenderad psykologisk behandling för 
social ångest. Trots att nuvarande interventioner är effektiva så är det fortfarande en andel 
individer som inte blir förbättrade. Det finns en stor andel studier som visar att individer med 
social ångest, i jämförelse med friska individer, karakteriseras av överdriven aktivitet i ett 
nätverk som har till uppgift att tolka och reagera på hotfull information. Denna aktivitet är 
lokaliserad i rädslonätverket där området amygdala spelar en central roll. Det finns ett behov 
att utveckla nuvarande behandlingar och denna avhandling syftar till att öka vår förståelse för 
en neurobiologisk verkningsmekanism bakom KBT för social ångest. 

I detta forskningsprojekt har magnetresonanstomografi (MRT) använts för att undersöka 
personer som lider av social ångest. Upprepade mätningar har genomförts, innan, efter, och 
vid uppföljning ett år efter ångestlindrande behandling. Utöver detta har individer som inte 
lider av social ångest undersökts för att förstå hur patienter skiljer sig från friska personer, 
men också för att undersöka om behandlingen normaliserar patientens hjärna. Under tiden 
som deltagarna undersöktes med MRT genomfördes två experiment för att ta reda på hur 
hjärnan reagerar på affektiv information. Deltagarna tittade på bilder med ansikten som 
uttrycker emotioner, t ex arga och rädda ansiktsuttryck, samt information som innehöll 
kritiska kommentarer riktade till personen själv eller någon annan, t ex ”ingen tycker om dig” 
eller ”hon är inkompetent”. Strukturella bilder på deltagarnas hjärnor har också samlats in vid 
varje mättillfälle. Utöver detta fick alla deltagare instruktioner om att de efter MRT skulle 
hålla en muntlig presentation inför en publik. Denna uppgift är oftast den värsta tänkbara för 
individer med social ångest, och syftet med uppgiften var att relatera hjärnans struktur och 
aktivitet till hur mycket ångest som individerna upplevde inför denna situation. 

I arbetet med denna avhandling har tre frågor ställts. a) Uppstår strukturella och funktionella 
förändringar i rädslonätverket direkt efter avslutad KBT (Studie I och II)? b) Är de tidiga 
förändringarna efter behandlingen även kvarstående ett år senare (Studie III)? c) Kan hjärnans 
reaktioner i rädslonätverket förutspå vilka individer som kommer att bli förbättrade av en 
ångestlindrande psykologisk behandling på lång sikt? 
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Resultat från studierna i denna avhandling sammanfattas nedan: 

 

1) Reaktioner till självriktad kritik i amygdala är överdrivna hos individer med social 
ångest, i jämförelse med friska individer 

2) Reaktioner i amygdala minskar efter att individerna blivit behandlade med KBT och 
minskningarna korrelerar till minskade symptom av social ångest 

3) Den strukturella volymen av amygdala korrelerar positivt med hur mycket ångest 
individerna upplever inför en muntlig presentation, och minskningen av dessa 
symptom korrelerar även med hur mycket volymen av amygdala minskar efter KBT 

4) Minskningen av amygdalavolym och den samtidigt minskade reaktiviteten i amygdala 
till självriktad kritik är korrelerade. Medieringsanalyser antyder att det är den 
minskade volymen som driver förhållandet mellan minskad reaktivitet och minskad 
ångest inför att hålla en muntlig presentation 

5) Den strukturella minskningen av amygdala ses både direkt efter behandlingens avslut, 
men även vid uppföljning ett år senare. Hjärnans reaktivitet till självriktad kritik i 
amygdala minskar direkt efter behandling, men är inte kvarstående vid uppföljning ett 
år senare  

6) Kopplingen mellan hjärnans reaktivitet till självriktad kritik i amygdala och dorsala 
främre cingulum var starkare hos de som inte blev förbättrade (jämfört med de som 
blev bättre) av en ångestlindrande behandling på lång sikt 

7) Med hjälp av en stödvektormaskin (en. support vector machine learning) och ett 
mönster av hjärnaktivitet i dorsala främre cingulum innan behandling påbörjades, 
predicerades (med 92% träffsäkerhet) vilka individer som ett år senare var fortsatt 
förbättrade av en effektiv psykologisk behandling 

 

Utifrån dessa observationer är slutsatserna att strukturell och funktionell påverkan på 
amygdala är en möjlig neurobiologisk mekanism för minskad social ångest efter KBT, samt 
att reaktivitet i främre cingulum kan ge kliniskt relevant data om vem som kommer att bli 
förbättrad av en psykologisk behandling. Denna information kan potentiellt vara viktig i 
framtidens psykiatri för att utveckla existerande behandlingar, men även för att stödja 
klinikers beslutsfattande huruvida en viss individ bör erbjudas en specifik behandling eller ej. 
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