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8 | General Introduction

1.1 General introduction

There are differences in the way individuals deal with emotions evoked by daily life events. 
Some stay cool and collected in case of a negative event, such as being rejected after a job interview, 
while others feel emotionally overwhelmed for a long period of time. Such emotional response 
patterns are part of an individual’s personality, which can be described by a set of traits. In this 
thesis, we focus on the personality trait neuroticism that is characterized by a predisposition to 
experience increased negative emotions, such as sadness and fear, and to express heighted emotional 
reactivity to daily hassles (Costa and McCrae, 1992; Eysenck, 1967; Gray, 1982, 1991; Watson et 
al., 1994). Individuals with neurotic tendencies see their glasses half empty, make mountains out 
of mole hills and believe that after rain comes more rain (Suls and Martin, 2005). These kind of 
perspectives are generally not healthy and can lead to the development of a variety of psychiatric 
disorders, specifically depression and anxiety disorders (Lahey, 2009; Ormel et al., 2013b). The 
aim of the current thesis was to investigate the neural mechanisms underlying neuroticism to gain 
insight into why individuals scoring high on this personality trait are more vulnerable to develop 
psychopathology. To this end, we examined differences in brain function in relation to neuroticism 
with functional magnetic resonance imaging (fMRI) during rest as well as a number of emotion 
processing tasks. Furthermore, prior studies have shown that neuroticism is moderately heritable 
(≈50%) (Boomsma et al., 2000; Canli, 2008; Distel et al., 2009; Flint, 2004; Hansell et al., 2012; 
Riese et al., 2009), therefore we examined whether genes, that have previously been suggested to 
be of relevance, moderate the association between neuroticism and brain function.

1.2 Neuroticism

1.2.1 Measurement and description

As mentioned above, neuroticism is generally defined as the tendency to experience increased 
negative affect and to react with a negative emotional response to daily life events (Ormel et al., 
2013b; Suls and Martin, 2005). Methods that are usually applied to assess neuroticism are self-
report questionnaires, followed by parent, teacher and peer reports. Objective behavioral tests (e.g. 
the self-introduction test wherein participants are seated in front of a camera and asked to introduce 
themselves, for more examples, see Back et al., 2009) are rarely used and their results are only weakly 
associated with scores on questionnaires, because the targeted behaviors do not fully represent the 
personality trait neuroticism (Ormel et al., 2012; Ormel et al., 2013b). Prior research has shown 
that women, younger individuals and individuals with lower social economic status score higher 
on neuroticism compared to men, older individuals and individuals with higher economic status, 
respectively (Lahey, 2009). Compared to individuals scoring lower on neuroticism, individuals 
scoring higher experience more feelings of anxiety, depression and anger, such as fear, tension, 
sadness, hopelessness, irritability and frustration. Furthermore, they experience more guilt and 
blame themselves more easily for making mistakes or failing to complete a task. In addition, these 
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individuals are more self-critical and highly sensitive to criticism by others (Watson et al., 1994). 
Moreover, high compared to low neurotic individuals tend to appraise the environment as more 
threatening and negativistic, leading to increased levels of stress. It has been proposed that these 
stress levels take longer to return back to baseline and possibly cause mood to spill over into the 
next time period, due to the application of maladaptive coping strategies (e.g. excessive worry 
and escape or avoidance) (Bringmann et al., 2013; Lee-Baggley et al., 2005; Muris et al., 2005; Suls 
and Martin, 2005; Watson et al., 1994; Watson and Hubbard, 1996). Lastly, high compared to low 
neurotic individuals experience more stressful life events, specifically interpersonal conflicts. The 
reason for this is that they tend to use ineffective interpersonal coping styles (e.g. hostile reactivity) 
(Bolger and Schilling, 1991; Bolger and Zuckerman, 1995; Gunthert et al., 1999; McCrae and Costa, 
1986). In contrast, individuals scoring lower on neuroticism are emotionally more stable, down-
to-earth, calm and even-tempered, compared to individuals scoring higher (Watson et al., 1994).

1.2.2 Personality theories

Neuroticism is part of a variety of widely accepted personality taxonomies of which three 
of the most influential ones will be discussed here. The first is the three factor model and the 
underlying arousal theory of Eysenck (Eysenck, 1967; Eysenck and Eysenck, 1991). According to 
Eysenck, there are three higher-order traits, named extraversion, neuroticism and psychoticism. He 
believed that these traits are highly heritable, have an identifiable biological substrate, are universal 
across cultures and have a relationship with psychological (mal)functioning. In his model, trait 
neuroticism is described as the expression of heightened emotional reactivity to stressors, which is 
caused by rapid arousability. Eysenck’s theory (1967) links this tendency to a more excitable viscero-
cortical loop, interconnecting frontal (e.g. prefrontal cortex, PFC) and limbic (e.g. amygdala) brain 
regions, that is involved in regulating subjective and autonomic emotional responses, specifically 
during the experience of stressful events (Eysenck, 1967; Eysenck and Eysenck, 1991; Matthews 
and Deary, 1998). 

The second taxonomy is the model of Gray and the underlying reinforcement sensitivity 
theory (Gray, 1982, 1991). Based on animal research, Gray proposed two biological systems in the 
brain that are important for personality. The first system is called the behavioral activation system 
(BAS), which is sensitive to reward and controls approach behavior (motivation). The second 
system is called the behavioral inhibition system (BIS), which is responsive to cues of punishment 
and non-reward and novel and fearful stimuli. Activation of the latter system results in the 
inhibition of behavior and the initiation of physiological and behavioral preparatory mechanisms 
in order to respond adaptively to potential sources of threat. The BIS consists of a number of 
brain regions that are part of the septo-hippocampal system, limbic system and frontal lobe and is 
more reactive in individuals with an anxious personality (e.g. neuroticism), leading to increased 
negative emotions (Gray, 1982, 1991; Matthews and Deary, 1998).
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10 | General Introduction

The third taxonomy is the five factor model of Costa and McCrae (1992). This model is based 
on the work of previous researchers (e.g. Digman, 1990 and Goldberg, 1990) that used lexical as 
well as statistical approaches to uncover the broad dimensions of personality. Specifically, clusters 
of personality descriptors were identified by performing factor analyses on personality related 
adjectives selected from the natural language. The five factors proposed by Costa and McCrae 
are named neuroticism, extraversion, openness, agreeableness and conscientiousness and are 
measured with the neuroticism-extraversion-openness personality inventory revised (NEO-PI-R). 
Each factor consists of six facets, the facets of neuroticism are anxiety, angry hostility, depression, 
self-consciousness, impulsivity and vulnerability. The factor neuroticism is defined as a dimension 
that ranges from emotional stability to negative emotionality (Costa and McCrae, 1992; Matthews 
and Deary, 1998). At present, the NEO-PI-R is the most widely used measurement of personality in 
neuroimaging research and its psychometric properties can be considered good. Cronbach’s alpha 
ranges from 0.86 to 0.92 for the domain scales of the Dutch version of the NEO-PI-R (Hoekstra et 
al., 1996). This questionnaire was also used in the current thesis.

1.2.3 A mental and somatic risk factor

High neuroticism is a potent risk factor for a variety of psychiatric as well as somatic 
problems and disorders (Lahey, 2009). First, there is a strong association between neuroticism and 
several Axis I and II psychiatric disorders during development. A review of cross-sectional studies 
- investigating associations between higher-order personality traits (including neuroticism) 
and particular depressive, anxiety and substance use disorders (SUD) - found higher levels of 
neuroticism in all examined disorders (Kotov et al., 2010). On average, individuals diagnosed with a 
mental disorder score 1.65 (Cohen’s d) standard deviations higher on neuroticism than individuals 
without a diagnosis, which can be defined as a large effect (d > 0.80). Specifically, neuroticism 
was strongly associated with depressive and anxiety disorders (e.g. dysthymia, generalized anxiety 
disorder, post-traumatic stress disorder, panic disorder and obsessive compulsive disorder), and 
to a lesser extent with SUD and specific phobia (for more details, see the review of Kotov et al., 
2010). Prospective studies point in a similar direction, neuroticism is particularly predictive of 
depressive and anxiety symptoms/disorders and psychological distress, and less of substance use 
symptoms/disorders (mean d = 0.54 unadjusted for baseline psychopathology, mean d = 0.26 
adjusted; a medium and small effect, respectively) (for more details, see the review of Ormel et al., 
2013b). Furthermore, studies have found cross-sectional and/or prospective associations between 
neuroticism and somatoform disorders, schizophrenia, eating disorders and personality disorders 
(Lahey, 2009). 

Second, neuroticism has been related to medically unexplained complaints and general 
health problems, such as abnormal cardiac and immune functioning. Moreover, it has been shown 
to predict longevity in the general population, morbidity and mortality in chronic diseases (e.g. 
cancer) and risk of committing suicide (for more details, see the review of Lahey, 2009). Besides 
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being a risk factor for the abovementioned, neuroticism is also related to increased comorbidity 
between psychiatric disorders and between psychiatric and somatic problems (Khan et al., 2005; 
Neeleman et al., 2001). This is important because individuals with comorbid disorders show more 
chronic disease courses and make more use of costly public health services (for more details, see 
the review of Lahey, 2009). In the Dutch general population, among the 5% highest scorers on 
neuroticism approximately 60% had a mental disorder at one-year follow-up, 40% a depressive or 
anxiety disorder and 67% a somatic disorder, compared to approximately 5%, 13% and 40% in the 
rest of the population, respectively. Furthermore, among the 5% highest scorers on neuroticism 
approximately 18% had more than three psychiatric disorders at one-year follow-up compared to 
approximately 1% in the rest of the population (Cuijpers et al., 2010).

1.2.4 Social-economic burden

In the Netherlands, it has been shown that i) neuroticism has a substantial effect on mental 
health care and public health and that ii) the associated economic costs (e.g. health care costs 
and costs due to production losses) are higher than those of common mental disorders (Cuijpers 
et al., 2010). First, the authors calculated the per capita excess costs of neuroticism, that is, 
additional costs that can be uniquely attributed to neuroticism as costs over the average ‘base rate’ 
costs per individual. Second, they compared these costs to the excess costs of mood disorders, 
anxiety disorders, SUD and somatic disorders. Notably, the results showed that the total excess 
costs per one million inhabitants of the 25% highest scorers on neuroticism (≈ $1.4 billion) are 
approximately 2.5 times higher than the costs of common mental disorders (≈ $600 million) and 
approximately two-thirds the costs of somatic disorders (≈ $2 billion). Furthermore, the results 
demonstrated that there is a positive association between neuroticism scores and the total per 
capita excess costs, with low costs for individuals with low scores on neuroticism (< $3000) and 
high costs for individuals with high scores on neuroticism (> $22.000). In conclusion, besides 
being a heavy burden on the individual and his/her social environment, neuroticism is also an 
important burden for society in terms of considerable economic costs (Cuijpers et al., 2010).

1.3 Neuroimaging and neuroticism

In the early theories of Eysenck (1967) and Gray (1982, 1991), it was already assumed that 
differences in brain functioning underlie neuroticism. Furthermore, neuroticism is a clinically 
relevant concept and it is important to identify and map its underlying neural correlates. By 
investigating the neural basis of neuroticism, we may be able to elucidate its relationship with 
psychopathology and possibly develop treatments that prevent individuals with higher levels of 
neuroticism to transit from a healthy state to clinical state.

1.3.1 Magnetic Resonance Imaging

One of the methods to investigate the human brain non-invasively is magnetic resonance 
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12 | General Introduction

imaging (MRI). Using MRI, images of high spatial resolution can be produced without exposing 
the brain to radiation. Originally, this method is based on the fact that protons of certain atoms 
(e.g. hydrogen) have an axis of rotation, which aligns when placed in a constant magnetic field. 
When a radiofrequency (RF) pulse is applied, the orientation of the protons is perturbed while 
they absorb energy. This energy is released when the RF pulse is turned off and the protons return 
back to their original axes. The MRI device picks up these energy signals, which differ for different 
tissues in the brain, and constructs a three-dimensional structural image of the brain (Warach, 
1995; Ward, 2010). The resulting image is static, however, when one is interested in activation 
changes over time then functional magnetic resonance imaging (fMRI) can be used. This method 
is based on the magnetic properties of hemoglobin, a protein that binds to oxygen in the blood. 
It is known that blood, that has already released its oxygen (deoxygenated hemoglobin), is more 
sensitive to the magnetic field than blood that is still carrying its oxygen (oxygenated hemoglobin). 
The ratio between oxygenated and deoxygenated hemoglobin is referred to as the blood oxygen 
level-dependent (BOLD) effect and increases when brain areas become more active. The MRI 
device continuously measures the BOLD effect by applying a similar procedure as in traditional 
MRI. From the returning energy signals, an image can be constructed showing brain activation that 
can be overlayed on a structural image of the brain to localize the activation pattern (Logothetis et 
al., 2001; Logothetis, 2002; Ward, 2010).

1.3.2 Structural imaging

Structural studies on neuroticism have investigated differences in brain volume and 
concentration and cortical thickness and surface, using voxel-based morphometry (VBM) and 
cortical thickness/surface-based analysis, respectively (Montag et al., 2014).  Studies have shown 
a negative relationship between neuroticism and total brain volume, gray matter volume and the 
ratio between brain volume and intracranial volume (Bjørnebekk et al., 2013; Jackson et al., 2011; 
Knutson et al., 2001; Liu et al., 2013). Furthermore, in most studies, a negative association was 
found between neuroticism and brain volume, cortical thickness or cortical surface in frontal 
and temporal areas of the brain involved in cognition and emotion, such as the dorsal, ventral 
and orbital PFC and the inferior, medial and superior temporal lobe (Bjørnebekk et al., 2013; 
Blankstein et al., 2009; DeYoung et al., 2010; Jackson et al., 2011; Kapogiannis et al., 2013; Liu 
et al., 2013; Rauch et al., 2005; Wright et al., 2006; Wright et al., 2007). However, no associations 
(Cremers et al., 2011; Hu et al., 2011; Taki et al., 2013) or positive associations (Blankstein et al., 
2009; DeYoung et al., 2010; Kapogiannis et al., 2013; Wright et al., 2007) between neuroticism and 
brain structure have been reported as well, but to a lesser extent.

Besides brain structure, studies have investigated structural brain connectivity in relation 
to neuroticism, using diffusion tensor imaging (DTI) (Montag et al., 2014). Notably, these studies 
showed a negative association between neuroticism and white matter integrity in multiple tracts 
interconnecting various brain regions, not only PFC regions and the amygdala (as hypothesized 
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by i.a. Eysenck, 1967) (Bjørnebekk et al., 2013; Xu and Potenza, 2012). Specifically, decreased 
structural connectivity was found, among others, in tracts interconnecting frontal, occipital, 
parietal and temporal lobes, orbitofrontal regions and limbic areas, the thalamus and frontal 
lobes and the two hemispheres. Due to the wide distribution of the observed effects, these studies 
suggested that general disconnectivity may potentially underlie the predisposition to experience 
increased negative affect (Bjørnebekk et al., 2013; Xu and Potenza, 2012).

1.3.3  Functional imaging

1.3.3.1 Task-based imaging

Most functional neuroimaging studies on neuroticism targeted one of the following three 
cognitive-emotional processes. The first is negative emotional biases in information processing. 
This causes individuals, that score higher on neuroticism, to pay more attention to negative cues 
in the environment than positive cues (Chan et al., 2007, 2009). Consequently, these individuals 
may develop negative thought schemas, appraise life events as more threatening, experience more 
interpersonal conflicts and retrieve more negative memories (Chan et al., 2007, 2009). A variety 
of paradigms have been applied in neuroimaging research on neuroticism to investigate the 
negativity bias in emotion processing, such as emotional face and scene processing tasks (Britton 
et al., 2007; Canli et al., 2001; Chan et al., 2009; Cremers et al., 2010; Cunningham et al., 2011; 
Harenski et al., 2009; Hyde et al., 2011; Jimura et al., 2009; Kehoe et al., 2012; Schuyler et al., 
2014; Stein et al., 2007), emotional conflict tasks (Canli et al., 2004; Fruhholz et al., 2010; Haas 
et al., 2007; Han et al., 2013), mood-induction paradigms (Koelsch et al., 2013; Park et al., 2013), 
emotional word categorization tasks (Chan et al., 2008) and emotional prosody tasks (Brück et al., 
2011). In high compared to low neurotic individuals, abovementioned studies have demonstrated 
increased activation in brain regions involved in the identification and interpretation of emotions 
during the processing of negative emotional stimuli, in contrast to positive emotional stimuli and/
or neutral stimuli. These regions included the amygdala, insula, fusiform gyrus and a number 
of frontal (e.g. dorsal PFC and anterior cingulate cortex, ACC), temporal (e.g. middle temporal 
gyrus and temporal pole) and parietal (e.g. superior parietal gyrus) regions. Furthermore, Cremers 
et al. (2010) have investigated functional connectivity during the processing of negative facial 
expressions and found that neuroticism was i) negatively correlated with connectivity between 
the left amygdala and ACC and ii) positively correlated with connectivity between the right 
amygdala and the dorsomedial PFC. These findings suggest that individuals with higher levels 
on neuroticism may exhibit reduced top-down emotion regulation and stronger self-referential 
processing in response to negatively valenced stimuli, respectively. 

The second and third cognitive-emotional process are fear learning and anticipation of 
aversive stimuli. These two related processes have been found to be altered in individuals scoring 
higher on neuroticism compared to individuals scoring lower. According to the theories of Eysenck 
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(1967) and Gray (1982, 1991), high neurotic individuals have difficulties in forming adaptive and 
meaningful associations that lead to the engagement of physiological and behavioral mechanisms 
in order to prepare for threats and stressors in their environment. Studies have applied the Pavlovian 
conditioning paradigm to investigate the neural correlates of fear learning and anticipation in 
association with neuroticism (Brühl et al., 2011; Coen et al., 2011; Drabant et al., 2011; Hooker et 
al., 2008; Kumari et al., 2007; Tzschoppe et al., 2014). In this paradigm, subjects have to learn the 
association between a neutral conditioned stimulus (CS, e.g. tone) and an aversive unconditioned 
stimulus (UCS, e.g. electrical shock) through repeated pairing of the two stimuli. The CS-UCS 
association has been learned when a conditioned response (CR, e.g. skin conductance response) is 
generated to the CS in anticipation of the UCS (Sehlmeyer et al., 2009). Different stimuli have been 
used as UCS in neuroimaging studies on neuroticism, such as screaming sounds, negative facial 
expressions, emotional scenes, esophageal distention and electrical shocks (Brühl et al., 2011; 
Coen et al., 2011; Drabant et al., 2011; Hooker et al., 2008; Kumari et al., 2007; Tzschoppe et al., 
2014). In high compared to low neurotic individuals, differential activation has been found in the 
amygdala, hippocampus, striatum, thalamus, middle temporal gyrus, ACC and several frontal (e.g. 
middle frontal gyrus), parietal (e.g. precuneus and posterior cingulate cortex) and occipital (e.g. 
middle occipital gyrus) regions during fear learning and anticipation of aversive stimuli (Brühl et 
al., 2011; Coen et al., 2011; Drabant et al., 2011; Hooker et al., 2008; Kumari et al., 2007; Tzschoppe 
et al., 2014).

As mentioned above, the majority of research on neuroticism has been focused on negative 
emotional processing biases, fear learning and anticipation of aversive stimuli. However, there 
are other key cognitive-emotional processes related to neuroticism that are important and lack 
investigation, specifically sensitivity to criticism, the use of maladaptive coping mechanisms and 
social cognition during interpersonal interactions (see section Measurement and description of 
Chapter 1). In the current thesis, we will focus on these other processes to gain more knowledge 
on neuroticism and its relationship to brain functioning and psychopathology.

1.3.3.2 Resting-state imaging

Besides task-based imaging, resting-state imaging has been used to discover the neural basis 
of neuroticism. During a resting-state scan, individuals are instructed to close their eyes and to not 
fall asleep. They do not have to perform an explicit task, but instead are allowed to let their mind 
wander. Due to this, intrinsic spontaneous fluctuations in the BOLD signal can be measured that 
are unconstrained by external task demands (Buckner et al., 2008). Different methods have been 
used in resting-state research on neuroticism to investigate: functional segregation and integration 
in the brain (graph theory analysis, GTA) (Gao et al., 2013), connectivity between brain regions 
(seed-based analysis) (Adelstein et al., 2011), the fractional amplitude of low-frequency oscillations 
in brain regions (fALFF) (Kunisato et al., 2011; Wei et al., 2014) and the coherence of spontaneous 
BOLD activity in brain regions (regional homogeneity, ReHo) (Wei et al., 2011). The first two 
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methods and associated studies will be discussed in more detail below, since we applied both types 
of analyses in the current thesis. 

First, Gao et al. (2013) have applied graph theory analysis on resting-state data to explore 
the whole-brain functional network organization in neuroticism. To this end, network measures 
were calculated that provide information on the way information is segregated (i.e. the presence 
of specialized local networks) and integrated (i.e. the presence of connections between these 
specialized local networks) (Rubinov and Sporns, 2010). Complex networks - such as the brain - 
typically show high functional segregation and integration, also called a ‘small-world organization’. 
In this type of organization, an economical trade-off is made between adaptive topological values 
(e.g. high efficiency) and physical wiring cost; a balance that is often disturbed in neurological 
and psychiatric disorders (Achard and Bullmore, 2007; Bullmore and Sporns, 2012). Gao et al. 
(2013) found significant positive correlations between neuroticism and the betweenness-centrality 
network measure (i.e. a measure of integration that calculates the number of shortest paths that 
pass through a certain brain region) in the amygdala, precentral gyrus, olfactory cortex and 
caudate nucleus. The finding of the amygdala being a hub (i.e. a brain region that enables efficient 
information processing) may explain the observed increased emotional reactivity in individuals 
with higher levels of neuroticism. Notably, this study is based on a whole-brain network analysis. 
In the current thesis, besides this type of analysis, we also performed an analysis to investigate 
the integration of information within and between different functional subnetworks, specifically 
subnetworks related to emotion processing and cognitive control (e.g. affective subnetwork and 
frontal-parietal control subnetwork).

Second, Adelstein et al. (2011) have performed a seed-based analysis on resting-state data to 
investigate whether neuroticism modulates connectivity between two cortical hubs - the anterior 
cingulate cortex and precuneus - and the rest of the brain. In the seed-based method, a time 
course is extracted from an a priori region of interest (seed region) and similarity is quantified 
(e.g. using Pearson correlation) between this specific time course and time courses extracted from 
other voxels or seed regions in the brain (Margulies et al., 2010). Adelstein et al. (2011) found that 
neuroticism was positively correlated with connectivity between the precuneus (seed region) and 
dorsomedial PFC and speculated that individuals scoring higher on neuroticism may demonstrate 
increased self-evaluation and sensitivity to socio-emotional information during social interaction. 
In the current thesis, we applied this method to investigate the effect of criticism on functional 
connectivity in association with neuroticism, using seed regions related to self-referential 
processing and stress-regulation.

1.3.3.3 Genetic imaging

1.3.3.3.1 Endophenotype approach

Prior research has shown that neuroticism is moderately heritable and that approximately 
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50% of the variance in neuroticism can be attributed to genetics (Boomsma et al., 2000; Canli, 
2008; Distel et al., 2009; Flint, 2004; Hansell et al., 2012; Riese et al., 2009). As is the case with 
common mental disorders, the genetic basis of neuroticism is complex, that is, it is not caused 
by a single gene but multiple minor mutations at different gene loci (Canli, 2008; Flint, 2004). 
Due to this polygenic nature, traditional linkage methods have failed to find risk or disease 
promoting genes and therefore, a different approach was needed to make gene mapping successful 
again. This approach was based on the concept of endophenotypes (Cannon and Keller, 2006), 
which are intermediate phenotypes that lie in between the genotype and phenotype. Examples 
of endophenotypes are, among others, neural system dysfunction and cognitive-emotional 
impairment. The assumption is made that endophenotypes are more elementary in nature and 
because of that, implicate fewer genetic, environmental and epigenetic factors as well as interactions 
between them in producing phenotypic variation (Gottesman and Gould, 2003). The watershed 
analogy, describing this concept, states that upstream genes (water sources, e.g. 5-HTTLPR) (in 
interaction with the environment) impact downstream phenotypes (sea, e.g. neuroticism) via 
different pathways, that is, endophenotypes (rivers, e.g. dysfunctional amygdala activation during 
emotional face processing). Hence, investigating endophenotypes may facilitate the discovery of 
associations between the genotype and phenotype.

1.3.3.3.2 SLC6A4 and COMT gene

Two genes that have been studied extensively in relation to neuroticism and emotion 
processing are the serotonin transporter gene (SLC6A4) and catechol-O-methyltransferase 
(COMT) gene (for reviews, see Bevilacqua and Goldman, 2011; Canli, 2008; Domschke and 
Dannlowski, 2010; Hariri and Holmes, 2006; for a meta-analysis on COMT, see Mier et al., 2010). 
First, the SLC6A4 gene is an important regulator of serotonergic neurotransmission through 
the reuptake of serotonin (5-hydroxtryptamine, 5-HT) from the synaptic cleft in, among others, 
limbic regions of the brain (Bevilacqua and Goldman, 2011; Hariri and Holmes, 2006). A common 
length polymorphism (5-HTTLPR) is located in the promotor region of this gene and encodes 
two alleles: a short (S) allele comprising 14 repeat sequences and a long (L) allele comprising 
16 repeat sequences (Bevilacqua and Goldman, 2011; Hariri and Holmes, 2006). Carrying the 
S-allele has been associated with lower serotonin transporter binding and mRNA expression 
as well as lower serotonin uptake compared to carrying two copies of the L-allele (Lesch et al., 
1996). Furthermore, the L-allele is functionally regulated by an A to G substitution in the single-
nucleotide polymorphism (SNP) rs25531 located close to 5-HTTLPR, making its transcriptional 
efficacy more comparable to the low-expressing S-allele (Hu et al., 2006; Wendland et al., 2006). 

Second, the COMT gene produces the enzyme COMT that inactivates catecholamine 
neurotransmitters dopamine, epinephrine and norepinephrine, specifically in the PFC (Mier et 
al., 2010). Enzyme function is in part influenced by a G to A substitution at codon 158 (rs4680), 
producing an amino acid change from valine (Val) to methione (Met) (Lachman et al., 1996). The 
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Met-allele is thermolabile at normal body temperature and has a three-to-four fold reduction in 
enzyme activity compared to the Val-allele, leading to higher dopamine concentrations and more 
efficient information processing in the PFC (Chen et al., 2004; Egan et al., 2001; Lachman et al., 
1996). Furthermore, other SNPs in the COMT gene have also been shown to be important in 
relation to neuroticism, specifically SNP rs165599 (Hettema et al., 2008).

Results from studies investigating an association between neuroticism and 5-HTTLPR 
or COMT rs4680 have been largely inconsistent (Lee and Prescott, 2014; Minelli et al., 2011). 
Specifically, six meta-analyses have been performed to find evidence for an association between 
neuroticism and 5-HTTLPR and revealed contradictory results (Minelli et al., 2011; Munafo et 
al., 2003, 2005, 2009; Schinka et al., 2004; Sen et al., 2004). In neuroimaging studies, based on the 
endophenotype approach, the genetic influence of 5-HTTLPR and COMT rs4680 on the brain has 
been investigated during several cognitive-emotional processes (Bevilacqua and Goldman, 2011; 
Hariri and Holmes, 2006; Mier et al., 2010). For 5-HTTLPR, Hariri et al. (2002) have shown in 
their seminal paper that carriers of the S-allele exhibited increased amygdala activation in response 
to fearful and angry facial expressions compared to L-allele homozygotes. Furthermore, Pezawas et 
al. (2005) and Heinz et al. (2005) have also demonstrated altered functional connectivity between 
the amygdala and PFC during emotion processing (emotional faces and scenes) in individuals 
carrying the S-allele. However, a recent meta-analysis on the association between 5-HTTLPR 
and amygdala activation has revealed a borderline significant result, when unpublished studies 
were included (Hedge g = + 0.21, 95% CI 0.00, +0.43, p = 0.05) (Murphy et al., 2013). In the 
current thesis, we updated this meta-analysis with data from our relatively high-powered sample. 
For COMT rs4680, Egan et al. (2001) have found that Val-allele load was related to increased 
PFC activation (reduced PFC efficiency) during a working memory task (N-back). This finding 
was further confirmed in a meta-analysis on this topic, showing a pooled effect size of 0.73 
(Cohen’s d, 95% CI +0.33, +1.14) with a p-value <0.001 (Mier et al., 2010). However, the opposite 
effect was shown for emotion processing tasks, that is, increased PFC activation in Met-allele 
carriers (d = -1.0, 95% CI -1.38, -.062, p<0.001) (Mier et al., 2010). With regard to neuroticism, 
to our knowledge, no genetic imaging studies have been performed investigating the influence 
of 5-HTTLPR and COMT rs4680 on the association between neuroticism and brain function. 
However, studies on other neuroticism-related anxiety traits have shown increased amygdala 
activation and decreased functional connectivity between the amygdala and PFC during emotional 
face processing, modulated by 5-HTTLPR (for a review, see Domschke and Dannlowski, 2010). 
In the current thesis, we shed more light on the relationship between 5-HTTLPR/COMT rs4680, 
neuroticism and brain function, following the recent perspective that genes have an impact on 
functional network organization.

1.4 Thesis outline

The aim of the current thesis was to investigate the neural mechanisms underlying neuroticism 
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to gain insight into why individuals scoring high on this personality trait are more vulnerable to 
develop psychopathology, using fMRI and genetic imaging. In Chapter 2, we performed a meta-
analysis on neuroimaging studies investigating neuroticism and emotion processing to provide a 
quantitative summary of the existing literature. Based on the meta-analytic findings, we proposed 
an integrated model of emotion processing in neuroticism. In the next chapters, we focused on 
other key cognitive-emotional processes that are altered in neuroticism, besides basic emotion 
processing (negativity bias), fear learning and anticipation of aversive stimuli, that lack investigation 
in neuroimaging research: i) the use of worry as a coping mechanism (Chapter 3), ii) emotional 
reactivity to unfairness (Chapter 4) and iii) sensitivity to criticism (Chapter 5). In Chapter 6, we 
investigated the functional network organization in association with neuroticism using resting-
state fMRI. The reason for this was that studies investigating the neural basis of neuroticism have 
suggested that (widespread) alterations in connectivity may underlie it. Furthermore, besides 
investigating the whole-brain network (as in Gao et al., 2013), we investigated the properties 
of the different functional subnetworks to investigate the functional integration of information 
within and between subnetworks related to emotion processing and cognitive control. In Chapter 
7, we investigated the alleged association between 5-HTTLPR and amygdala activation in our 
sample and updated the recent meta-analysis of Murphy et al. (2013) on this topic. In Chapter 
8, we investigated the triadic interplay between 5-HTTLPR/COMT, functional brain network 
organization and neuroticism. The reason for this was that recent reviews on genetic imaging 
and psychopathology proposed that psychopathology probably arises from alterations in the 
functional segregation and integration of neural circuits (i.e. disrupted connectivity), not from 
altered activation in a few specific brain regions during a particular task. Finally, in Chapter 9, 
we conclude this thesis with a summary of the chapters, a general discussion of the results and 
suggestions for future research and clinical implications.
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2.1 Abstract

Neuroticism is a robust personality trait that constitutes a risk factor for mood disorders. 
Neuroimaging findings related to neuroticism have been inconsistent across studies and hardly 
integrated in order to construct a model of the underlying neural correlates of neuroticism. The 
aim of the current meta-analysis was to provide a quantitative summary of the literature, using 
a parametric coordinate-based meta-analysis (PCM) approach. Data were pooled for emotion 
processing tasks investigating the contrasts (negative>neutral) and (positive>neutral) to identify 
brain regions that are consistently associated with neuroticism across studies. Significant negative 
and positive correlations with neuroticism were found only for the contrast (negative>neutral) 
after multiple comparisons correction. Differences in brain activation were found to be associated 
with neuroticism during fear learning, anticipation of aversive stimuli and the processing and 
regulation of emotion. The relationship between neuroticism and these three psychological 
processes and their corresponding neural correlates is discussed. Furthermore, the meta-analytic 
findings are incorporated into a general model of emotion processing in neuroticism.
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2.2 Introduction

Neuroticism is one of the Big Five dimensions of personality, alongside extraversion, 
conscientiousness, openness and agreeableness (Digman, 1990). Historically, these dimensions 
originated from the lexical approach in which clusters of personality descriptors were identified 
by performing factor analyses on personality related adjectives. The underlying assumption was 
that relevant personality differences become encoded in the natural language (Goldberg, 1990). 
Subsequent studies have consistently replicated neuroticism as a robust trait and currently, it is 
a fundamental part of various widely accepted taxonomies of personality (Costa and McCrae, 
1989, 1992; Eysenck, 1967; Gray, 1982, 1991; McCrae and Costa, 1997; McCrae et al., 1999). High 
neurotic individuals express heightened emotional reactivity, especially to negative events (Canli, 
2008), and experience more negative emotions, such as anxiety, depression, shame, embarrassment 
and guilt (Watson et al., 1994). Generally, these individuals have a negative perspective on daily 
life and tend to appraise events as more threatening than others. Hence, they report elevated levels 
of stress and regularly experience mood spillovers (Suls and Martin, 2005). In addition, high trait 
scorers rely on maladaptive coping strategies, such as worry and inefficient escape-avoidance 
strategies (Lahey, 2009; Watson et al., 1994). 

Neuroticism can be defined as a general risk factor for psychopathology and it has been shown 
to predict a variety of disorders, specifically internalizing disorders (e.g. major depressive disorder, 
generalized anxiety disorder and social phobia), but also personality disorders, schizophrenia, 
eating disorders, somatoform disorders and to a lesser extent, externalizing disorders and specific 
phobia (Kotov et al., 2010; Lahey, 2009; Ormel et al., 2004, 2013a). Furthermore, neuroticism has 
been related to higher levels of psychiatric comorbidity, an increased risk for committing suicide 
and general health problems, including cardiovascular disease and disrupted immune functioning 
(Lahey, 2009). Indeed, Cuijpers et al. (2010) have demonstrated that the economic costs (e.g. 
health service and production losses) of neuroticism exceed those of common mental disorders. 

Thus, neuroticism is a clinically relevant concept and it is important to identify and map its 
underlying neurobiological correlates. The first studies on the neural basis of neuroticism mainly 
used electrophysiological methods and were based on two influential neuropsychological theories 
of personality (see for an overview, Ormel et al., 2013a). First, Eysenck’s theory (1967) relates 
individual differences in neuroticism to lower activation thresholds in the viscero-cortical loop. 
This loop connects the cerebral cortex with the visceral brain, including the limbic system, and is 
hypothesized to control subjective and autonomic emotional responses. Hence, it was postulated 
that high trait scorers are more likely to become autonomically aroused in the face of minor 
stressors compared to low trait scorers and because of this, experience more negative emotions 
(Eysenck, 1967; Matthews and Deary, 1998). Second, Gray’s theory (1982, 1991) proposes five 
systems of which two are particularly important for personality: the behavioral inhibition system 
(BIS) and behavioral activation system (BAS). The BIS system consists of frontal and limbic brain 
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regions and is involved in the inhibition of responses, orientation of attention to potential sources 
of threat (e.g. punishment) and enhancement of arousal. The theory posits that this system is 
easily excited in individuals with an anxious personality, such as high neurotic individuals. The 
BAS system is related to reward and controls approach behavior (Gray, 1982; 1991; Matthews and 
Deary, 1998). 

In later studies, attempts were made to find the neurobiological correlates of neuroticism 
by using neuroimaging techniques, such as positron emission tomography (PET) and functional 
magnetic resonance imaging (fMRI). In 2001, Canli et al. were the first to perform an fMRI study 
to investigate whether neuroticism modulated brain activity to emotional stimuli. The authors 
found that neuroticism was associated with increased brain activation in left frontal and temporal 
cortical regions in response to negative emotional stimuli. Ever since, a variety of fMRI tasks have 
been applied to investigate the neural correlates of neuroticism, examining the following processes 
or phenomena: emotional face and scene processing (Britton et al., 2007; Canli et al., 2001; Chan 
et al., 2009; Cremers et al., 2010; Cunningham et al., 2011; Drabant et al., 2009; Haas et al., 2008; 
Harenski et al., 2009; Hyde et al., 2011; Jimura et al., 2009; Kehoe et al., 2012; Simmons et al., 
2008), cued anticipation (Brühl et al., 2011; Coen et al., 2011; Kumari et al., 2007), the emotional 
Stroop-effect (Canli et al., 2004; Haas et al., 2007), emotional categorisation (Chan et al., 2008), 
observational fear and reward learning (Hooker et al., 2008), reward and loss processing (Fujiwara 
et al., 2008; Paulus et al., 2003), humor appreciation (Mobbs et al., 2005), emotional prosody (Brück 
et al., 2011), brand rating (Schaefer et al., 2011), theory of mind (Jimura et al., 2010), the dot-probe 
effect (Amin et al., 2004), the odd-ball effect (Eisenberger et al., 2005), (un)certainty processing 
(Feinstein et al., 2006) and working memory (Kumari et al., 2004). Furthermore, neuroticism has 
been associated with differences in brain structure, using cortical thickness and surface-based 
analysis (Bjørnebekk et al., 2013; Blankstein et al., 2009; Wright et al., 2006, 2007) and voxel-based 
morphometry (VBM) (Blankstein et al., 2009; Cremers et al., 2011; DeYoung et al., 2010; Hu et 
al., 2011; Kapogiannis et al., 2013; Omura et al., 2005; Taki et al., 2013). Most of these functional 
and structural neuroimaging studies focussed on limbic regions, such as the amygdala and 
hippocampus, as well as frontal regions, such as the anterior cingulate cortex (ACC) and medial 
prefrontal cortex (mPFC) (Canli, 2008). However, results regarding these areas have been largely 
inconsistent across studies. For example, some reports have shown that neuroticism is associated 
with increased activation in the amygdala (Brück et al., 2011; Chan et al., 2009; Cunningham et al., 
2011; Haas et al., 2007; Harenski et al., 2009; Hooker et al., 2008), while others have revealed no 
such relationship (Cremers et al., 2011; Cremers et al., 2010; Drabant et al., 2009; Haas et al., 2008; 
Hyde et al., 2011; Mobbs et al., 2005; Thomas et al., 2011).

In addition, neuroticism has been related to alterations in brain connectivity, using fMRI 
(Cremers et al., 2010), resting state fMRI (rs-fMRI) (Adelstein et al., 2011) and diffusion tensor 
imaging (DTI) (Bjørnebekk et al., 2013; Xu and Potenza, 2012). These connectivity studies found 
that limbic-frontal circuitry was affected in individuals scoring higher on neuroticism, possibly 
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compromising processes involved in top-down emotion regulation and self-referential processing 
(Bjørnebekk et al., 2013; Cremers et al., 2010; Xu and Potenza, 2012). Furthermore, it was shown 
that not only the integrity of abovementioned anatomical connections was decreased, but also 
that of multiple other fiber tracts interconnecting most parts of the brain (Bjørnebekk et al., 2013; 
Xu and Potenza, 2012). These findings indicate that neuroanatomical disconnectivity conceivably 
underlies the experience of negative emotional feelings (Xu and Potenza, 2012). 

In the current meta-analysis, we focused on functional neuroimaging studies investigating 
neuroticism, since structural as well as connectivity studies are still limited. The results of these 
functional studies have been inconsistent and hardly integrated in order to construct a model 
of the underlying neural correlates of neuroticism. Therefore, the aim of the current meta-
analysis was to provide a quantitative summary of the literature, using a parametric coordinate-
based meta-analysis (PCM) approach (Costafreda, 2012). This method has the advantage 
of incorporating both significant as well as non-significant findings, taking into account the 
application of varying thresholds by different studies and integrating whole-brain as well as 
region-of-interest (ROI) studies. Data were pooled for emotion processing tasks investigating the 
contrasts (negative>neutral) and (positive>neutral) to identify brain regions that are consistently 
associated with neuroticism across studies. Based on the reviewed literature, we hypothesized, on 
the one hand, that neuroticism would be related to increased activation in brain areas involved in 
emotion processing (e.g. ACC, medial prefrontal cortex, amygdala and hippocampus) in response 
to negative stimuli. On the other hand, we hypothesized decreased activation in the same brain 
areas to be associated with neuroticism during the processing of positive stimuli (Canli, 2008; 
Ormel et al., 2013a). 

2.3 Methods and materials

2.3.1 Systematic literature search

To identify neuroimaging studies investigating neuroticism, a literature search was conducted 
in PubMed and Web of Knowledge until September 2012. We used the search term “neuroticism” 
AND (MRI OR magnetic resonance imaging OR fMRI OR functional magnetic resonance imaging 
OR PET OR positron emission tomography OR neuroimaging OR brain imaging OR imaging 
OR BOLD OR blood oxygen level-dependent). Furthermore, an additional search was conducted 
replacing the term ‘neuroticism’ with its counterpart ‘emotional stability’. Moreover, the references 
of reviews and included articles were manually searched for relevant articles not previously found 
through the abovementioned literature search. 

2.3.2 Selection criteria

Studies were included when (1*) fMRI or PET were used as research methods, (2) neuroticism 
was the variable of interest investigated, (3) an emotion processing task was administered, (4) the 
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contrasts (negative>neutral) and/or (positive>neutral) were investigated and (5) healthy subjects 
were used as participants. Furthermore, the exclusion criteria were: (1*) no research article 
(e.g. review, meta-analysis, abstract), (2*) manuscripts not published in English, (3) substance 
administration during the experiment and (4) no response of the author when requested for 
clarification. Criteria marked with an asterisk (*) were used for the initial screening of the abstracts 
of articles after duplicate removal. The additional criteria were used to assess the remaining full-
texts for eligibility (see Figure 1 for the PRISMA flow diagram). The first (MS) and second (JvdV) 
author performed the literature search and article selection independently. Discrepancies were 
resolved by consensus. 

2.3.3 Data extraction

The following data was extracted from the included articles: (1) name first author 
and publication year, (2) contrast (negative>neutral, negative correlation with neuroticism; 
negative>neutral, positive correlation with neuroticism; positive>neutral, negative correlation 
with neuroticism and positive>neutral, positive correlation with neuroticism), (3) location of the 
maxima of significant findings (i.e. findings found to be significant by a particular study using a 
specific threshold) mi ( {x, y, z} coordinates in standard stereotactic space), (4) negative findings 
(mi = Ø), (5) sample size ni, (6) normalization template (Talairach or MNI), (7) the field of view 
of the experiment fovi (whole brain or ROI approach), (8) AAL (Automated Anatomical Labeling, 
Tzourio-Mazoyer et al., 2002) label for ROI findings, (9) effect size (p, r, T, Z or F-value) and (10) 
statistical threshold ti (normally p, but T, Z or F-values are possible as well) (Costafreda, 2012). 
The first author (MS) extracted the data, which was double-checked independently by the second 
author (JvdV).

2.3.4 Data analysis

To summarize the results reported across the studies included in the meta-analysis, software 
was used that implements a new parametric coordinate-based meta-analysis (PCM) technique 
(described in detail in Costafreda, 2012; Groenewold et al., 2013). First, when appropriate, 
coordinates were transformed from Talairach to the MNI coordinate system by using a non-linear 
transformation (Brett et al., 2001). Second, effect sizes and statistical threshold values (i.e. p, r, T, or 
F) were converted into Z-values, using distribution tables and standard formulae. Third, a Z-value 
summary map was created for each study. These study-level summary maps were computed by 
convolving the effect sizes for each focus with a uniform kernel of size 15 mm. In other words, 
the Z-value associated with a significant finding at a specific {x, y, z} coordinate was distributed 
across voxels within 15 mm radial distance of that coordinate, bounded by the field of view (fov) 
(either whole brain or ROI). For voxels located outside radial distance of a focus, the effect size 
estimate was an interval determined by the statistical threshold (e.g. a non-significant finding 
with an uncorrected threshold of p<0.001 is approximately equivalent to a Z-interval of  [-Inf, 
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3.09]). Study-level summary maps were created separately for the contrasts (negative>neutral) 
and (positive>neutral). In the study-level summary map, positive and negative Z-values reflected 
positive and negative correlations with neuroticism, respectively. Fourth, an overall Z-value 
summary map was created by pooling the study-level summary maps. The software computed 
this map by obtaining (voxel-wise) maximum likelihood estimates of the population mean and 
standard deviation of the Z-values across studies, through the optimization of the likelihood 
function under normality distributional assumptions. Each study contribution to the summary 
map was weighted by its relative sample size. Fifth, voxels were determined in the summary map 
that had a Z-mean value significantly different from zero (i.e. voxels that showed evidence of 
differential brain activation between a stimulus and neutral stimulus). The software achieved this 
step by performing a two-tailed t-test on the estimated Z-mean value across studies for each voxel, 
where the null hypothesis (H0) is: | µ | = 0 and the alternative hypothesis (H1) is: | µ | ≠ 0. To 
correct for multiple comparisons, we used a false discovery rate (FDR) threshold of q = 0.05 and an 
extent threshold of 100 mm3. Lastly, thresholded T and r effect size summary maps were calculated 
based on the Z-values that survived the statistical threshold as well as the extent threshold. These 
thresholded summary maps were created separately for the contrasts (negative>neutral) and 
(positive>neutral). In the summary map, clusters of voxels with a value > 0 correlated positively 
with neuroticism and voxels with a value < 0 correlated negatively with neuroticism.

2.4 Results

2.4.1 Literature search

The initial literature search returned a total of 504 citations. Of these, 119 citations were 
retrieved from the PubMed database and 287 from the Web of Knowledge database, using the 
keyword ‘neuroticism’ in the search term. Furthermore, substituting the former keyword with 
its counterpart ‘emotional stability’ returned 12 citations from the PubMed database and 46 
from the Web of Knowledge database. In addition, 40 articles were identified during the manual 
examination of the references of included articles and relevant reviews (Canli and Amin, 2002; 
Canli, 2004; Canli, 2008; Foster and MacQueen, 2008; Haas and Canli, 2008). First, 139 duplicates 
were discarded and the abstracts of the remaining 365 articles were reviewed. Of these, 71 articles 
survived the screening criteria and their full-texts were investigated for eligibility. Finally, a total 
of 18 studies fulfilled the selection criteria and were included in the meta-analysis (see Figure 1 for 
the PRISMA flow diagram, Table 1 and 2 for details of the included studies in the meta-analysis 
and Supplemental material S1, Table S1 for an overview of reasons for excluding certain relevant 
studies from the meta-analysis). 
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Figure 1 PRISMA flow diagram for an overview of the data selection (http://www.prisma-statement.org/).

Thesis_Book .indb   30 1/4/2015   1:35:57 PM



31

2

Table 1 Details of the included studies in the meta-analysis

BFI, Big Five Inventory; EPI, Eysenck Personality Inventory; EPQ(-R), Eysenck Personality Questionnaire 
(Revised); HN, high neurotic group; LN, low neurotic group; MPI, Maudsley Personality Inventory; N, 
neuroticism; NEO-FFI, NEO Five Factor Inventory; NEO-PI-R, NEO Personality Inventory Revised; NS, not 
specified; OS, old sample; SD, standard deviation; YS, young sample.

Study Year Sample 
size

Ratio 
female/
male

Mean age (SD) 
or age range

Mean N scores 
(SD)

Range N 
scores Forms

Brassen 2011 OS: 21 
YS: 22

OS: 14/7
YS: 11/11

OS: 65.8 (4.6) 
YS: 25.2 (2.3)

OS: 3.9 (2.9) 
YS: 2.8 (2.8)

NS EPQ

Britton 
(Exp.1)

2007 12 6/6 21.4(2.2) 46.5 (13.2) NS NEO-PI-R

Britton 
(Exp.2)

2007 14 4/10 38.7(10.2) 52 (9.8) NS NEO-PI-R

Britton 
(Exp.3)

2007 12 6/6 23.6(3.3) 47.7 (9.9) NS NEO-PI-R

Brühl 2011 14 8/6 27.8 4.86 (2.8) 1-10 EPI

Canli 2004 12 6/6 22.7 (3.3) 50.7 (9.0) 34-70 NEO-FFI

Chan 2008 21 HN: 8/3
LN: 6/4

HN: 19.91 (0.54) 
LN: 19.9 (1.2)

HN:16.45 (2.54) 
LN: 5.5 (3.21)

NS EPQ

Coen 2011 31 16/15 30 8.1 (1.2) 0-22 EPQ-R

Cremers 2010 60 37/23 39.9 24.3 (5.3) 13-36 NEO-FFI

Drabant 2009 56 56/0 44.0 (6.7) NS NS NEO-PI-R

Fujiwara 2008 16 5/11  20-29 19.6 (13.9) 4-43 MPI

Haas 2008 29 14/15 22.4 (2.8) 52.45(11.07) 31-75 NEO-PI-R

Harenski 2009 10 10/0 18-29 39.4 (9.6) 23.1-59.3 NEO-FFI

Hooker 2008 12 7/5 21 NS NS BFI

Hyde 2011 103 57/46 44.5 (6.8) NS NS NEO-PI-R

Jimura 2009 34 21/13 20-28 104.7 (29.3) NS NEO-PI-R

Kumari 2007 14 0/14 32.13 (7.47) 6.07 (4.12) 0-15 EPQ-R

Kehoe 2011 23 23/0 23.04 (3.46) 4.8 (2.6) NS EPQ-R

Mobbs 2005 17 8/9 22.8 (1.9) 48.2 (10.1) 28-67 NEO-FFI

Thomas 2011 35 23/12 31.7 (9.8) 46.1 (13.0) NS NEO-PI-R
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For negative compared to neutral stimuli, 15 studies examined positive correlations with 
neuroticism and 14 studies examined negative correlations with neuroticism. The total sample size 
for each contrast consisted of 485 and 417 subjects, respectively. For positive contrasted to neutral 
stimuli, 10 studies investigated positive correlations with neuroticism and nine studies investigated 
negative correlations with neuroticism. The total sample size for each contrast comprised 241 and 
252 subjects, respectively (see Supplemental material S2, Table S2 for an overview of the literature 
findings per contrast and Supplemental material S3, Table S3 for an overview of the selected ROIs 
per study and their significance). 

2.4.2 Summary findings

Negative and positive correlations with neuroticism were investigated for the contrasts 
(negative>neutral) and (positive>neutral). First, brain regions were identified that negatively 
correlated with neuroticism for negative compared to neutral stimuli. Fifteen clusters were found 
to be negatively correlated with neuroticism, including the  (1) right middle temporal gyrus, (2) 
left posterior cingulate gyrus/precuneus/middle cingulate gyrus, (3) left middle occipital gyrus, 
(4) right middle occipital gyrus, (5) left anterior cingulate gyrus (pregenual), (6) left thalamus, 
(7) left lingual gyrus/precuneus/parahippocampal gyrus, (8) left putamen, (9) left hippocampus/
parahippocampal gyrus/fusiform gyrus/inferior temporal gyrus, (10) left middle temporal gyrus, 
(11) left caudate, (12) right supramarginal gyrus, (13) left precuneus/lingual gyrus, (14) right 
hippocampus and (15) left middle occipital gyrus (see Figure 2a and Table 3). Furthermore, 
the distance ρ was calculated voxel-wise between the coordinates of the significant findings in 
the summary map and the local maxima reported by the included studies to define the relative 
contribution of each study to the summary findings. A coordinate influenced a summary finding, 
when the distance was less than 2*radius (15 mm) = 30 mm. Three studies contributed significant 
findings to abovementioned fifteen clusters, namely Brühl et al., 2011, Coen et al., 2011 and Kumari 
et al., 2007. All three studies investigated the process of anticipation of aversive stimuli. 

Second, brain regions were identified that positively correlated with neuroticism for negative 
compared to neutral stimuli. Six clusters were found to be positively correlated with neuroticism, 
including the (1) right middle cingulate gyrus (dorsal), (2) left superior frontal gyrus, (3) left 
hippocampus/parahippocampal gyrus, (4) left parahippocampal gyrus/fusiform gyrus/inferior 
temporal gyrus, (5) left superior medial frontal gyrus and (6) right middle cingulate gyrus (ventral) 
(see Figure 2b and Table 3). Furthermore, the relative contribution of each study to the summary 
findings was calculated as above. Three studies contributed significant findings to clusters 3 and 
4, namely Canli et al., 2001, Coen et al., 2011 and Hooker et al., 2008. The two studies (Coen et 
al., 2011; Hooker et al., 2008) exerting the greatest influence on the summary findings (i.e. most 
of the local maxima within a distance ρ = 30 mm of the coordinates of the summary findings 
came from these two studies), both applied a fear conditioning paradigm. Furthermore, six studies 
contributed significant findings to clusters 1, 2, 5 and 6, namely Chan et al., 2008, Coen et al., 2011, 
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Cremers et al., 2010, Fujiwara et al., 2008, Haas et al., 2008 and Hooker et al., 2008. Collectively, 
these studies investigated the processing of emotion in general. 

No significant results were found to be either negatively or positively correlated with 
neuroticism for the contrast (positive>neutral).

Figure 2 Significant findings of brain regions associated with neuroticism during the processing of negative 
emotional stimuli versus neutral stimuli. A. Brain regions involved in the anticipation of aversive stimuli that 
are negatively correlated with neuroticism for the contrast (negative>neutral). B. Brain regions involved in fear 
learning and general emotion processing and regulation that are positively correlated with neuroticism for the 
contrast (negative>neutral). Results were FDR corrected q = 0.05.
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Cluster 
number Anatomical label

Tot. 
volume 
(mm3)

Max. T 
value

Max. 
effect 
size 
value *

Max. cor-
relation 
effect size 
value

Coordinate df

x y z

Negative > neutral, negative correlation with neuroticism

1 Middle temporal 
gyrus

6168 -15.48 -1.80 -0.67 50 -50 8 8

-15.31 -1.74 -0.66 46 -48 12 8

-15.14 -1.41 -0.58 48 -44 14 8

-9.71 -1.63 -0.63 46 -62 -4 8

-6.99 -1.13 -0.49 44 -50 22 9

2 Posterior cingulate 
gyrus/
Precuneus/
Middle cingulate 
gyrus

3472 -10.92 -1.51 -0.60 -8 -34 28 8

-10.29 -1.59 -0.62 -14 -58 34 8

-9.71 -1.22 -0.52 -4 -38 36 9

-6.71 -1.17 -0.50 -2 -36 32 9

3 Middle occipital 
gyrus

5184 -10.86 -1.53 -0.61 38 -72 4 8

-10.86 -1.53 -0.61 24 -80 20 8

-6.32 -1.18 -0.51 40 -72 2 9

4 Middle occipital 
gyrus

192 -10.81 -1.54 -0.61 -32 -68 30 8

-10.05 -1.60 -0.63 -30 -62 32 8

5 Anterior cingulate 
gyrus (pregenual)

576 -10.77 -1.47 -0.59 -8 36 0 8

6 Thalamus 1488 -10.64 -1.56 -0.62 -18 -16 18 8

-8.68 -1.19 -0.51 -12 -28 12 9

7 Lingual gyrus/
Precuneus/
Parahippocampal 
gyrus

6032 -10.29 -1.59 -0.62 14 -26 18 8

-8.03 -1.76 -0.66 20 -46 4 8

-8.03 -1.76 -0.66 18 -44 -10 8

-8.03 -1.76 -0.66 24 -46 0 8

-8.03 -1.76 -0.66 14 -46 -8 8

-7.6 -1.28 -0.54 20 -24 16 9

-6.69 -1.43 -0.58 20 -46 -10 9

-6.11 -1.37 -0.57 22 -32 8 9

-5.84 -1.42 -0.58 20 -40 -10 9

Table 3 Summary of significant findings of brain regions associated with neuroticism during 
the processing of negative emotional stimuli versus neutral stimuli
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Cluster 
number Anatomical label

Tot. 
volume 
(mm3)

Max. T 
value

Max. 
effect 
size 
value *

Max. cor-
relation 
effect size 
value

Coordinate df

x y z

8 Putamen 232 -10.25 -1.59 -0.62 -32 -12 2 8

-8.65 -1.3 -0.55 -34 -14 6 9

-7.47 -1.28 -0.54 -30 -12 2 9

-4.96 -1.25 -0.53 -26 -12 2 9

9 Hippocampus/
Parahippocampal 
gyrus/
Fusiform gyrus/
Inferior temporal 
gyrus

6040 -9.05 -1.67 -0.64 -46 -32 0 8

-9.05 -1.67 -0.64 -42 -32 6 8

-9.04 -1.67 -0.64 -52 -36 -4 8

-8.73 -1.7 -0.65 -36 -36 -14 8

-8.73 -1.7 -0.65 -28 -36 -24 8

-7.32 -1.38 -0.57 -30 -34 -24 9

-6.29 -1.36 -0.56 -34 -36 -2 9

-6.2 -1.37 -0.56 -26 -28 -20 9

-5.75 -2.07 -0.72 -24 -42 -8 8

10 Middle temporal 
gyrus

768 -9.04 -1.67 -0.64 -46 -48 4 8

-9.04 -1.67 -0.64 -50 -50 6 8

11 Caudate 160 -7.7 -1.27 -0.54 -14 24 4 9

12 Supramarginal gyrus 440 -6.26 -0.83 -0.38 50 -30 24 9

13 Precuneus/
Lingual gyrus

208 -5.75 -2.07 -0.72 -20 -38 2 8

-5.75 -2.07 -0.72 -18 -38 0 8

-5.75 -2.07 -0.72 -14 -38 2 8

14 Hippocampus 136 -5.75 -2.07 -0.72 -24 -32 2 8

15 Middle occipital 
gyrus

824 -5.13 -0.86 -0.4 32 -84 28 9

Negative > neutral, positive correlation with neuroticism

1 Middle cingulate 
gyrus (dorsal)

792 12.85 1.24 0.53 -8 20 36 9

11.70 1.25 0.53 2 26 36 9

4.93 0.78 0.36 4 32 40 11

2 Superior frontal 
gyrus

440 6.52 1.20 0.51 -22 36 28 10

Table 3 Continued
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Cluster 
number Anatomical label

Tot. 
volume 
(mm3)

Max. T 
value

Max. 
effect 
size 
value *

Max. cor-
relation 
effect size 
value

Coordinate df

x y z

3 Hippocampus/
Parahippocampal 
gyrus/
Thalamus

4496 6.35 1.17 0.51 10 -18 -24 8

5.88 1.02 0.46 18 -10 -18 9

5.80 1.02 0.45 18 -12 -16 9

4.99 1.04 0.46 8 -16 0 9

4 Parahippocampal 
gyrus/
Fusiform gyrus/
Inferior temporal 
gyrus

1008 5.79 0.67 0.32 -32 0 -30 9

5.79 0.67 0.32 -36 -8 -34 9

5.77 0.61 0.29 -34 -8 -34 10

5.63 0.61 0.29 -28 -2 -32 10

5.62 0.61 0.29 -32 -6 -26 10

5 Superior medial 
frontal gyrus

640 5.21 0.90 0.41 -4 42 28 12

6 Middle cingulate 
gyrus (ventral)

2152 4.38 0.83 0.38 2 8 34 9

2.5 Discussion

The current meta-analysis identified brain regions that were consistently associated with 
neuroticism across studies investigating the processing of negative and/or positive emotional 
stimuli compared to neutral stimuli. Significant negative as well as positive correlations with 
neuroticism were found only for the contrast (negative>neutral) after correction for multiple 
comparisons. Neuroticism was associated with decreased activation in the anterior cingulate 
gyrus (ACC), thalamus, hippocampus/parahippocampus, striatum and several temporal, 
parietal and occipital brain areas for negative compared to neutral stimuli. Studies contributing 
significant findings to these summary results investigated the process of anticipation of aversive 
stimuli. Furthermore, neuroticism was associated with increased activation in the hippocampus/
parahippocampus and frontal and cingulate regions for negative contrasted to neutral stimuli. 
These summary results were based on significant findings from studies examining fear learning 
and general emotion processing, respectively. In the remainder of this discussion, the relationship 
between neuroticism and these three psychological processes and their corresponding neural 
correlates will be discussed, generally based on literature findings from studies that were not 
included in the current meta-analysis. The aim is to incorporate these meta-analytic findings into 
a general model of emotion processing in neuroticism (see Figure 3 for the model).

df, degrees of freedom; * Cohen’s d

Table 3 Continued
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2.5.1 Fear learning

For negative compared to neutral stimuli, we found that neuroticism was associated 
with increased activation in brain areas related to fear learning, including the hippocampal-
parahippocampal complex. Learning to predict threats from cues in the environment is vital for 
engaging physiological, behavioral and cognitive-emotional preparatory mechanisms in order to 
respond adaptively in time and hence, minimize exposure to the source of threat (Nitschke et al., 
2006; Schiller and Delgado, 2010; Wood et al., 2012). Various studies have applied the Pavlovian 
fear conditioning paradigm to investigate the neural correlates of fear learning in animals as well 
as humans (Sehlmeyer et al., 2009). In short, a previously neutral conditioned stimulus (CS, e.g. 
tone) is paired with an aversive unconditioned stimulus (UCS, e.g. electrical shock). The CS-UCS 
association has been learned when a conditioned response (CR, e.g. skin conductance response) 
is generated to the CS in anticipation of the UCS (Sehlmeyer et al., 2009). The hippocampus is 
involved in the acquisition and expression of fear (Dunsmoor et al., 2007), specifically during 
context (Herry et al., 2010; Maren, 2008; Marschner et al., 2008) and trace conditioning (Büchel 
et al., 1999; Knight et al., 2004; Maren, 2008). Context conditioning refers to the fact that there is 
not only one cue predictive of the UCS, but multiple cues constituting a context (CS) (Büchel et 
al., 1999). In trace conditioning, there is a time interval between the offset of the CS and the onset 
of the UCS in comparison to delay conditioning, where the CS and UCS coterminate (Büchel 
et al., 1999). The hippocampus seems to mediate more complex forms of fear conditioning by 
performing a binding operation with regard to contextual cues, time points and widely distributed 
neocortical representations (Büchel et al., 1999; Tendolkar et al., 2007). Furthermore, learning-
related activation in the hippocampus and parahippocamus has been associated with contingency 
awareness, regarding the explicit memory of the CS-UCS association (Knight et al., 2009). Our 
findings revealed that neuroticism was associated with increased (para)hippocampal activation 
during fear learning, possibly implying a fear learning system that is more active in high trait 
scorers. Together with the maintenance of a negative cognitive processing bias (Chan et al., 2007; 
Suls and Martin, 2005), this may lead to the observed tendency in these individuals to appraise life 
events as more threatening (Suls and Martin, 2005). Previous research has shown that individuals 
scoring higher on neuroticism are inclined to recall more negative personal memories than 
individuals scoring lower on this trait (Ruiz-Caballero and Bermúdez, 1995). 

2.5.2 Anticipation of aversive stimuli

When contrasting negative to neutral stimuli, neuroticism was found to be associated with 
decreased activation in brain regions related to the anticipation of aversive stimuli. Fear learning and 
anticipation are two related processes. Fear learning precedes and allows the anticipation of threats 
in the environment by forming and retrieving a fear memory, respectively. In turn, anticipation 
adjusts and regulates fear learning, when expectations are violated (McNally and Westbrook, 
2006). Cued anticipation has been investigated by various studies using a Pavlovian conditioned 
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discrimination task. Herein, individuals have to discriminate between two cues, one of which is 
paired with a UCS. Brain regions identified with this paradigm that correspond with the findings 
in our meta-analysis are the perigenual ACC, posterior cingulate cortex (PCC), precuneus, middle 
cingulate gyrus, middle temporal gyrus (MTG), hippocampus, parahippocampus/fusiform 
gyrus, lingual gyrus, middle occipital gyrus, supramarginal gyrus (SMG), thalamus and striatum 
(Alvarez et al., 2011; Drabant et al., 2011; Grupe et al., 2012; Jensen et al., 2003; Nitschke et al., 
2006; Ploghaus et al., 1999). Neuroticism was found to be negatively correlated with activation in 
these brain areas in the current meta-analysis, which may be indicative of an altered anticipatory 
process in high neurotic individuals. A potential explanation for this somewhat contradictory 
result (i.e. one may expect increased anticipatory brain activation in response to negative stimuli 
to be associated with neuroticism) can be found in studies investigating processes related to cued 
anticipation, which implicate many of the abovementioned brain regions. These studies have 
investigated unconditioned response (UCR) diminution (Dunsmoor et al., 2008; Knight et al., 
2010; Wood et al., 2012) and UCS omission (Dunsmoor and LaBar, 2012) related brain activity 
to demonstrate a relationship between learning-related changes during fear conditioning and the 
formation of expectations with regard to an aversive event. 

First, UCR diminution refers to an attenuation of the UCR amplitude after presenting a 
CS predictive of the UCS relative to presenting a UCS alone (e.g. a decrease in skin conductance 
response (SCR) can be observed after the presentation of a tone, which is predictive of a shock, 
in contrast to the delivery of a shock alone) (Wood et al., 2012). Brain regions involved in UCR 
diminution show a decrease in activation, when UCS expectancy increases (Wood et al., 2012). The 
ACC, PCC, MTG and thalamus, among others, have been related to UCR diminution (Dunsmoor 
et al., 2008; Knight et al., 2010; Wood et al., 2012). Furthermore, trait anxiety - a concept related 
to neuroticism - uniquely modulated brain activity in the PCC, besides UCS expectancy and 
SCR production (Wood et al., 2012). The results of the current meta-analysis showed decreased 
activation in brain areas related to UCR diminution in individuals scoring higher on neuroticism 
during the anticipation of aversive stimuli. Combined with a fear learning system that is possibly 
more active, high trait scorers may constantly expect an aversive outcome after the presentation 
of stimuli that essentially do not pose a threat, which has been designated as a symptom of several 
anxiety disorders (Dunsmoor and LaBar, 2012).

Second, UCS omission has been studied predominantly during the extinction of fear 
learning. When a UCS is omitted, individuals normally generate a UCR in response to the absent 
UCS (e.g. a SCR is generated at the time the omitted shock was expected), inferring the detection of 
discrepancy between an expected and actual outcome (Dunsmoor and LaBar, 2012). UCS omission 
related brain activity reflects an indirect measure of perceived violation in outcome expectancy 
and was found to be increased in a number of brain areas, including the PCC, precuneus, MTG, 
SMG, parahippocampal gyrus and striatum (Dunsmoor and LaBar, 2012). The present meta-
analytic findings showed decreased activation in brain regions associated with UCS omission in 
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individuals scoring higher on neuroticism during the anticipation of aversive stimuli. Notably, in 
one of the studies that contributed to the significant findings (Kumari et al., 2007), participants 
were given a mild electric shock before they went into the scanner and they were told that they 
would receive one or more shocks of a comparable or stronger intensity during the experiment. In 
fact, no shocks were delivered to the participants. Therefore, it may be possible that neuroticism is 
associated with differences in discrepancy detection and the formation of expectancies. Perhaps, 
they only focus on trials where the CS was actually paired with the UCS, confirming their beliefs 
that threat was present. This interpretation is in line with the observed negativity bias in high 
neurotic individuals (Chan et al., 2007). Hence, it seems to be a possibility that the coding of 
aversive prediction errors works ineffectively, which may cause problems in responding flexibly to 
changing contingencies in the environment and extinction related fear learning. A brain structure 
that continuously updates the predictive value of stimuli is the striatum, which shows increased 
activation in case of a prediction error (Delgado et al., 2008; Schiller et al., 2008; Seymour et al., 
2004). Striatal activity correlated negatively with neuroticism during the anticipation of aversive 
stimuli in the current meta-analysis, suggesting a possible alteration in learning signals related to 
the adjustment of predictions and guidance of future decision-making (Delgado et al., 2008). 

Lastly, an alternative explanation for the current meta-analytic results is that individuals 
scoring higher on neuroticism show an emotionally blunted response in the face of inescapable 
threat. In other words, these individuals suppress their reaction to the (upcoming) stressor because 
of an already aroused state in response to neutral stimuli (Coen et al., 2011; Kumari et al., 2007). 
Furthermore, evidence has suggested that individuals scoring higher on neuroticism make more 
use of avoidance coping strategies to regulate their emotions (Ormel et al., 2013a).

2.5.3 Emotion processing

For negative contrasted to neutral stimuli, neuroticism was found to be associated with 
increased activation in brain regions involved in general emotion processing, including the middle 
cingulate gyrus and dorsal (medial) prefrontal cortex. When the ability to accurately predict 
aversive events is hampered, uncertainty may arise about possible negative outcomes in the future, 
which may lead to increased levels of stress. McEvoy and Mahoney (2012) showed that intolerance 
of uncertainty partially mediated the relationship between neuroticism and symptoms related 
to several psychiatric disorders, such as anxiety disorders and depression. Furthermore, studies 
investigating uncertainty revealed that it leads to biased expectancies of negative outcomes and 
increases the negative effect of aversive stimuli as measured by SCRs and mood ratings (Grupe 
and Nitschke, 2011; Sarinopoulos et al., 2010). Prior research has shown individual differences in 
the capacity to employ cognitive control over negative emotions (Ochsner and Gross, 2005), such 
as feelings of uncertainty. Brain regions associated with the processing of emotion and emotion 
regulation are mostly prefrontal and cingulate regions (Hofmann et al., 2012; Ochsner and Gross, 
2005), which correspond with abovementioned brain areas revealed by the current meta-analysis. 
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Although emotion regulation was not explicitly investigated in studies included in the meta-
analysis, it has been shown that individuals regularly engage in spontaneous emotion regulation in 
response to negative stimuli (Gyurak et al., 2011). Different strategies can be applied to exert top-
down regulatory control over appraisal systems (e.g. amygdala and insula). Reappraisal is probably 
the most studied cognitive control strategy and can be defined as reinterpreting the meaning of 
an affective stimulus to reduce its emotional impact (Ochsner, et al., 2002; Ochsner and Gross, 
2005, 2008). Regulatory success has been related to variation in well-being and adaptive emotional 
and social behavior (Modinos et al., 2010; Ochsner and Gross, 2005). Generally, individuals 
scoring high on neuroticism deal poorly with stressful life events and rely on maladaptive coping 
strategies, such as worry, escape, avoidance, wishful thinking, self-blame and denial (Ormel et al., 
2013a; Suls and Martin, 2005). Furthermore, they make use of less effective interpersonal coping 
mechanisms, comprising hostile reactivity, poor ventilation of negative emotions, confrontation 
and interpersonal withdrawal (Ormel et al., 2013a). In line with these findings, we found that 
individuals scoring higher on neuroticism showed increased activation in brain regions involved 
in the processing and regulation of emotion, possibly suggesting the need for greater regulatory 
efforts in order to gain cognitive control over negative emotions.

2.5.4 A general model of emotion processing in neuroticism

In former sections, we have discussed the link between psychological processes and functions 
of neural correlates that were found to be associated with neuroticism in the current meta-analysis. 
To enhance the understanding of how these psychological processes are related, we propose a 
serial model incorporating fear learning, anticipation of aversive stimuli and the processing and 
regulation of emotion. Presumably, alterations in emotion processing in high neurotic individuals 
start with the maintenance of a negative processing bias (Chan et al., 2007; Ormel et al., 2013a; Suls 
and Martin, 2005). On top of that, these individuals potentially have a fear learning system that 
is more active, forming numerous - whether or not erroneous - associations between perceived 
negative stimuli and contextual cues in the environment. This may result in an increased tendency 
to appraise the world as more threatening. Since the fear learning system possibly works in a 
non-selective manner, individuals scoring higher on neuroticism may experience difficulties 
in predicting future (negative) outcomes. This may create situations of uncertainty for them 
and consequently, they may experience higher levels of stress and increased negative feelings. 
Eventually, in high neurotic individuals, this potentially leads to the experience of mood spillovers 
(for a description of the ‘neurotic cascade’, see Suls and Martin, 2005) and the need for greater 
regulatory efforts in order to gain cognitive control over negative emotions. It is possible that these 
individuals attempt to effectively regulate their negative feelings, but fail occasionally because they 
are so overwhelmed by their emotions. This may cause them to fall back on maladaptive coping 
strategies, such as worry and escape or avoidance (Lahey, 2009; Ormel et al., 2013a; Watson et 
al., 1994) (see Figure 3 for the model). To conclude, we would like to emphasize that it is not 
our intention to equate neuroticism to fear/anxiety, rather we propose that heightened emotional 
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Figure 3 A model for emotion processing in neuroticism. A red square represents a process or concept that has 
been shown to be positively correlated with neuroticism in the current meta-analysis. A blue square represents 
a process or concept that has been shown to be negatively correlated with neuroticism in the current meta-
analysis. A green square represents a process or concept that has been found to be related to neuroticism in 
previous research, which was incorporated into the present model of emotion processing in neuroticism. The 
most prominent brain regions are mentioned for the psychological processes found through the current meta-
analysis. ACC = anterior cingulate cortex, PCC = posterior cingulate cortex.

2.5.5 Contradictory Results

It has been hypothesized in theories that neuroticism is associated with hyperactivity of 
the amygdala in response to negative stimuli (Canli, 2008; Eysenck, 1967; Gray, 1982, 1991). A 
combination of higher activation levels as well as lower activation thresholds was suggested to 
underlie this hyperactivity (Ormel et al., 2013a). Previous research has proposed a role for the 
amygdala in threat detection, because of its function in directing attention to salient stimuli in the 
environment and projections to the visual cortex (Ormel et al., 2013a). It would have been plausible 
to find increased amygdala activation to be associated with higher scores on neuroticism during the 
processing of negative stimuli. However, we did not find evidence for such a relationship in terms 
of consistently increased amygdala activation across studies. Furthermore, a sensitivity analysis 
was conducted with a kernel size of 10 mm, which is better suited to find smaller effects such as 
those expected in the amygdala, but no association was found between neuroticism and amygdala 
activation either. Notably, however, based on functional as well as structural connectivity studies, 
it seems more likely that disconnectivity between the amygdala and frontal regions may underlie 
the observed heightened emotional reactivity to negative events in high neurotic individuals 
(Bjørnebekk et al., 2013; Cremers et al., 2010; Ormel et al., 2013a; Xu and Potenza, 2012). An 
alternative explanation may be that not initial amygdala reactivity is associated with neuroticism, 
but the speed of amygdala recovery after a negative event, which has recently been shown by 
Schuyler and colleagues (2012). 

Furthermore, we hypothesized that neuroticism would be related to decreased activation 
in brain areas associated with emotion processing in response to positive stimuli. However, no 
significant correlations with neuroticism survived FDR multiple comparisons correction for the 
contrast (positive>neutral). Although the power was lower to detect significant differences for this 
contrast (i.e. a lower number of whole-brain studies was found for this contrast), this null finding 
suggests that differences in the processing of negative stimuli play a dominant role in neuroticism, 

reactivity and emotional instability are the core elements of neuroticism and that alterations in 
abovementioned psychological processes contribute to this.
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which corresponds with the observed negativity bias in high neurotic individuals (Canli, 2008; 
Chan et al., 2007; Ormel et al., 2013a). Nonetheless, additional research is needed to confirm this 
conclusion.

2.5.6 Limitations

Several limitations regarding the data analysis and data selection should be taken into account. 
A potential issue of concern regarding the PCM method is the selection of the width of the kernel, 
which is used to smooth the coordinate-based data. Previous research has suggested a kernel of 15-
25 mm in order to obtain optimal sensitivity (Costafreda, 2012). Furthermore, a drawback of the 
selected data was the great variety in i) questionnaires used to assess neuroticism, ii) task paradigms 
to investigate the neural correlates of neuroticism and iii) the application of various regressors, 
such as negative mood, additional personality traits (e.g. extraversion and conscientiousness), 
age and sex. It has been recognized that neuroticism is a heterogeneous construct measured with 
questionnaires including different facet scales (Ormel et al., 2013a). Ormel and colleagues (2013a) 
proposed that future research would benefit from deconstructing neuroticism into lower-order 
facets, cognitive-emotional processes or innate and acquired neuroticism in order to investigate 
the underlying neurobiology of seemingly opposing facets (e.g. anxious distress; internalizing 
versus irritable distress; externalizing) and the basic genetic architecture of the trait by using an 
endophenotypic approach. Furthermore, the role of abovementioned variables that are of relevance 
for neuroticism should be investigated more thoroughly. For example, there are indications for 
sex-related differences in neuroticism levels (women generally score higher on neuroticism than 
men) and brain activity during the processing of emotion (Ormel et al., 2013a). Another example 
concerns the additional personality traits, including extraversion, conscientiousness, agreeableness 
and openness. In principle, the Big Five factors are conceptually independent dimensions, however, 
significant correlations have regularly been found between aforementioned traits in questionnaire 
research (Hoekstra et al., 1996).

2.6 Conclusion

The aim of the current meta-analysis was to provide a quantitative summary of the literature, 
using a parametric coordinate-based meta-analysis (PCM) approach. Data were pooled for 
emotion processing tasks that investigated negative as well as positive emotional stimuli (compared 
to neutral stimuli) to identify brain regions that are consistently associated with neuroticism across 
studies. Differences in brain activation were found to be associated with neuroticism during fear 
learning, anticipation of aversive stimuli and the processing and regulation of emotion. The meta-
analytic findings were incorporated into a model of emotion processing in neuroticism, which 
allows concrete hypotheses to be formulated in order to direct future research. Associations 
between neuroticism and abovementioned psychological processes can be tested separately on a 
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behavioral, psychological and neurobiological level. Furthermore, causal as well as bidirectional 
relationships can be explored between the different psychological processes and associations with 
neuroticism. Moreover, it will be valuable to examine the role of these psychological processes in 
psychiatric disorders for which neuroticism is considered to be a risk factor (e.g. anxiety disorders 
and depression) to investigate how neuroticism predisposes individuals to the development of 
psychopathology.
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2.8 Supplemental material

2.8.1 S1 Reasons for study exclusion

Author Year Title Reason for exclusion

Amin 2004 Attentional bias for valenced stimuli as a function of 
personality in the dot-probe task

Incorrect contrast

Brück 2011 Impact of personality on the cerebral processing of 
emotional prosody

Incorrect contrast

Canli 2001 An fMRI study of  personality influences on brain 
reactivity to emotional stimuli

Incorrect contrast

Chan 2009 Risk for depression and neural responses to fearful facial 
expressions of emotion

Incorrect contrast

Cunningham 2011 Reprint of: Aspects of neuroticism and the amygdala: 
chronic tuning from motivational styles

Incorrect contrast

Cunningham 2010 Aspects of neuroticism and the amygdala: chronic tuning 
from motivational styles

Incorrect contrast

Demoto 2012 Neural and personality correlates of individual 
differences related to the effects of acute tryptophan 
depletion on future reward evaluation

Substance administration

Di Simplicio 2011 Short-term antidepressant administration reduces 
negative self-referential processing in the medial 
prefrontal cortex in subjects at risk for depression

Substance administration

Drabant 2011 Experiential, autonomic, and neural responses during 
threat  anticipation vary as a function of threat intensity 
and neuroticism

Incorrect contrast

Feinstein 2006 Anterior insula reactivity during certain  decisions is 
associated with neuroticism

Incorrect contrast

Fischer 1997 Extraversion, Neuroticism and brain function: A PET 
study of personality

Incorrect contrast

Haas 2007 Emotional conflict and neuroticism:  personality-
dependent activation in the amygdala and subgenual 
anterior cingulate

Incorrect contrast

Herwig 2007 Neural correlates of a 'pessimistic' attitude when 
anticipating events of unknown emotional valence

Incorrect contrast

Table S1 Overview of reasons for excluding certain relevant studies from the meta-analysis
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Author Year Title Reason for exclusion

Iaria 2008 Neural activity of the anterior insula in emotional 
processing depends on the individuals' emotional 
susceptibility

Incorrect contrast

Jimura 2010 Temporal pole activity during understanding other 
persons' mental states correlates with neuroticism trait

Incorrect contrast

Moriguchi 2009 The human mirror neuron system in a population with 
deficient self-awareness: an  fMRI study in alexithymia

Incorrect contrast

Paulus 2003 Increased activation in the right insula during risk-
taking decision making is related to harm avoidance and 
neuroticism

Incorrect contrast

Schaefer 2012 Striatal response to favorite brands as a function of 
neuroticism and extraversion

Incorrect contrast

Simmons 2008 Intolerance of uncertainty correlates with insula 
activation during affective ambiguity

Incorrect contrast

Terasawa 2012 Anterior insular cortex mediates bodily sensibility and 
social anxiety

Incorrect contrast

See section ‘Selection Criteria’ and Figure 1 PRISMA flow diagram for the selection criteria.

Table S1 Continued
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Contrast Correlation

Total 
nr. of 
studies

Field of view Nr. of 
studies Significance Nr. of 

studies

Neg>Neu Positive 15 Whole-brain 5 Significant 3

Non-significant 2

ROI 6 Significant 0

Non-significant 2

Both 4

Both 4 Significant 0

Non-significant 0

Both 4

Neg>Neu Negative 14 Whole-brain 5 Significant 4

Non-significant 1

ROI 7 Significant 0

Non-significant 6

Both 1

Both 2 Significant 0

Non-significant 2

Both 0

Pos>Neu Positive 10 Whole-brain 3 Significant 3

Non-significant 0

ROI 5 Significant 0

Non-significant 5

Both 0

Both 2 Significant 0

Non-significant 1

Both 1

Pos>Neu Negative 9 Whole-brain 3 Significant 1

Non-significant 2

ROI 5 Significant 0

Non-significant 4

Both 1

Both 1 Significant 0

Non-significant 0

Both 1

Pos, positive; Neg, negative; Neu, neutral; ROI, region of interest.

Table S2 Overview of the literature findings per contrast

2.8.2 S2 Literature findings per contrast
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Study Year ROI Side AAL label Contrast

Brassen 2010 Anterior 
cingulate cortex

Left Cingulum_
Ant_L 4001

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr *

Dorsolateral 
prefrontal 
cortex

Left Frontal_Mid_L 
2201

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Canli 2004 Anterior 
cingulate gyrus

Left Cingulum_
Ant_L 4001

Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Right Cingulum_
Ant_R 4002

Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Cremers 2010 Dorsal medial 
prefrontal 
cortex

Left Frontal_Sup_
Medial_L 2601

Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Right Frontal_Sup_
Medial_R 2602

Neg>Neu, Pos 
corr *

Neg>Neu, Neg 
corr

Amygdala Left Amygdala_L 
4201

Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Right Amygdala_R 
4202

Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Table S3 Overview of the selected ROIs per study and their significance

2.8.3 S3 Selected ROIs and their significance
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Study Year ROI Side AAL label Contrast

Anterior 
cingulate cortex

Left Cingulum_
Ant_L 4001

Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Right Cingulum_
Ant_R 4002

Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Drabant 2008 Amygdala Left Amygdala_L 
4201

Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Right Amygdala_R 
4202

Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Inferior parietal 
lobule

Right Occipital_
Mid_R 5202

Neg>Neu, Pos 
corr

Parietal_Inf_R 
6202

Angular_R 6222

SupraMargin-
al_R 6212

Neg>Neu, Neg 
corr *

Medial frontal 
gyrus

Left Frontal_Sup_
Medial_L 2601

Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Middle frontal 
gyrus

Left Frontal_Mid_L 
2201

Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Right Frontal_Mid_R 
2202

Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Superior 
parietal lobule

Left Parietal_Sup_L 
6101

Neg>Neu, Pos 
corr

Angular_L 6221

Table S3 Continued
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Study Year ROI Side AAL label Contrast

Parietal_Inf_L 
6201

Neg>Neu, Neg 
corr

Haas 2008 Medial 
prefrontal 
cortex

Left Frontal_Sup_
Medial_L 2601

Neg>Neu, Pos 
corr *

Neg>Neu, Neg 
corr

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Right Frontal_Sup_
Medial_R 2602

Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Amygdala Left Amygdala_L 
4201

Neg>Neu, Pos 
corr

Right Amygdala_R 
4202

Neg>Neu, Pos 
corr

Harenski 2009 Amygdala Left Amygdala_L 
4201

Neg>Neu, Pos 
corr *

Right Amygdala_R 
4202

Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Hooker 2008 Amygdala-
hippocampal 
complex

Left Amygdala_L 
4201

Neg>Neu, Pos 
corr

Hippocampus_L 
4101

ParaHippocam-
pal_L 4111

Pos>Neu, Pos 
corr

Right Amygdala_R 
4202

Neg>Neu, Pos 
corr

Hippocam-
pus_R 4102

Table S3 Continued
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Study Year ROI Side AAL label Contrast

ParaHippocam-
pal_R 4112

Pos>Neu, Pos 
corr

Hyde 2011 Ventral 
amygdala

Left Amygdala_L 
4201

Neg>Neu, Neg 
corr

Neg>Neu, Pos 
corr

Right Amygdala_R 
4202

Neg>Neu, Neg 
corr

Neg>Neu, Pos 
corr

Dorsal 
amygdala

Left Amygdala_L 
4201

Neg>Neu, Neg 
corr

Neg>Neu, Pos 
corr

Right Amygdala_R 
4202

Neg>Neu, Neg 
corr

Neg>Neu, Pos 
corr

Jimura 2009 Temporal pole Left Temporal_Pole_
Sup_L 8121

Neg>Neu, Pos 
corr *

Temporal_Pole_
Mid_L 8211

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Medial 
prefrontal 
cortex

Left Frontal_Sup_
Medial_L 2601

Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Fujiwara 2008 Prefrontal 
cortex

Left Frontal_Sup_
Medial_L 2601

Neg>Neu, Pos 
corr *

Frontal_Sup_L 
2101

Frontal_Mid_L 
2201

Table S3 Continued
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Study Year ROI Side AAL label Contrast

Frontal_Inf_
Oper_L 2301

Frontal_Inf_
Tri_L 2311

Frontal_Med_
Orb_L 2611

Frontal_Sup_
Orb_L 2111

Frontal_Mid_
Orb_L 2211

Frontal_Inf_Or-
b_L 2321

Rectus_L 2701

Neg>Neu, Neg 
corr

Right Frontal_Sup_
Medial_R 2602

Neg>Neu, Pos 
corr

Frontal_Sup_R 
2102

Frontal_Mid_R 
2202

Frontal_Inf_
Oper_R 2302

Frontal_Inf_
Tri_R 2312

Frontal_Med_
Orb_R 2612

Frontal_Sup_
Orb_R 2112

Frontal_Mid_
Orb_R 2212

Frontal_Inf_Or-
b_R 2322

Rectus_R 2702

Neg>Neu, Neg 
corr

Mobbs 2005 Prefrontal 
cortex

Right Frontal_Sup_
Medial_R 2602

Pos>Neu, Neg 
corr *

Frontal_Sup_R 
2102

Table S3 Continued
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Study Year ROI Side AAL label Contrast

Frontal_Mid_R 
2202

Frontal_Inf_
Oper_R 2302

Frontal_Inf_
Tri_R 2312

Frontal_Med_
Orb_R 2612

Frontal_Sup_
Orb_R 2112

Frontal_Mid_
Orb_R 2212

Frontal_Inf_Or-
b_R 2322

Rectus_R 2702

Nucleus 
accumbens

Right Caudate_L 7001 Pos>Neu, Neg 
corr *

Putamen_L 
7011

Amygdala Left Amygdala_L 
4201

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Thomas 2011 Amygdala Left Amygdala_L 
4201

Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Right Amygdala_R 
4202

Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Hippocampus Left Hippocampus_L 
4101

Neg>Neu, Pos 
corr

Table S3 Continued
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Study Year ROI Side AAL label Contrast

Neg>Neu, Neg 
corr

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Right Hippocam-
pus_R 4102

Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Parahippocam-
pal gyrus

Left ParaHippocam-
pal_L 4111

Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Right ParaHippocam-
pal_R 4112

Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Globus pallidus Left Pallidum_L 
7021

Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Right Pallidum_R 
7022

Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Table S3 Continued

Thesis_Book .indb   56 1/4/2015   1:35:59 PM



57

2

Study Year ROI Side AAL label Contrast

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Thalamus Left Thalamus_L 
7101

Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Right Thalamus_R 
7102

Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Caudate Left Caudate_L 7001 Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Right Caudate_R 7002 Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Putamen Left Putamen_L 
7011

Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Pos>Neu, Pos 
corr

Table S3 Continued
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Study Year ROI Side AAL label Contrast

Pos>Neu, Neg 
corr

Right Putamen_R 
7012

Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Insula Left Insula_L 3001 Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Right Insula_R 3002 Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Fusiform Left Fusiform_L 
5401

Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Right Fusiform_R 
5402

Neg>Neu, Pos 
corr

Neg>Neu, Neg 
corr

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Table S3 Continued
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Study Year ROI Side AAL label Contrast

Prefrontal 
cortex 
(BA9/44/45)

Left Frontal_Sup_
Medial_L 2601

Neg>Neu, Pos 
corr

Frontal_Sup_L 
2101

Frontal_Inf_
Tri_L 2311

Frontal_Inf_
Oper_L 2301

Neg>Neu, Neg 
corr

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Right Frontal_Sup_
Medial_R 2602

Neg>Neu, Pos 
corr

Frontal_Sup_R 
2102

Frontal_Inf_
Tri_R 2312

Frontal_Inf_
Oper_R 2302

Neg>Neu, Neg 
corr

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Orbital frontal 
cortex (BA 
11/47)

Left Rectus_L 2701 Neg>Neu, Pos 
corr

Frontal_Sup_
Orb_L 2111

Frontal_Mid_
Orb_L 2211

Frontal_Inf_Or-
b_L 2321

Neg>Neu, Neg 
corr

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Table S3 Continued
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Study Year ROI Side AAL label Contrast

Right Rectus_R 2702 Neg>Neu, Pos 
corr

Frontal_Sup_
Orb_R 2112

Frontal_Mid_
Orb_R 2212

Frontal_Inf_Or-
b_R 2322

Neg>Neu, Neg 
corr

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Cingulate 
gyrus (BA 
23/24/25/32)

Left Cingulum_
Ant_L 4001

Neg>Neu, Pos 
corr

Cingulum_
Mid_L 4011

Cingulum_
Post_L 4021

Neg>Neu, Neg 
corr

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Right Cingulum_
Ant_R 4002

Neg>Neu, Pos 
corr

Cingulum_
Mid_R 4012

Cingulum_
Post_R 4022

Neg>Neu, Neg 
corr

Pos>Neu, Pos 
corr

Pos>Neu, Neg 
corr

Significant ROI findings are marked with an asterisk (*). AAL, Automated Anatomical Labeling; Corr, 
correlation; Pos, positive; Neg, negative; Neu, neutral; ROI, region of interest.

Table S3 Continued
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3.1 Abstract

The tendency to worry is a facet of neuroticism that has been shown to mediate the relationship 
between neuroticism and symptoms of depression and anxiety. The aim of the current study was 
to investigate the neural correlates of state worry in association with neuroticism. One-hundred 
twenty participants were selected from an initially recruited sample of 240 women based on 
their neuroticism score. First, participants completed a questionnaire to assess the excessiveness 
and uncontrollability of pathological worry. Subsequently, we measured brain activation with 
functional magnetic resonance imaging (fMRI) while participants were randomly presented with 
twelve worry-inducing sentences and twelve neutral sentences in a mood induction paradigm. 
Individuals scoring higher on neuroticism reported to worry more in daily life and to have 
generated more worry-related thoughts after the presentation of a worry-inducing sentence. 
Furthermore, imaging results showed the involvement of default mode and emotional brain 
areas during worry, previously associated with self-related processing and emotion regulation. 
Specifically, cortical midline structures and the anterior insula showed more activation during 
worry, when individuals indicated to have generated more worry-related thoughts. Activation in 
the retrosplenial and visual cortex was decreased in participants scoring higher on neuroticism 
during worry, possibly suggesting reduced autobiographical specificity and visual mental imagery. 
In the literature, both these processes have been related to the cognitive avoidance of emotional 
distress. Excessive worry features in a number of emotional disorders and results from studies that 
elucidate its neural basis may help explain how and why neuroticism contributes to vulnerability 
for psychopathology.
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3.2 Introduction

Neuroticism is a robust personality trait (Costa and McCrae, 1989) that is characterized by 
a predisposition to express heightened emotional reactivity, especially to negative events (Canli, 
2008), and to experience increased negative affect, such as feelings of depression and anxiety 
(Watson et al., 1994). High scores on neuroticism are considered a powerful risk marker for a 
wide range of psychiatric disorders, in particular internalizing disorders (Lahey, 2009; Ormel 
et al., 2004, 2013b). Individuals scoring higher on neuroticism tend to appraise events as more 
threatening than others, which causes elevated levels of stress (Chan et al., 2007; Suls and Martin, 
2005). Occasionally, this may lead to the occurrence of mood spillovers as a result of applying 
maladaptive coping strategies (Suls and Martin, 2005).

Excessive worry is one of these maladaptive coping strategies and represents a form of 
repetitive negative thinking (RNT) (Roelofs et al., 2008), in which a cognitive attempt is made 
to anticipate and prepare for possible negative outcomes in the future (Borkovec et al., 2004, 
1983; Roelofs et al., 2008). Borkovec et al. (1983) have defined worry as ‘a chain of thoughts and 
images, negatively affect-laden and relatively uncontrollable’. Prior studies have shown that trait 
worry varies continuously across the normal population and plays a role in a variety of psychiatric 
disorders (Hirsch and Mathews, 2012). In particular, it is the main diagnostic criterion of 
Generalized Anxiety Disorder (GAD) in which worry is characterized as general, disproportionate, 
uncontrollable and irrational (Hirsch and Mathews, 2012). 

A number of studies have related neuroticism to the construct of worry or to processes 
that negatively reinforce, initiate or continue the use of worry as a coping mechanism. First, the 
tendency to worry is a facet of neuroticism (Lahey, 2009; Watson et al., 1994) that has been shown 
to mediate the relationship between neuroticism and symptoms of depression and anxiety (Muris 
et al., 2005; Roelofs et al., 2008). Specifically, Hale et al. (2010) demonstrated that neuroticism 
is strongly correlated with the GAD symptom of worry and that both constructs have strong 
predictive values for each other. Also, a recent paper, using a network approach to psychopathology, 
showed that worry is one of the most central nodes in the network of high neurotic individuals 
(Bringmann et al., 2013). Furthermore, studies have revealed an association between neuroticism 
and meta-worry (worry about worry) (Matthews et al., 2000). Wells (1995) has proposed in his 
theory related to GAD that such dysfunctional meta-cognitive beliefs about worry are involved 
in maintaining the worry cycle. Particularly, negative metacognitions are considered pathogenic 
and lead to the perpetuation of worry (Wells, 1995). In addition, it has been argued that worry 
may be a consequence of the ineffective processing and regulation of emotions (Blair and Blair, 
2012; Mennin et al., 2005). In line with this theory of GAD, research has shown that high neurotic 
individuals are impaired in the processing of negative emotional stimuli and make less use of 
adaptive coping strategies to regulate their emotions, such as reappraisal (Chan et al., 2007; Gross 
and John, 2003). Moreover, Borkovec’s theory related to GAD (Borkovec et al., 2004) proposes that 
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worry functions as a cognitive avoidance response in the face of future threat, that is, the abstract 
and verbal nature of worry reduces the experience of negative emotions normally provoked by 
visual mental imagery. Accordingly, high neurotic individuals have a tendency to rely on inefficient 
escape-avoidance strategies (Lee-Baggley et al., 2005; Watson and Hubbard, 1996).

Few functional magnetic resonance imaging (fMRI) studies have been conducted on the 
neural correlates of worry. One study demonstrated increased activation in brain areas related 
to self-referential processing and introspection, such as the dorsomedial prefrontal cortex and 
anterior cingulate cortex, during experimentally-induced worry in healthy individuals as well 
as GAD patients. Furthermore, GAD patients showed persistent activation in these same brain 
areas during the post-worry rest period, possibly suggesting difficulties in the ability to terminate 
the worrying (Paulesu et al., 2010). In contrast, more studies have investigated rumination – a 
different form of RNT – in the context of depression. Recent research has suggested that there 
are more similarities than differences between the two forms of RNT, with the only replicated 
difference being temporal orientation (worry is more directed to the future and rumination to 
the past) (McEvoy et al., 2010). Studies on state as well as trait worry and rumination have shown 
the involvement of brain regions that are part of the default mode network (e.g. cortical midline 
structures) and limbic system (e.g. amygdala and insula) (Andreescu et al., 2011; Berman et al., 
2011; Cooney et al., 2010; Hamilton et al., 2011; Marchetti et al., 2012; Paul et al., 2013; Paulesu 
et al., 2010; Schienle et al., 2009; Thomas et al., 2011; Whitfield-Gabrieli and Ford, 2012; Zhu 
et al., 2012). Activation in these brain areas has been related to self-related processing, mental 
simulation, introspection, future planning and emotion processing/regulation (Buckner et al., 
2008; Phillips et al., 2003; Sylvester et al., 2012).

Prior literature has stated that the tendency to worry is a facet of neuroticism (Lahey, 2009; 
Watson et al., 1994), however, this relationship has not extensively been studied, specifically not 
with fMRI. Therefore, the aim of the current study was to investigate the neural correlates of state 
worry in association with neuroticism. For this purpose, we implemented an adapted form of 
the mood induction paradigm of Paulesu et al. (2010) in a sample of 120 women selected on the 
basis of their neuroticism score. First, we hypothesized increased worrying in individuals scoring 
higher on neuroticism in daily life (trait worry; questionnaire data) as well as during the mood 
induction paradigm (state worry; behavioral data). Second, we hypothesized enhanced activation 
in default mode and limbic brain regions during worry, specifically in individuals scoring higher 
on neuroticism. Third, we hypothesized that brain regions related to worry would show persistent 
activation during the post-worry rest period in individuals scoring higher on neuroticism. Fourth, 
during worry, we investigated task-dependent connectivity of brain regions associated with 
neuroticism to shed light on the neural networks involved (Burianova et al., 2010).
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3.3 Methods and materials

3.3.1 Participants

Initially, 240 students from the University of Groningen were asked to fill out the NEO Five-
Factor Inventory (NEO-FFI) (domains Neuroticism and Extraversion, 24 items). Individuals were 
sent a questionnaire when they agreed to participate in the study (based on the information letter 
which included an informed consent form) and met the following selection criteria: 1) female 
gender, 2) age between 18-25 years, 3) Dutch as native language, 4) Caucasian descent, 5) right 
handed, 6) no use of contraceptive medication, except for oral contraceptive pills (21-pill packet). 
Only females were included because they significantly score higher on neuroticism than men and 
because of that, have a higher risk of developing affective disorders (Parker and Brotchie, 2010). 
Furthermore, research is still limited related to gender differences in neuroticism and therefore, we 
decided not to introduce this variation in the sample as it is not properly understood yet. Exclusion 
criteria were 1) a history of seizure or head injury, 2) a lifetime diagnosis of psychiatric and/or 
neurological disorders, 3) a lifetime diagnosis of psychiatric disorders in first degree relatives of the 
participant, 4) the use of medication that can influence test results, 5) visual or auditory problems 
that cannot be corrected, 6) MRI incompatible implants or tattoos, 7) claustrophobia, 8) suspected 
or confirmed pregnancy. From this sample, 120 individuals (mean age: 20.8 SD ± 2.0, age range: 18-
25) were invited to participate in the experiment. To ensure sufficient numbers of participants with 
high levels of neuroticism, sixty individuals were selected from the highest quartile of neuroticism 
scores (NEO-FFI score ≥ 32, range 32-47) and sixty individuals were randomly selected from the 
three lowest quartiles (NEO-FFI < 32, range 17-31). Plots of normality (QQ-plot and boxplot) 
showed that, in the selected 120 participants, neuroticism scores were approximately normally 
distributed.

In order to reduce hormone-related between-subject variability, participants were invited for 
the experiment during the first ten days of their menstrual cycle (early and mid-follicular phase) or 
during the discontinuation week in case of oral contraceptive usage, which resembles the early and 
mid-follicular phase in terms of ovarian hormonal levels (Cohen and Katz, 1979). During these 
phases, ovarian hormonal levels are relatively low and menstrual cycle related changes in mood, 
stress sensitivity and neurocognitive function are minimal (Andreano and Cahill, 2010; Goldstein 
et al., 2010; Symonds et al., 2004). 

On the day of the experiment, after explaining the procedure, participants gave informed 
consent again and completed the NEO Personality Inventory Revised (NEO-PI-R) (domains 
Neuroticism, Extraversion and Conscientiousness, 144 items) (Hoekstra et al., 1996) and the Penn 
State Worry Questionnaire (PSWQ, 16 items) (van der Heiden et al., 2010) to assess neuroticism 
and the excessiveness and uncontrollability of pathological worry, respectively. The study was 
approved by the Medical Ethical Committee of the University Medical Center Groningen and was 
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conducted in accordance with the Declaration of Helsinki.

3.3.2 Experimental design

The experimental paradigm had an event-related design and consisted of two conditions 
(Paulesu et al., 2010); a worry inducing condition and a neutral condition. Each trial started with 
an instruction of two seconds to either ‘Worry about’ (worry trial) or ‘Think about’ (neutral trial) 
the topic of the upcoming sentence. Worry inducing sentences were presented after the instruction 
‘Worry about’ and neutral sentences were presented after the instruction ‘Think about’ (see 
Supplemental material S1 for a description of the pilot study conducted to identify the stimulus 
set and Supplemental material S2, Table S1 for a list of the stimuli). The duration of the sentence 
presentation was determined by a self-paced button press and lasted maximally six seconds. After 
having read the sentence, participants generated thoughts on the topic of the sentence for 15 
seconds. Subsequently, an audible beep was presented for two seconds followed by a four-point 
Likert scale (1 = no worry, 4 = excessive worry), which was shown for six seconds. On this scale, 
participants were able to rate how much of their generated thoughts were related to worry. Next, 
participants were presented with the instruction ‘Rest’ for two seconds to discontinue the worry 
or thinking process and relax for nine seconds. The experimental paradigm consisted of 12 worry 
trials and 12 neutral trials, which were presented randomly. The maximum duration of a trial 
was 42 seconds and the total maximum duration of the experimental paradigm was 16.8 minutes 
(see Figure 1 for the task outline and Supplemental material S3 for an overview of the full fMRI 
session).

Figure 1 Task outline. First, participants were presented with an instruction to either ‘Worry about’ or ‘Think 
about’ the topic of the upcoming sentence (2 s). Second, a worry-inducing sentence was presented after 
the instruction ‘Worry about’ and a neutral sentence was presented after the instruction ‘Think about’ (see 
figure for examples) (6 s). Third, participants were able to generate thoughts on the topic of the sentence (15 
s). Fourth, an audible beep was presented (2 s) and participants were instructed to rate how much of their 
generated thoughts were related to worry (6 s) (1 = no worry, 4 = excessive worry). Fifth, participants were 
instructed (2 s) to rest and relax for nine seconds, after which a new trial started. 
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3.3.3 Image acquisition

A 3 Tesla Philips Intera MRI scanner (Philips Medical Systems, Best, the Netherlands), 
equipped with a 32-channel SENSE head coil, was used to obtain the images. A high-resolution 
T1-weighted 3D structural image was obtained using fast-field echo (FFE) for anatomical 
reference (170 slices; TR: 9 ms; TE: 8 ms; FOV: 256 x 231; 256 x 256 matrix; voxel size: 1 x 1 x 1 
mm). Functional images were acquired with T2*-weighted gradient echo planar imaging (EPI) 
sequences. The experimental paradigm comprised 510 volumes of 39 axial-slices (TR: 2000 ms; 
TE: 30 ms; FOV: 224 x 224; 64 x 61 matrix; voxel size: 3.5 x 3.5 x 3.5 mm). Slices were acquired in 
descending order without a gap. To prevent artifacts due to nasal cavities, images were tilted 10° to 
the AC-PC transverse plane.

3.3.4 Statistical analyses

3.3.4.1 Questionnaire and behavioral analyses

Questionnaire and behavioral analyses were performed using IBM SPSS Statistics Version 
20 (IBM, SPSS Inc., Chicago, IL, USA). Pearson correlations were calculated between NEO-PI-R 
neuroticism scores and scores on the i) PSWQ and ii) subjective rating scale for worry inducing 
sentences and neutral sentences. Furthermore, a paired t-test was performed to investigate 
differences in mean subjective rating score between the two sentence categories. Questionnaire as 

well as behavioral results with p-values <0.05 were considered significant.

3.3.4.2 Image analysis

Image processing and statistical analyses were performed using SPM8 (http://www.fil.ion.
ucl.ac.uk/spm), implemented in Matlab 7.8.0 (The Mathworks Inc., Natick, MA). First, structural 
as well as functional images were reoriented parallel to the AC-PC plane. Second, functional 
images were realigned to the first image using rigid body transformations and the mean EPI 
image, created during this step, was coregistered to the anatomical T1 image. Third, structural 
images were corrected for bias field inhomogeneities, registered using linear transformations 
and segmented into grey matter (GM), white matter (WM) and cerebrospinal fluid (CSF) (MNI 
template space). Fourth, we used DARTEL (Diffeomorphic Anatomical Registration through 
Exponentiated Lie algebra toolbox) (Ashburner, 2007) to create a customized group template to 
increase the accuracy of inter-subject alignment. Individual GM and WM tissue segments were 
iteratively aligned to the group template in order to acquire individual deformation flow fields. 
Fifth, the coregistered functional images were normalized to MNI space using the customized 
group template and individual deformation flow fields. Furthermore, images were resampled 
to 2 mm3 isotropic voxels and smoothed with an 8 mm full-width at half-maximum (FWHM) 
Gaussian kernel. Three subjects were excluded from further analysis; two because of anatomical 
alterations and one because of task-related movement. A total sample of 117 subjects remained.
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Hemodynamic changes for each condition were calculated using a General Linear Model 
(GLM). In the GLM, predictors were created for the different trial parts, i.e. sentence instruction, 
sentence presentation, thought generation, sound presentation, rating, rest instruction and rest. 
Effects were modeled using a boxcar convolved with a canonical hemodynamic response function 
(HRF). Subsequent t-contrasts were computed per subject on first-level: (worry < > neutral) and 
(rest worry < > rest neutral). In the latter contrast, we investigated whether brain regions related 
to worry showed persistent activation during the post-worry rest period. Furthermore, subjective 
ratings of worry were included as single trial parametric weights for the worry condition. The 
reason for this is to examine which brain regions showed increased or decreased activation, when 
individuals indicated to have generated more worry-related thoughts after the presentation of 
a worry-inducing sentence. In addition, six rigid body head motion parameters and their first 
temporal derivatives were included as nuisance regressors. The resulting contrast images were 
entered in a second-level random-effect analysis. Neuroticism scores were mean centered and 
entered as a regressor of interest in the model. Main effects as well interactions with neuroticism 
(positive and negative correlations) were investigated with a series of one-sample t-tests. To correct 
for multiple comparisons, resulting brain images were thresholded at p<0.05 FWE cluster level 
extent using an initial threshold of p<0.001 uncorrected.

Furthermore, we used generalized psycho-physiological interaction (gPPI) (McLaren et al., 
2012) to investigate task-dependent connectivity of brain regions associated with neuroticism 
during worry to shed light on the neural networks involved (Burianova et al., 2010). First, the first 
eigenvariate was extracted from the time series of the voxels in the specific clusters for each subject. 
Second, hemodynamic deconvolution was performed on the extracted time series to remove the 
effects of the canonical HRF. Third, the resulting time series were multiplied by the task vectors 
and reconvolved with the HRF to obtain the PPI terms. Subsequently, these terms were entered as 
regressors at first level, along with the HRF convolved task vectors, the eigenvariate time course 
and a constant. We calculated the PPI t-contrast (worry > neutral) per subject and entered the 
resulting contrast images in a second-level random-effect analysis. Task-dependent connectivity 
(positive and negative correlations) was investigated with a one-sample t-test. To correct for 
multiple comparisons, resulting brain images were thresholded at p<0.05 FWE cluster level extent 

using an initial threshold of p<0.001 uncorrected

3.4 Results

3.4.1 Questionnaire and behavioral data

The mean NEO-PI-R neuroticism score across the whole sample was 135.47 SD ± 18.92 
(range: 94-195) and the mean PWSQ score was 48.58 SD ± 10.73 (range: 22-70). Furthermore, 
a significant correlation was found between scores on the NEO-PI-R neuroticism domain and 
PSWQ (r = 0.731, R2 = 0.534, p<0.0001) (see Figure 2a). In addition, the mean subjective rating 
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score for worry inducing sentences was significantly higher than the mean subjective rating score 
for neutral sentences (worry inducing, mean: 2.18, SD ± 0.443; neutral, mean: 1.19, SD ± 0.368, 
t(116) = -22,443, p<0.0001). Moreover, a significant correlation was found between scores on the 
NEO-PI-R neuroticism domain and subjective rating scale for worry inducing sentences (r = 
0.343, R2 =  0.117, p<0.0001) (see Figure 2b). In contrast, NEO-PI-R neuroticism scores were not 
significantly correlated with scores on the subjective rating scale for neutral sentences (p>0.05).

Figure 2 Questionnaire and behavioral results. A. Scores on the NEO-PI-R neuroticism domain correlated 
significantly with scores on the PSWQ (r = 0.731, R2 = 0.534, p <0.0001). B. Scores on the NEO-PI-R 
neuroticism domain correlated significantly with scores on the subjective rating scale for worry-inducing 
sentences (r = 0.343, R2 = 0.117, p <0.0001).

3.4.2 Imaging data

3.4.2.1 Main effects

First, brain regions were identified for the contrast (worry > neutral) (see Figure 3a and 
Table 1 for the results). Several default mode brain areas were found to be more activated during 
worry compared to neutral, including the anterior cingulate gyrus, superior medial frontal gyrus, 
posterior cingulate gyrus, precuneus, inferior parietal gyrus and angular gyrus. 

Second, brain regions were identified for the reverse contrast (neutral > worry) (see Figure 
3b and Table 1 for the results). We found more activation in the following brain areas during 
neutral contrasted to worry, including the temporal gyri, hippocampal-parahippocampal complex, 
fusiform gyrus, inferior frontal gyrus, anterior/middle cingulate gyrus, superior/middle occipital 
gyrus and cerebellum. We note, however, that activation differences found for the contrasts (worry 
> neutral) and (neutral > worry), may be the result of less or more pronounced deactivation in 
the worry condition, respectively (see Supplemental material S4, Figure S1 and Supplemental 
material S5, Figure S2 for bar charts displaying activation differences in four key brain regions for 
the contrasts (worry > neutral) and (neutral > worry)). 
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No significant results were found for the post-worry rest period; contrasts (rest worry > rest 
neutral) and (rest neutral > rest worry). 

3.4.2.2 Effects related to the subjective ratings of worry (parametric modulation)

Brain regions were identified for which their activation levels correlated with scores on 
the subjective rating scale for worry-inducing sentences during the generation of worry-related 
thoughts (see Figure 3c and Table 1 for the results). Subjective ratings of worry were associated 
with increased activation in default mode and emotional brain areas during worry, including the 
anterior cingulate gyrus, superior medial frontal gyrus, posterior cingulate gyrus, precuneus, 
superior/middle frontal gyrus, inferior frontal gyrus and anterior insula. No significant results 
were found to be negatively correlated with the subjective ratings of worry during the generation 
of worry-related thoughts.

Figure 3 Main effects and effects related to the subjective ratings of worry. A. Brain regions that showed more 
activation for the contrast (worry > neutral). B. Brain regions that showed more activation for the contrast 
(neutral > worry). C. Brain regions of which their activation levels correlated positively with the subjective 
ratings of worry for the contrast (worry > neutral) (yellow) overlayed on the activation pattern shown in 
Figure 3a (red). To correct for multiple comparisons, resulting brain images were thresholded at p<0.05 FWE 
cluster level extent using an initial threshold of p<0.001 uncorrected.

3.4.2.3 Effects related to neuroticism

Brain regions were identified that correlated with neuroticism for the contrast (worry > 
neutral) (see Figure 4a and Table 1 for the results). Neuroticism was associated with decreased 
brain activation in two clusters during worry compared to neutral, including the retrosplenial part 
of the cingulate gyrus and the cuneus/calcarine sulcus. 

No significant results were found to be positively or negatively correlated with neuroticism 
for the post-worry rest period; contrasts (rest worry > rest neutral) and (rest neutral > rest worry). 
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Cluster Cluster size T-value Z-value Coordinate

x y z

Worry sentences > neutral sentences

Precuneus
Middle cingulate gyrus
Posterior cingulate gyrus
Cuneus

5525 11.39 Inf 8 -66 36

11.22 Inf -4 -68 36

10.29 Inf 12 -50 30

Angular gyrus
Inferior parietal gyrus
Supramarginal gyrus
Middle temporal gyrus

1109 8.23 7.28 -58 -58 30

Angular gyrus
Inferior parietal gyrus
Supramarginal gyrus
Superior temporal gyrus

941 8.05 7.15 52 -54 32

7.24 6.56 52 -56 42

Superior medial frontal gyrus
Superior frontal gyrus
Middle frontal gyrus
Anterior cingulate gyrus

3059 6.67 6.12 -18 48 20

6.04 5.62 -12 54 18

5.91 5.51 6 56 24

Neutral sentences > worry sentences

Inferior temporal gyrus
Fusiform gyrus
(Para)hippocampus/ amygdala
Lingual gyrus
Calcarine sulcus
Cerebellum 

14284 13.95 Inf -24 -38 -20

13.38 Inf -54 -52 -12

9.44 Inf 56 -44 -8

Inferior frontal triangularis
Inferior frontal opercularis
Precentral gyrus

5358 13.71 Inf -40 2 28

12.24 Inf -40 28 18

9.84 Inf -38 16 24

Middle occipital gyrus
Superior occipital gyrus
Inferior parietal gyrus
Superior parietal gyrus

1668 12.85 Inf -28 -68 42

Inferior frontal triangularis
Inferior frontal opercularis
Insula/ Rolandic operculum
Heschl’s gyrus
Superior temporal gyrus
Superior temporal pole

2458 7.64 6.85 48 34 16

6.28 5.81 42 6 28

5.61 5.26 34 -16 16

Table 1 Peak activations of brain regions, which showed differential activation for the con-
trasts (worry > neutral), (neutral > worry) and (worry > neutral * neuroticism) and the para-
metric modulation (subjective ratings of worry)
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Cluster Cluster size T-value Z-value Coordinates

x y z

Middle occipital gyrus
Superior occipital gyrus
Angular gyrus

660 6.62 6.08 32 -64 42

Anterior cingulate gyrus
Middle cingulate gyrus

246 6.19 5.74 6 4 28

5.66 5.30 -6 4 28

Middle frontal gyrus
Superior frontal gyrus

230 4.39 4.21 26 8 56

4.17 4.01 28 0 56

Middle temporal gyrus
Superior temporal gyrus

345 4.29 4.12 -58 -16 8

3.60 3.49 -48 -24 4

3.57 3.47 -50 -42 12

Parametric modulation (subjective ratings of worry)

Anterior cingulate gyrus
Superior medial frontal gyrus
Superior frontal gyrus

1423 5.60 5.25 -10 50 10

5.03 4.77 -10 46 24

4.96 4.71 0 54 4

Posterior cingulate gyrus
Precuneus

587 5.19 4.91 -8 -50 34

4.38 4.21 -4 -60 26

Middle frontal gyrus
Superior frontal gyrus

262 4.49 4.30 -24 32 40

Insula
Inferior frontal triangularis
Inferior frontal opercularis

294 4.02 3.88 -36 26 2

4.00 3.86 -40 12 -8

3.98 3.84 -36 30 -8

Worry sentences > neutral sentences, negative correlation with neuroticism

Retrosplenial cortex 437 4.63 4.42 0 -38 4

3.22 3.15 0 -58 6

Calcarine sulcus
Cuneus

436 4.15 4.00 6 -92 0

3.76 3.65 16 -94 0

3.68 3.57 -12 -84 8

Resulting brain images were thresholded at p<0.05 FWE cluster level extent using an initial threshold of 
p<0.001 uncorrected.

Table 1 Continued
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3.4.2.4 Functional connectivity results

Brain regions were identified that were functionally connected to brain areas associated with 
neuroticism: the retrosplenial part of the cingulate gyrus (see Figure 4b and Table 2 for the results) 
and the cuneus/calcarine sulcus (see Figure 4c and Table 2 for the results) for the contrast (worry > 
neutral). We found that subsequent brain areas showed a positive correlation with activation in the 
retrosplenial part of the cingulate gyrus during worry contrasted to neutral, including the posterior 
cingulate gyrus, precuneus, inferior parietal lobe, angular gyrus, hippocampus and thalamus. No 
significant results were found to be negatively correlated with the retrosplenial part of the cingulate 
gyrus for the contrast (worry > neutral). 

Furthermore, the following brain areas showed a positive correlation with activation in 
the cuneus/calcarine sulcus during worry contrasted to neutral, including the occipital gyri, 
precuneus, middle cingulate gyrus, middle temporal gyrus, inferior frontal gyrus, cerebellum, 
hippocampus, thalamus, caudate, putamen and pallidum. No significant results were found to be 
negatively correlated with the cuneus/calcarine sulcus for the contrast (worry > neutral).

Figure 4 Effects related to neuroticism and functional connectivity results. A. Brain regions that correlated 
negatively with neuroticism scores for the contrast (worry > neutral). B. Brain regions (yellow) that showed 
a positive functional connection with the retrosplenial cortex (red; this area correlated negatively with 
neuroticism, see Figure 4a) for the contrast (worry > neutral). C. Brain regions (yellow) that showed a positive 
functional connection with the visual cortex (red; this area correlated negatively with neuroticism, see Figure 
4a) for the contrast (worry > neutral). To correct for multiple comparisons, resulting brain images were 
thresholded at p<0.05 FWE cluster level extent using an initial threshold of p<0.001 uncorrected.
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Seed region Cluster Cluster 
size T-value Z-value Coordinate

x y z

Worry sentences > neutral sentences

Retrosplenial cortex Precuneus 701 4.89 4.65 -8 -64 50

4.42 4.24 -2 -66 44

3.67 3.56 0 -50 50

Retrosplenial cortex Posterior cingulate 
gyrus
Retrosplenial cortex
Precuneus
Hippocampus
Thalamus

362 4.66 4.45 6 -40 8

4.61 4.41 2 -16 10

4.16 4.00 6 -30 10

Retrosplenial cortex Inferior parietal gyrus
Angular gyrus

282 3.98 3.85 44 -56 48

3.84 3.72 50 -68 36

3.33 3.25 56 -46 46

Calcarine sulcus
Cuneus

Middle temporal 
gyrus
Superior temporal 
gyrus

865 6.13 5.69 -62 -22 -2

5.47 5.15 -62 -30 0

4.78 4.55 -52 -24 -2

Calcarine sulcus
Cuneus

Cuneus
Occipital gyrus
Precuneus
Superior parietal 
gyrus
Inferior temporal 
gyrus
Middle temporal 
gyrus

4620 5.88 5.48 -16 -72 34

5.78 5.40 -36 -74 0

5.75 5.38 16 -74 34

Calcarine sulcus
Cuneus

Inferior frontal 
triangularis
Inferior frontal 
opercularis
Precentral gyrus
Postcentral gyrus
Caudate

1142 5.51 5.18 -38 -2 44

4.24 4.08 -38 14 20

4.23 4.07 -20 -2 22

Calcarine sulcus
Cuneus

Caudate
Putamen
Pallidum
Thalamus

1857 5.16 4.88 10 6 4

5.03 4.77 -8 -6 8

4.77 4.54 -14 4 4

Table 2 Peak activations of brain regions, which showed enhanced functional connectivity to 
the selected seed regions related to neuroticism for the contrast (worry > neutral)
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Seed region Cluster Cluster 
size T-value Z-value Coordinates

x y z

Calcarine sulcus
Cuneus

Cerebellum
Fusiform gyrus

1665 5.07 4.81 38 -66 -22

4.68 4.47 20 -74 -20

4.67 4.46 32 -58 -46

Calcarine sulcus
Cuneus

Middle cingulate 
gyrus
Precuneus

2372 5.03 4.77 -6 -18 42

4.83 4.60 -6 -36 52

4.61 4.40 6 -42 52

Calcarine sulcus
Cuneus

Middle temporal 
gyrus
Superior temporal 
gyrus
Superior temporal 
pole
Insula
Inferior frontal 
opercularis

438 4.78 4.55 60 -8 -10

4.42 4.24 50 14 -8

3.84 3.72 58 8 -8

Calcarine sulcus
Cuneus

Middle temporal 
gyrus
Superior temporal 
gyrus
Supramarginal gyrus
Angular gyrus

708 4.56 4.36 66 -34 4

4.48 4.29 58 -38 34

4.42 4.24 60 -46 30

Calcarine sulcus
Cuneus

Cerebellum
Fusiform gyrus

242 4.49 4.30 -38 -64 -26

3.80 3.68 -40 -64 -34

3.69 3.58 -30 -70 -20

Calcarine sulcus
Cuneus

Inferior temporal 
gyrus
Middle temporal 
gyrus
Hippocampus

211 4.46 4.27 44 -2 -28

4.11 3.96 36 -16 -12

4.05 3.91 38 -16 -20

Calcarine sulcus
Cuneus

Inferior frontal 
triangularis
Middle frontal gyrus

227 4.12 3.97 32 26 24

4.05 3.91 34 40 34

3.81 3.69 40 30 24

Calcarine sulcus
Cuneus

Inferior temporal 
gyrus
Middle temporal 
gyrus

180 4.10 3.96 -50 -50 -4

3.76 3.65 -58 -52 0

3.61 3.50 -52 -56 16

Resulting brain images were thresholded at p<0.05 FWE cluster level extent using an initial threshold of 
p<0.001 uncorrected.

Table 2 Continued
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3.5 Discussion

We implemented a mood induction paradigm (Paulesu et al., 2010) to investigate the neural 
correlates of state worry in association with neuroticism in women. As expected, individuals scoring 
higher on neuroticism reported to worry more in daily life than individuals scoring lower. This 
tendency was also observed in our task results of experimentally-induced worry. High neurotic 
individuals indicated to have generated more worry-related thoughts after the presentation of 
a worry-inducing sentence than low neurotic individuals. Notably, the neuroimaging results 
implicated the involvement of default mode and emotional brain areas during worry, which 
have consistently been associated with self-relevant cognitive processes and the processing and 
regulation of negative affect (Buckner et al., 2008; Phillips et al., 2003; Sylvester et al., 2012). In 
addition, activation of the retrosplenial and visual cortex was decreased in individuals scoring 
higher on neuroticism during worry, possibly suggesting reduced autobiographical specificity and 
visual mental imagery. No significant task or interaction effects with neuroticism were observed 
during the post-worry rest period, indicating no persistent activation of brain regions related to 
worry during this period in high as well as low neurotic individuals.

3.5.1 Effects related to state worry

We found that brain regions in the default mode network were more activated during 
worry, including the cortical midline structures and lateral parietal cortex. Specifically, the medial 
prefrontal cortex, anterior cingulate cortex, posterior cingulate cortex, precuneus, dorsolateral 
prefrontal cortex and anterior insula showed increased activation during worry, when individuals 
indicated to have generated more worry-related thoughts. These findings are in line with the 
results of the study of Paulesu et al. (2010) and other studies demonstrating the involvement of 
the default mode network and brain regions related to emotion processing and regulation in state 
as well as trait worry and rumination (Andreescu et al., 2011; Berman et al., 2011; Cooney et al., 
2010; Hamilton et al., 2011; Marchetti et al., 2012; Paul et al., 2013; Schienle et al., 2009; Thomas et 
al., 2011; Whitfield-Gabrieli and Ford, 2012; Zhu et al., 2012).

The default mode network has been observed to be activated during passive experimental 
control conditions and is postulated to perform functions, such as autobiographical memory 
(memories of personally relevant experienced events), self-reflection, envisioning the future, 
mental simulation, introspection and emotion regulation (Buckner et al., 2008; Schacter and 
Addis, 2007; Schacter et al., 2007; Schacter et al., 2012; Spreng and Mar, 2012; Sylvester et al., 
2012). These functions may support cognitive processes related to worry, since worry is potentially 
used as a coping mechanism by individuals to prevent future negative outcomes, prepare for the 
worst, solve problems related to upcoming events and superstitiously lessen the probability of the 
occurrence of a negative event (Borkovec et al., 2004). Furthermore, as mentioned above, we found 
the left anterior insula to be more activated during worry, when individuals indicated to have 
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generated more worry-related thoughts. Numerous studies have shown the involvement of the 
anterior insula in interoceptive awareness, subjective feelings and emotional arousal (Craig, 2009; 
Critchley et al., 2004). Notably, trait rumination has been shown to be positively correlated with 
activation in the bilateral anterior insula after a stressful task (Paul et al., 2013).

In contrast, during thinking about neutral topics, we found brain regions that have been 
implicated in semantic and episodic memory, including the temporal gyri, hippocampal-
parahippocampal complex, fusiform gyrus and inferior frontal gyrus (Binder and Desai, 2011; 
Burianova and Grady, 2007; Burianova et al., 2010; Mion et al., 2010; Yang et al., 2012). Semantic 
memory concerns an individuals’ general and factual knowledge about the world, while episodic 
memory relates to memories of experienced events in the context they occurred (Binder and 
Desai, 2011; Burianova and Grady, 2007). The observed neuroanatomical differences between 
the worry and neutral condition are plausible, since neutral topics are inherently more abstract, 
conceptual and generalized and worry topics more self-relevant and emotional (Binder and Desai, 
2011; Burianova and Grady, 2007; Burianova et al., 2010; Yang et al., 2012).

3.5.2 Effects related to neuroticism

We found that individuals scoring higher on neuroticism demonstrated increased worrying, 
based on questionnaire, task and imaging results. The questionnaire results showed that, in daily 
life, high neurotic participants rate their worry episodes as more excessive and uncontrollable in 
comparison to low neurotic participants. Furthermore, neuroticism was correlated with having 
generated more worry-related thoughts after the presentation of a worry-inducing sentence in 
our experimental paradigm. These findings are in line with studies that show a link between the 
tendency to worry and neuroticism (Bringmann et al., 2013; Hale et al., 2010; Matthews et al., 
2000; Muris et al., 2005; Roelofs et al., 2008; Watson et al., 1994). 

In addition, decreased activation of the retrosplenial and visual cortex was associated with 
neuroticism during worry. Two processes that have been related to these brain regions as well as to 
the cognitive avoidant function of worry (Borkovec et al., 2004) are (i) autobiographical specificity 
and (ii) visual mental imagery. Autobiographical specificity refers to differences in the amount 
of detail that is used to recollect a memory (Sumner, 2012; Williams et al., 2007). Specifically, 
individuals with depression and trauma-related anxiety disorders tend to recollect memories in an 
overgeneral way (e.g. memories that are summaries or classes of events or last longer than a day) 
(Sumner, 2012; Williams et al., 2007). Previous research has shown that the retrosplenial cortex is 
part of the core neural network underlying autobiographical memory (Svoboda et al., 2006) and 
is related to emotion processing (Maddock, 1999). Furthermore, we found enhanced functional 
connectivity between the retrosplenial cortex and a number of brain areas during worry, including 
the posterior cingulate cortex, precuneus, inferior parietal lobe, angular gyrus, hippocampus and 
thalamus. Studies have revealed that these brain areas are collectively involved in processes related 
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to memory access, such as the reactivation of distributed, stored memory traces and strategic 
retrieval search (Daselaar et al., 2008). Therefore, our findings may suggest that participants 
scoring higher on neuroticism may “get stuck” in superficial memory processing (lacking detail 
and richness), resulting in overgeneral memories (Sumner, 2012; Williams et al., 2007). Notably, 
rumination as well as functional avoidance (i.e. averting emotional distress) have been indicated 
as mechanisms underlying overgeneral autobiographical memory (Debeer et al., 2011; Debeer et 

al., 2012; Geraerts et al., 2012; Sumner, 2012; Williams et al., 2007).

Visual mental imagery can be defined as the retrieval of perceptual information from 
memory in order to imagine a subjective event in the past or future (Ganis et al., 2004; Kosslyn 
et al., 2001). Emotional disorders are often characterized by aversive mental images that intrude 
involuntarily and evoke a great deal of stress (Holmes and Mathews, 2010). Visual mental 
images can have a pronounced effect on emotion, because neural correlates underlying visual 
mental imagery are densely connected or show overlap with brain systems related to emotion, 
autobiographical memory and visual perception (Ganis et al., 2004; Ganis et al., 2004; Holmes and 
Mathews, 2010; Kosslyn et al., 2001). Borkovec et al. (2004) state in their theory of GAD that the 
abstract and verbal nature of worry reduces visual mental imagery. Due to this, it is proposed that 
individuals use worry as a cognitive avoidance mechanism to experience less negative emotions 
and somatic arousal (Borkovec et al., 2004). In line with this, we found decreased activation in the 
visual cortex in participants scoring higher on neuroticism during worry. Furthermore, increased 
functional connectivity was observed between the visual cortex and several brain areas during 
worry, including the occipital gyri, precuneus, middle temporal gyrus, inferior frontal gyrus, 
hippocampus and thalamus. This network of brain regions has been implicated in visualizing 
(Ganis et al., 2004), memory elaboration/reliving (Daselaar et al., 2008) and envisioning the future 
(Schacter et al., 2007). Hence, our findings may indicate that individuals with higher levels of 
neuroticism use worry as a coping mechanism to reduce visual mental imagery and avoid negative 
feelings that are normally provoked by it. We note, however, that the processes of autobiographical 
specificity and visual mental imagery were not investigated in the current study, therefore, these 
interpretations should be regarded as speculative until verified in further research. 

3.5.3 Persistence of neural effects

No significant differences were found between rest after a worry-inducing sentence and rest 
after a neutral sentence. We expected that brain regions related to worry would show persistent 
activation during the post-worry rest period in individuals scoring higher on neuroticism. Such an 
effect has been shown in patients with GAD. Paulesu et al. (2010) showed that brain regions found 
during worrying – dorsomedial prefrontal cortex and anterior cingulate cortex - were significantly 
more activated in GAD patients during the post-worry rest period compared to healthy controls1. 
Possibly, persistent activation of brain regions related to worry during the post-worry rest period 
is more associated with pathological forms of worry.
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3.6 Conclusion

Our findings reveal a relationship between neuroticism and increased worrying, shown 
in questionnaire, behavioral and imaging results. As expected, participants scoring higher on 
neuroticism reported to worry more in daily life and to have generated more worry-related thoughts 
after the presentation of a worry-inducing sentence. Notably, high neurotic individuals showed 
decreased activation in brain regions that have been implicated in autobiographical specificity 
and visual mental imagery during worry. The findings may suggest that these individuals tend to 
recollect memories in an overgeneral way (Sumner, 2012; Svoboda et al., 2006) and reduce the 
visualization of emotional events (Holmes and Mathews, 2010) during worry (Borkovec et al., 
2004). In the literature, both processes have been related to the cognitive avoidance of emotional 
distress (Borkovec et al., 2004; Sumner, 2012). Future studies should investigate whether our 
findings extend to male samples. Excessive worry features in a number of emotional disorders 
(Hirsch and Mathews, 2012) and results from studies that elucidate its neural basis may help 
explain how and why neuroticism contributes to vulnerability for psychopathology.
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3.8 Supplemental material

3.8.1 S1 Pilot study: stimulus set

A pilot study was conducted to identify the stimulus set for the experimental mood induction 
paradigm. Herein, 24 worry inducing sentences and 24 neutral sentences were randomly, but 
evenly distributed among two questionnaire versions. A total of 116 female students completed 
one of the two forms (n = 63, version 1 and n = 53, version 2). Participants were instructed to think 
about the topic of the sentence for ten seconds before answering two questions on a four-point 
Likert scale (1 = no worry, 4 = excessive worry): (1) Did you worry about the topic of the sentence? 
(2) Do you think that the average student would worry about the topic of the sentence? For both 
sentence categories, ratings on the two questions did not significantly differ from each other 
(p>0.05) and therefore, an average was calculated per sentence. Based on these averaged rating 
scores, we selected 12 sentences that were rated as most worry inducing (mean: 2.71, SD ± 0.10, 
range: 2.43–3.24) and 12 sentences that were rated as most neutral (mean: 1.35, SD ± 0.30, range: 
1.19–1.46) as stimuli for the experimental mood induction paradigm. A significant difference was 
found between the two sentence categories based on rating scores (t(11) = 21.00, p<0.0001).
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Table S1 Stimulus set used in the experimental mood induction paradigm

3.8.2 S2 Stimuli

Dutch
Worry inducing sentences

English
Worry inducing sentences

Pieker over de politieke toestand in Nederland Worry about the political condition in the Netherlands

Pieker over wat jou zorgen baart over jouw gezondheid Worry about what concerns you about your health

Pieker over alle dingen die je te doen staan en of dit 
gaat lukken

Worry about all the things that have to be done and 
whether you are going to succeed in this

Pieker over jouw capaciteit om een goede presentatie 
te kunnen geven

Worry about your capacity to give a good speech

Pieker over hoe goed jij, jouw schoolwerk verricht in 
vergelijking met anderen

Worry about how well you perform in school in 
comparison to others

Pieker over de overmatige consumptie en het milieu 
in de wereld

Worry about the excessive consumption in the world 
and the global environment

Pieker over jouw kansen op de arbeidsmarkt straks Worry about your chances on the labor market later on

Pieker over wat jou zorgen baart over jouw toekomst Worry about what concerns you about your future

Pieker over waarom vervelende gebeurtenissen jou 
overkomen

Worry about why dreadful things happen to you

Pieker over de kans dat jij of jouw naasten betrokken 
raken bij een ongeluk

Worry about the chance that you or your loved ones 
get involved in an accident

Pieker over de kans dat je een dierbare verliest Worry about the chance that you lose a loved one

Pieker over een kwestie wat jou zorgen baart en denk 
hier zo intensief mogelijk over na

Worry about an issue that concerns you and think 
about it as intensely as possible

Dutch
Neutral sentences

English
Neutral sentences

Denk na over welke sporten Nederlanders vooral goed 
in zijn

Think about which sports Dutch people are 
particularly good at

Denk na over welke buitenlandse keuken je lekker 
vindt en waarom

Think about which foreign cuisine you like and why

Denk na over welke feestdagen jij viert Think about which holidays you celebrate

Denk na over de verschillende smaak van mensen qua 
muziek

Think about the different tastes in music of people

Denk na over welke hobby’s jij hebt Think about which hobbies you have

Denk na over welke film je goed vond en waarom Think about which movie you liked and why

Denk na over wat typisch Hollands is Think about what is typical Dutch
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3.8.3 S3 Full fMRI session

The full fMRI session consisted of four tasks, resting state and an anatomical scan. The fol-
lowing tasks/scans were presented in consecutive order: emotional face matching task (Hariri et 
al., 2002), mood (worry) induction paradigm (Paulesu et al., 2010), anatomical scan, resting state, 
interoceptive sensitivity task (Pollatos et al., 2007) and Ultimatum Game (Sanfey et al., 2003). The 
total duration of the fMRI session was approximately 60 minutes. The order was fixed and identical 
for all participants.

Denk na of je liever op een actieve of een passieve 
vakantie gaat

Think about whether you rather like to go on an active 
or a passive vacation

Denk na over iets op tv waarvoor je, je specifiek 
interesseert

Think about something on TV in which you are 
specifically interested

Denk na over de kenmerken die een duidelijke 
documentaire zou moeten hebben

Think about the characteristics a clear documentary 
should have

Denk na over de eigenschappen van een mooi huis Think about the characteristic features of a beautiful 
house

Denk na over de verhaallijn van het laatste boek dat je 
hebt gelezen

Think about the plot of the last book you have read

Table S1 Continued
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Figure S1 Bar charts displaying activation differences for the contrast (worry > neutral) in four key brain 
regions: A. left precuneus, B. right inferior parietal gyrus, C. left angular gyrus and D. right superior frontal 
gyrus. The condition worry is depicted in grey and the condition neutral is depicted in turquoise. To create 
these bar charts, the contrasts (worry > rest worry) and (neutral > rest neutral) were entered in a two-sample 
t-test and the effect of interest was plotted per region.

3.8.4 S4 Bar charts displaying activation differences for the contrast (worry > 
neutral) in four key brain regions
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3.8.5 S5 Bar charts displaying activation differences for the contrast (neutral > 
worry) in four key brain regions

Figure S2 Bar charts displaying activation differences for the contrast (neutral > worry) in four key brain 
regions: A. left fusiform gyrus, B. left precentral gyrus, C. left middle occipital gyrus and D. right fusiform 
gyrus. The condition worry is depicted in grey and the condition neutral is depicted in turquoise. To create 
these bar charts, the contrasts (worry > rest worry) and (neutral > rest neutral) were entered in a two-sample 
t-test and the effect of interest was plotted per region.
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4.1 Abstract

Unfair treatment may evoke more negative emotions in high neurotic individuals, thereby possibly 
impacting their decision-making in these situations. To investigate the neural basis of social 
decision-making in these individuals, we examined interpersonal reactions to unfairness in the 
Ultimatum Game (UG). We measured brain activation with fMRI in 120 participants selected 
based on their neuroticism score, while they made decisions to accept or reject proposals that 
were either fair or unfair. The anterior insula and anterior cingulate cortex were more activated 
during the processing of unfair offers, consistent with prior UG studies. Furthermore, we found 
more activation in parietal and temporal regions for the two most common decisions (fair accept 
and unfair reject), involving areas related to perceptual decision-making. Conversely, during the 
decision to accept unfair offers, individuals recruited more frontal regions previously associated 
with decision-making and the implementation of reappraisal in the UG. High compared to low 
neurotic individuals did not show differential activation patterns during the proposal of unfair 
offers, however, they did show lower activation in the right dorsal striatum (putamen) during 
the acceptance of unfair offers. This brain region has been involved in the formation of stimulus-
action-reward associations and motivation/arousal. In conclusion, the findings suggest that both 
high and low neurotic individuals recruit brain regions signaling social norm violations in response 
to unfair offers. However, when it comes to decision-making, it seems that neural circuitry related 
to reward and motivation is altered in individuals scoring higher on neuroticism, when accepting 
an unfair offer.
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4.2 Introduction

Neuroticism is one of the Big Five dimensions of personality (Costa and McCrae, 1989) and 
reflects individual differences in emotional reactivity, specifically in response to negative events 
(Canli, 2008). Individuals scoring higher on this personality trait tend to appraise events as more 
threatening and distressing than individuals scoring lower (‘negativity bias’) (Chan et al., 2007) 
and experience various negative emotional states more often and more intense, such as depression 
and anxiety (Watson et al., 1994). High scores on neuroticism are considered an important risk 
marker for a variety of common mental disorders, in particular internalizing disorders (Lahey, 
2009; Ormel et al., 2013b).

Epidemiological studies revealed that individuals with higher levels of neuroticism 
experience more stressful events and are emotionally more reactive to those events (Bolger and 
Schilling, 1991; Bolger and Zuckerman, 1995; Suls and Martin, 2005). Among the daily stressors 
investigated, interpersonal conflicts are reported more frequently by individuals scoring higher 
on neuroticism and cause the greatest amount of distress (Bolger and Schilling, 1991; Bolger and 
Zuckerman, 1995; Gunthert et al., 1999). It has been argued that high neurotic individuals are 
emotionally more reactive, because they tend to choose maladaptive interpersonal coping strategies 
(Gunthert et al., 1999), such as hostile reactivity (McCrae and Costa, 1986) and confrontation 
(Bolger and Zuckerman, 1995). In addition, these individuals display more avoidance and revenge 
motivations after an interpersonal conflict and are less forgiving (Brose et al., 2005; Maltby et al., 
2008). These findings indicate that individuals scoring higher on neuroticism experience more 
emotional problems in dealing with interpersonal conflicts, which may impact their decision-
making in these situations.

To investigate the neural processes involved in social decision-making in high neurotic 
individuals, we investigated interpersonal reactions to unfairness in an interactive economic 
bargaining paradigm: the Ultimatum Game (UG) (Sanfey, 2007). In short, one player (the proposer) 
suggests the division of a sum of money to another player (the responder). The responder has the 
option to accept the proposal, in which case money is divided according to the offer, or to reject 
the proposal, in which case neither player receives any money (Sanfey et al., 2003). According to 
economic models, one would expect the responder to accept any offer because even small earnings 
are preferable to none. To the contrary, however, prior research has shown that offers in which 
the proposer’s share exceeds 80% of the total are rejected more than 50% of the time (Camerer, 
2003; Güth et al., 1982). This robust finding suggests that unfair treatment probably provokes 
negative emotions, such as anger, that causes individuals to punish their opponent at the expense 
of monetary reward (Fehr and Gächter, 2002). Possible reasons behind this seemingly irrational 
decision is to maintain a social reputation (Nowak et al., 2000) and/or to impose social norms in 
order to restore cooperation (Fehr and Gächter, 2002).

Thesis_Book .indb   93 1/4/2015   1:36:05 PM



94 | Activation Studies: Neuroticism and Social Decision-making

In line with this, neuroimaging research has shown the involvement of brain regions 
associated with fairness considerations and emotion processing during the processing of unfair 
offers, such as the amygdala, striatum, anterior insula (AI), dorsal anterior cingulate cortex 
(dACC) and dorsolateral prefrontal cortex (dlPFC) (Corradi-Dell’Acqua et al., 2013; Gospic et al., 
2011; Grecucci et al., 2013b; Guo et al., 2013a, 2013b; Güroğlu et al., 2010, 2011; Harlé et al., 2012; 
Hollmann et al., 2011; Kirk et al., 2011; Montague and Lohrenz, 2007; Sanfey et al., 2003; Zheng 
et al., 2014). Particularly, the latter three brain structures have been found consistently in research 
on the UG (Sanfey, 2007). Prior studies have shown that activation in the (i) AI is predictive of 
the rejection of unfair offers (Hollmann et al., 2011; Sanfey et al., 2003) and plays a key role in 
interoceptive awareness and the experience of subjective feelings (e.g. disgust and anger) (Craig, 
2009; Critchley et al., 2004), (ii) dACC is involved in tracking error and conflict, evaluating the 
need for cognitive control and expectancy violation (Botvinick et al., 2001; Sanfey et al., 2003), 
(iii) dlPFC is implicated in executive control, inhibition and emotion regulation and remains 
fairly steady across unfair offers, possibly suggesting the maintenance of goal representations (e.g. 
maximizing monetary reward) (Grecucci et al., 2013b; Petrides, 2005; Sanfey et al., 2003).

Furthermore, Harlé et al. (2012) have found that sad mood, an emotion frequently 
experienced by individuals scoring higher on neuroticism (Watson et al., 1994), decreases the 
acceptance rates for unfair offers and influences activation in the AI, ACC and ventral striatum 
during these offers (Harlé et al., 2012). The authors proposed that sad individuals have an enhanced 
perception of social norm violations and show diminished sensitivity to rewarding social signals, 
such as the proposal of a fair offer (Harlé et al., 2012). Moreover, reappraisal, an emotion regulation 
strategy used less by high neurotic individuals (Gross and John, 2003), was associated with a larger 
number of unfair offers being accepted and increased activation in the dlPFC, ACC, medial PFC 
and temporoparietal areas in response to such offers (Grecucci et al., 2013b). It was suggested 
that individuals attempt to cognitively modulate their negative emotions by reinterpreting the 
intentions of their opponents in order to overcome emotional motivations (e.g. punishment) and 
make a rational decision (Grecucci et al., 2013b). 

The aim of the current study was to investigate the association between neuroticism and brain 
activation during social decision-making in the UG, specifically in response to unfair offers. We 
implemented an adapted form of the UG (Sanfey et al., 2003) in a sample of 120 women selected on 
the basis of their neuroticism score. First, we hypothesized increased rejection rates of unfair offers 
to be associated with higher levels of neuroticism. Second, we hypothesized differential activation 
in brain regions related to fairness, reward and the processing and regulation of negative affect (e.g. 
AI, dACC, dlPFC, striatum) in individuals scoring higher on neuroticism during the proposal of 
unfair offers and the decision to reject/accept them. Both hypotheses were based on the studies of 
Harlé et al. (2012) and Grecucci et al. (2013).
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4.3 Methods and materials

4.3.1 Participants

Initially, 240 students from the University of Groningen were asked to fill out the NEO Five-
Factor Inventory (NEO-FFI) (domains Neuroticism and Extraversion, 24 items). Individuals were 
sent a questionnaire when they agreed to participate in the study (based on the information letter 
which included an informed consent form) and met the following selection criteria: 1) female 
gender, 2) age between 18-25 years, 3) Dutch as native language, 4) Caucasian descent, 5) right 
handed, 6) no use of contraceptive medication, except for oral contraceptive pills (21-pill packet). 
Only females were included because they significantly score higher on neuroticism than men and 
because of that, have a higher risk of developing affective disorders (Parker and Brotchie, 2010). 
Furthermore, research is still limited related to gender differences in neuroticism and therefore, we 
decided not to introduce this variation in the sample as it is not properly understood yet.  Exclusion 
criteria were 1) a history of seizure or head injury, 2) a life time diagnosis of psychiatric and/or 
neurological disorders, 3) a life time diagnosis of psychiatric disorders in first degree relatives of the 
participant, 4) the use of medication that can influence test results, 5) visual or auditory problems 
that cannot be corrected, 6) MRI incompatible implants or tattoos, 7) claustrophobia, 8) suspected 
or confirmed pregnancy. From this sample, 120 individuals (mean age: 20.8 SD ± 2.0, age range: 18-
25) were invited to participate in the experiment. To ensure sufficient numbers of participants with 
high levels of neuroticism, sixty individuals were selected from the highest quartile of neuroticism 
scores (NEO-FFI score ≥ 32, range 32-47) and sixty individuals were randomly selected from the 
three lowest quartiles (NEO-FFI < 32, range 17-31). Plots of normality (QQ-plot and boxplot) 
showed that, in the selected 120 participants, neuroticism scores were approximately normally 
distributed. The sample size of the current study was based on the fact that we also genotyped two 
polymorphisms (5-HTTLPR and COMT) and aimed to have sufficient numbers of individuals in 
each genetic group (> 25), considering the allele frequencies in the general population (results are 
not reported in this chapter).

In order to reduce hormone-related between-subject variability, participants were invited for 
the experiment during the first ten days of their menstrual cycle (early and mid-follicular phase) or 
during the discontinuation week in case of oral contraceptive usage, which resembles the early and 
mid-follicular phase in terms of ovarian hormonal levels (Cohen and Katz, 1979). During these 
phases, ovarian hormonal levels are relatively low and menstrual cycle related changes in mood, 
stress sensitivity and neurocognitive function are minimal (Andreano and Cahill, 2010; Goldstein 
et al., 2010; Symonds et al., 2004). 

On the day of the experiment, after explaining the procedure, participants gave informed 
consent and completed the NEO Personality Inventory Revised (NEO-PI-R) (domains 
Neuroticism, Extraversion and Conscientiousness, 144 items) (Hoekstra et al., 1996). The study 
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was approved by the Medical Ethical Committee of the University Medical Center Groningen and 
was conducted in accordance with the Declaration of Helsinki.

4.3.2 Experimental design

Participants acted as responders in a series of 24 trials of the UG, wherein splits of €10 were 
proposed (Sanfey et al., 2003). A trial consists of the following five elements: first, participants 
were presented with a fixation cross for one second. Second, a movie clip was played in which 
participants observed a female opponent sitting behind a computer screen and moving the mouse 
with her right hand in order to propose a division. We presented movie clips instead of pictures to 
make the design more ecologically valid. The movie clips were played in a serial order and had a 
duration of six seconds (see Supplemental material S1 for more details on the movie clips). Third, 
participants were randomly presented with either a fair proposal (€5:€5) or an unfair proposal 
(€9:€1, €8:€2 and €7:€3) for six seconds. Fourth, participants were able to accept or reject the 
proposal during a six-second time window. When participants accepted the proposal, money was 
divided according to the offer. However, when participants rejected the proposal, both players did 
not receive any money. Participants were instructed to press the left button on the button box to 
accept the proposal and the second button on the left to reject the proposal. Fifth, the outcome 
was shown, that is, the amount of money that each participant earned for that particular trial. The 
outcome screen had a duration of six seconds after which a new trial started. Participants were 
told that they would be paid a percentage (10%) of the money they had earned during the game, 
in addition to a fixed amount for their participation in the experiment. However, all participants 
received the same amount of money due to guidelines from the local ethical committee. In total, 
four blocks were presented including the following offer rates per block: 3x(€5:€5), 1x(€9:€1), 
1x(€8:€2) and 1x(€7:€3). Rest periods with a duration of 15 seconds, in which a fixation cross was 
shown, were presented at the beginning of the task, the end of the task and in between the four 
blocks. The duration of a trial was 25 seconds and the total duration of the experimental paradigm 
was 11.7 minutes (see Figure 1 for the task outline and Supplemental material S2 for an overview 
of the full fMRI session).
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4.3.3 Image acquisition

A 3 Tesla Philips Intera MRI scanner (Philips Medical Systems, Best, the Netherlands), 
equipped with a 32-channel SENSE head coil, was used to acquire the images. A high-resolution 
T1-weighted 3D structural image was obtained using fast-field echo (FFE) for anatomical 
reference (170 slices; TR: 9 ms; TE: 8 ms; FOV: 256 x 231; 256 x 256 matrix; voxel size: 1 x 1 x 1 
mm). Functional images were acquired with T2*-weighted gradient echo planar imaging (EPI) 
sequences. The experimental paradigm comprised 351 volumes of 39 axial-slices (TR: 2000 ms; 
TE: 30 ms; FOV: 224 x 224; 64 x 61 matrix; voxel size: 3.5 x 3.5 x 3.5 mm). Slices were acquired in 
descending order without a gap. To prevent artifacts due to nasal cavities, images were tilted 10° to 
the AC-PC transverse plane.

4.3.4 Statistical analyses

4.3.4.1 Questionnaire and behavioral analysis

Behavioral analyses were performed using IBM SPSS Statistics Version 20 (IBM, SPSS Inc., 
Chicago, IL, USA). Percentages of rejection as well as acceptance were calculated for unfair and 
fair offers, respectively. We also calculated the percentages of rejection for the three different types 
of unfair offers separately (€9:€1; €8:€2; €7:€3). Furthermore, due to non-normality of the data, 
a Friedman’s ANOVA was performed to investigate the main effect of offer amount. Post-hoc 
analyses were performed with a Wilcoxon signed-rank test. In addition, a Spearman’s correlation 
was calculated between NEO-PI-R neuroticism scores and rejection/acceptance rates of unfair and 
fair offers. Behavioral results with p-values <0.05 were considered significant.

Figure 1 Task outline. First, participants were presented with a fixation cross (1 sec). Second, a movie clip 
was played in which participants could observe their opponent making a decision behind a computer (6 sec). 
Third, a fair proposal (€5:€5) or an unfair proposal (€9:€1, €8:€2 and €7:€3) was randomly presented (6 sec). 
Fourth, participants were able to accept or reject the proposal (6 sec). Fifth, the outcome was presented, that 
is, the amount of money that each participant earned for that particular trial.
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4.3.4.2 Image analysis

Image processing and statistical analyses were performed using SPM8 (http://www.fil.ion.
ucl.ac.uk/spm), implemented in Matlab 7.8.0 (The Mathworks Inc., Natick, MA). Preprocessing 
included realignment, coregistration, DARTEL normalization (2 mm3 isotropic voxels) 
(Ashburner, 2007) and smoothing (8 mm full-width at half maximum (FWHM) Gaussian kernel) 
(see Supplemental material S3 for details on the preprocessing steps). Six subjects were excluded 
from further analysis; two because of anatomical alterations (i.e. large ventricles that were still 
within the normal range but difficult to normalize) and four because of technical problems with 
the scanner or task computer. A total sample of 114 subjects remained.

Hemodynamic changes for each condition were calculated using the General Linear Model 
(GLM). In the GLM, predictors were created for the following trial parts with their respective 
duration between brackets: introduction rest period (2s), movie (6s), proposal fair (6s), proposal 
unfair (6s), decision fair accepted (6s), decision unfair accepted (6s), decision fair rejected (6s), 
decision unfair rejected (6s), outcome fair accepted (6s), outcome unfair accepted (6s), outcome 
fair rejected (6s), outcome unfair rejected (6s). Effects were modeled using a boxcar function 
convolved with the canonical hemodynamic response function (HRF). Furthermore, six rigid 
body head motion parameters, their first temporal derivatives and the overall mean (constant) 
were included in the design matrix. The following contrasts were computed per subject on first-
level: (proposal unfair versus proposal fair), (decision unfair rejected versus decision fair accepted) 
and (decision unfair accepted versus decision fair accepted). 

For the proposal condition, the resulting contrast images (unfair versus fair) were entered 
in a second-level random-effect analysis. Neuroticism scores were mean centered and entered as 
a regressor of interest in the model. Main effects as well as interactions with neuroticism were 
investigated using t-contrasts in SPM. To correct for multiple comparisons, resulting brain 
images were thresholded at p<0.05 FWE cluster level extent using an initial threshold of p<0.001 
uncorrected. Furthermore, rejection rates for unfair proposals were mean centered and entered as 
a regressor of interest in the model for the contrast (unfair > fair) using SnPM5 (http://warwick.
ac.uk/snpm; MultiSub, simple regression), to investigate whether certain brain regions predict 
the subsequent decision to reject an unfair offer (Sanfey et al., 2003). To correct for multiple 
comparisons, resulting brain images were thresholded at p<0.05 FWE.

For the decision condition, the resulting contrast images (unfair rejected versus fair accepted 
and unfair accepted versus fair accepted) were entered in a second-level two-way ANOVA (factor 
1: unfairness, 2 levels: fair, unfair; factor 2 response, 2 levels: reject, accept) subsumed in a linear-
mixed effects (LME) framework (3dLME, implemented in AFNI (http://afni.nimh.nih.gov/
afni/); for details on the method, see Chen et al., 2013). Analyses were performed within this 
framework because the design was unbalanced, due to missing data. Specifically, the number of 
conditions varied across subjects, because different choices could be made during the game, e.g. 
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Proposal fair Proposal unfair
Decision reject 24 107
Decision accept 113 71

Table 1 Number of subjects per decision type

4.4 Results

4.4.1 Questionnaire and behavioral data

The mean NEO-PI-R neuroticism score across the whole sample was 135.47 ± SD 18.92 
(range: 94-195). Furthermore, behavioral results showed that 73.6% of the unfair offers were 
rejected and 94.9% of the fair offers were accepted. The rejection rates of the three different types 
of unfair offers were 88.1% for offers of €9:€1, 75.8% for offers of €8:€2 and 56.7% for offers of 
€7:€3. In addition, the main effect of offer amount was found to be significant (χ2

(3) = 203.31, 
p<0.0001). Post-hoc analyses revealed that (i) unfair offers of €9:€1 (mean: 3.51, SD ± 1.12) were 
significantly more rejected than unfair offers of €8:€2 (mean: 3.02, SD ± 1.48) (Z = 5.12, p<0.0001), 
(ii) unfair offers of €8:€2 were significantly more rejected than unfair offers of €7:€3 (mean: 2.23, 
SD ± 1.65) (Z = 5.75, p<0.0001) and (iii) unfair offers of €7:€3 were significantly more rejected than 
fair offers of €5:5 (mean: 0.61, SD ± 1.94) (Z = 6.56, p<0.0001). Moreover, we found no significant 
correlation between NEO-PI-R neuroticism scores and rejection/acceptance rates of unfair and 
fair offers (p>0.17).

4.4.2 Imaging data

4.4.2.1 Main effects of the proposal condition

Brain regions were identified for the contrast (unfair versus fair). We found higher activation 
in the anterior insula, dorsal anterior cingulate gyrus, (dorso)lateral prefrontal cortex, inferior/
superior parietal gyrus, cerebellum, thalamus and pallidum during unfair proposals compared to 
fair proposals (see Table 2 and Figure 2a for the results). For the reverse contrast (fair > unfair), 
we found higher activation in the precuneus, middle cingulate gyrus, superior temporal gyrus and 
precentral gyrus (see Table 2 for the results).

only 24 subjects rejected one or more fair proposals (for details on the number of subjects per 
decision type, see Table 1). Neuroticism was mean centered and entered as a regressor of interest 
in the model. We examined the following contrasts (unfair rejected versus fair accepted), (unfair 
accepted versus fair accepted) and (unfair rejected versus unfair accepted) and their interactions 
with neuroticism. To correct for multiple comparisons, resulting brain images were thresholded 
at p<0.05 FWE cluster level extent using an initial threshold of p<0.001 uncorrected and a cluster 
size of k>102. The extent threshold (k) was obtained via Monte Carlo simulation (3dClustSim, 
AlphaSim, implemented in AFNI, 10.000 iterations).
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Cluster Cluster size T-value Z-value Coordinate

x y z

Unfair > fair

Anterior cingulate
Middle cingulate
Superior medial frontal gyrus
Supplementary motor area

4224 7.80 6.95 8 18 44

7.79 6.95 6 26 34

7.72 6.90 -2 18 46

Postcentral gyrus
Inferior parietal gyrus
Superior parietal gyrus

3745 7.15 6.48 -44 -28 48

6.96 6.33 -34 -44 48

6.83 6.23 -34 -24 52

Cerebellum
Inferior occipital gyrus
Fusiform gyrus

1178 6.68 6.11 -40 -62 -32

5.67 5.30 -36 -64 -44

4.00 3.86 -26 -82 -46

Cerebellum
Vermis
Inferior occipital gyrus
Fusiform gyrus

3385 6.39 5.88 18 -52 -24

6.33 5.84 32 -56 -30

5.92 5.51 10 -56 -16

Insula
Inferior frontal gyrus pars orbitalis
Superior temporal pole

865 6.28 5.80 -40 14 -6

5.99 5.57 -28 16 -10

Angular gyrus
Supramarginal gyrus
Inferior parietal gyrus
Superior parietal gyrus
Middle occipital gyrus
Superior occipital gyrus

1702 6.16 5.71 28 -60 48

44 -36 38

36 -44 38

Insula
Inferior frontal gyrus
Superior temporal pole

830 5.54 5.20 36 24 -4

5.19 4.90 36 14 -4

4.95 4.70 44 20 -6

Thalamus
Pallidum
Amygdala
Hippocampus

561 5.12 4.85 -12 -20 2

4.23 4.06 8 -12 -12

4.09 3.94 -14 -8 -10

Precentral gyrus
Inferior frontal gyrus pars 
opercularis

348 4.77 4.54 -44 2 32

3.83 3.70 -32 4 26

3.81 3.69 -56 8 30

Table 2 Main effects of the proposal condition
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Cluster Cluster size T-value Z-value Coordinate

x y z

Middle frontal gyrus
Inferior frontal gyrus pars 
triangularis
Inferior frontal gyrus pars 
opercularis
Precentral gyrus

1171 4.73 4.51 42 36 18

4.53 4.33 38 30 26

4.51 4.31 38 48 12

Pallidum
Caudate

272 4.69 4.47 14 4 -4

4.32 4.14 16 12 8

3.69 3.57 18 -2 4

Fair > unfair

Precuneus
Middle cingulate gyrus
Supramarginal gyrus
Calcarine sulcus
Superior temporal gyrus
Rolandic operculum

3814 5.82 5.42 12 -54 16

5.15 4.87 56 -32 22

5.13 4.85 52 -6 12

Precentral gyrus
Postcentral gyrus

597 5.34 5.03 38 -18 50

Peak activations with corresponding T-values and Z-values of brain regions, which showed differential 
activation for the contrast (unfair versus fair). To correct for multiple comparisons, resulting brain images 
were thresholded at p<0.05 FWE cluster level extent using an initial threshold of p<0.001 uncorrected.

4.4.2.2 Interaction effect between rejection rates and the proposal condition

Brain regions were identified that correlated with the rejection rates for unfair proposals 
for the contrast (unfair > fair). Rejection rates for unfair proposals were associated with lower 
activation in cingulate and frontal regions, the supplementary motor area, angular gyrus, inferior 
parietal gyrus and cerebellum during the rejection of unfair proposals compared to the acceptance 
of fair proposals (see Table 3 and Figure 2b for the results).

Table 2 Continued
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Cluster Cluster size T-value Coordinate

x y z

Unfair > fair * rejection rates for unfair proposals

Superior frontal gyrus
Supplementary motor area

54 6.47 -14 12 60

6.34 -10 6 66

4.80 -2 10 62

Middle frontal gyrus
Precentral gyrus

284 6.47 -46 14 42

6.14 -42 24 40

Anterior cingulate gyrus
Middle cingulate gyrus
Superior medial frontal gyrus
Supplementary motor area

352 6.39 0 28 36

5.27 0 16 52

5.24 -2 20 60

Inferior frontal gyrus 156 6.24 -50 18 -4

Cerebellum 26 5.65 30 -84 -36

4.82 36 -80 -40

Inferior frontal triangularis
Middle frontal gyrus

26 5.16 -46 46 4

Cerebellum 34 5.12 8 -82 -28

Angular gyrus
Inferior parietal gyrus

36 5.00 -44 -60 36

Supplementary motor area 4 4.96 14 16 62

Middle cingulate gyrus 8 4.86 0 -28 28

Middle frontal gyrus 5 4.84 38 38 34

Peak activations with corresponding pseudo T-values of brain regions, which showed differential activation 
for the contrast (unfair > fair) * rejection rates of unfair proposals. To correct for multiple comparisons, 
resulting brain images were thresholded at p<0.05 FWE.

4.4.2.3 Main effects of the decision condition

First, brain regions were identified for the contrast (unfair rejected versus fair accepted). We 
found higher activation in the lingual gyrus during the acceptance of fair proposals compared to 
the rejection of unfair proposals (see Table 4 for the results). No significant results were observed 
for the reverse contrast (unfair rejected > fair accepted). Second, brain regions were identified 
for the contrast (unfair accepted versus fair accepted). We found higher activation in the anterior 
cingulate gyrus, superior (medial) frontal gyrus, supplementary motor area, angular gyrus and 

Table 3 Interaction effect between rejection rates and the proposal condition
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cerebellum during the acceptance of unfair offers compared to the acceptance of fair offers (see 
Table 4 and Figure 2c for the results). For the reverse contrast (fair accepted > unfair accepted), 
we found higher activation in the inferior/superior parietal gyrus, precuneus, occipital gyrus, 
inferior/middle temporal gyrus, fusiform gyrus, insula, hippocampus and caudate (see Table 4 for 
the results). Fourth, brain regions were identified for the contrast (unfair rejected versus unfair 
accepted). We found higher activation in the inferior/superior parietal gyrus, precuneus, occipital 
gyrus, inferior/middle temporal gyrus, hippocampus and thalamus during the rejection of unfair 
proposals in comparison to the acceptance of unfair proposals (see Table 4 for the results). No 
significant results were observed for the reverse contrast (unfair accepted > unfair rejected). 

Figure 2 Main effects of the proposal and decision condition, and the interaction effect between rejection 
rates and the proposal condition. A. Brain regions that showed higher activation for the contrast (proposal 
unfair > proposal fair). B. Brain regions that correlated negatively with rejection rates for unfair proposals for 
the contrast (proposal unfair > proposal fair). C. Brain regions that showed higher activation for the contrast 
(decision unfair accepted > decision fair accepted).

4.4.2.4 Interaction effect between neuroticism and the proposal/decision condition

Brain regions were identified that correlated with neuroticism for abovementioned contrasts. 
Neuroticism was associated with lower activation in i) the dorsal striatum (putamen) and vermis/
cerebellum for the contrast (unfair accepted > fair accepted) and ii) the dorsal striatum (putamen) 
for the contrast (unfair accepted > unfair rejected) (see Table 4 and Figure 3 for the results). No 
significant results were found for the other contrasts. When the results were visualized in a scatter 
plot, we observed a negative correlation between neuroticism and activation in the dorsal striatum 
for the condition unfair accepted (unfair accepted > fair accepted  r = -0.40; unfair accepted > 
unfair rejected  r = -0.48), while a weak correlation was observed for the conditions fair accepted 
(r = 0.04) and unfair rejected (r = 0.14) (see Supplemental material S4, Figure S1 for scatter plots).

Thesis_Book .indb   103 1/4/2015   1:36:06 PM



104 | Activation Studies: Neuroticism and Social Decision-making

Table 4 Main effects of the decision condition and interaction effects between neuroticism 
and the decision condition

Cluster Cluster size T-value Coordinate

x y z

Fair accepted > unfair rejected

Lingual gyrus 127 3.66 -14 -74 -6

Unfair accepted > fair accepted

Cerebellum 279 5.07 28 -88 -38

Cerebellum 293 5.17 -36 -84 -42

Anterior cingulate gyrus
Superior medial frontal gyrus

418 4.87 4 54 14

Angular gyrus 179 4.32 60 -52 34

Angular gyrus
Supramarginal gyrus

144 4.77 -62 -54 32

Superior medial frontal gyrus
Superior frontal gyrus
Supplementary motor area

1118 5.34 12 18 60

Fair accepted > unfair accepted

Inferior occipital gyrus
Middle occipital gyrus
Inferior temporal gyrus
Middle temporal gyrus
Fusiform gyrus

1197 6.71 -38 -64 -2

Inferior occipital gyrus
Inferior temporal gyrus
Middle temporal gyrus
Fusiform gyrus

658 5.18 50 -58 -6

Insula
Superior temporal gyrus

113 3.93 -44 0 -10

Hippocampus
Caudate

134 3.73 -30 -40 -6

Hippocampus
Caudate

159 4.06 22 -34 12

Superior parietal gyrus
Precuneus
Angular gyrus
Superior occipital gyrus

1789 5.48 18 -62 62

Inferior parietal gyrus
Superior parietal gyrus
Precuneus
Postcentral gyrus
Middle occipital gyrus
Superior occipital gyrus

3217 5.81 -20 -58 54
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Cluster Cluster size T-value Coordinate

x y z

Postcentral gyrus
Supramarginal gyrus

488 5.20 36 -38 38

Unfair rejected > unfair accepted

Inferior temporal gyrus
Middle temporal gyrus
Inferior occipital gyrus
Middle occipital gyrus
Inferior temporal gyrus
Middle temporal gyrus

225 4.95 52 -58 -4

Inferior occipital gyrus
Middle occipital gyrus
Inferior temporal gyrus
Middle temporal gyrus

422 5.06 -38 -64 -2

Hippocampus
Thalamus

112 3.85 -4 -26 14

Superior parietal gyrus
Precuneus
Angular gyrus
Postcentral gyrus
Middle occipital gyrus
Superior occipital gyrus

1540 5.29 24 -66 44

Postcentral gyrus
Supramarginal gyrus

227 4.43 40 -38 42

Inferior parietal gyrus
Superior parietal gyrus
Precuneus
Postcentral gyrus

3730 5.22 -22 -56 68

Unfair accepted  > fair accepted * neuroticism

Vermis
Cerebellum

381 -4.31 -10 -42 -20

Putamen 307 -5.44 28 -8 12

Unfair accepted > unfair rejected * neuroticism

Putamen 282 -5.30 28 -10 12

Peak activations with corresponding Z-values of brain regions, which showed differential activation for the 
contrasts (fair accepted > unfair rejected), (unfair accepted versus fair accepted), (unfair rejected > unfair 
accepted), (unfair accepted > fair accepted) * neuroticism and (unfair accepted > unfair rejected) * neuroticism. 
To correct for multiple comparisons, resulting brain images were thresholded at p<0.05 FWE cluster level 
extent using an initial threshold of p<0.001 uncorrected and a cluster size of k>102. The extent threshold (k) 
was obtained via Monte Carlo simulation (3dClustSim, AlphaSim, implemented in AFNI, 10.000 iterations).

Table 4 Continued
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Figure 3 Interaction effect between neuroticism and the decision condition. Activation in the dorsal striatum 
correlated negatively with neuroticism for the contrast (decision unfair accepted > decision fair accepted) 
(red) and (decision unfair accepted > decision unfair rejected) (blue). The color purple indicates overlap 
between the two contrasts.

4.5 Discussion

The aim of the current study was to investigate the relationship between neuroticism and 
brain activation during social decision-making in the UG in women, specifically in response to 
unfair offers. We observed increased activation in brain regions that have previously been found 
in research on the UG during unfair proposals, including the anterior insula, dorsal anterior 
cingulate cortex and dorsal lateral prefrontal cortex (Sanfey et al., 2003). Furthermore, we found 
more activation in parietal and temporal regions for the two most common decisions (fair accept 
and unfair reject), involving areas related to perceptual decision-making (Heekeren et al., 2008; 
Keuken et al., 2014). Conversely, during the decision to accept unfair offers, individuals recruited 
more frontal regions previously associated with decision-making and the implementation of 
reappraisal in the UG (Grecucci et al., 2013b). Individuals scoring higher on neuroticism did not 
show differential activation patterns during the proposal of unfair offers compared with individuals 
scoring lower, however, they did show lower activation in the right dorsal striatum (putamen)  
during the acceptance of unfair offers. Activation in the dorsal striatum has been implicated in 
the formation of stimulus-action-reward associations (Balleine et al., 2007; FitzGerald et al., 2012; 
Haruno and Kawato, 2006; Peterson and Seger, 2013) and motivation and arousal (Miller et al., 
2014; Takeuchi et al., 2014). The findings suggest that both high and low neurotic individuals 
recruit brain regions signaling social norm violations in response to unfair offers. However, when 
it comes to decision-making, it seems that neural circuitry related to reward and motivation is 
altered in individuals scoring higher on neuroticism, when accepting an unfair offer.

4.5.1 Results related to the proposal condition

Our findings replicated and confirmed previous behavioral as well as imaging results. 
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First, increased rejection rates were found as offers became more unfair. Second, we found more 
activation in brain regions that have been consistently found in studies on the UG during unfair 
offers relative to fair offers, such as the AI, dACC and (d)lPFC (Corradi-Dell’Acqua et al., 2013; 
Gospic et al., 2011; Grecucci et al., 2013b; Guo et al., 2013a, 2013b; Güroğlu  et al., 2010, 2011; 
Harlé et al., 2012; Hollmann et al., 2011; Kirk et al., 2011; Montague and Lohrenz, 2007; Sanfey et 
al., 2003; Zheng et al., 2014). As suggested in these previous studies, the results may indicate that 
individuals experienced elevated levels of negative affect and exerted more cognitive control in 
response to social norm violations. Converging evidence for the role of emotional states during 
social decision-making in the UG comes from, among others, behavioral and skin conductance 
studies that revealed more reported negative emotions (e.g. disgust and anger) in response to 
unfair offers (Pillutla and Murnighan, 1996; Xiao and Houser, 2005) and higher skin conductance 
activity to unfair offers, which correlated with the number of subsequent rejections (van’t Wout et 
al., 2006). Furthermore, the AI and dACC have been associated with social pain during negative 
social experiences, such as social rejection and exclusion. It has been proposed that these brain 
regions possibly function as a neural alarm system, signaling social harm (Eisenberger, 2012; 
Eisenberger and Lieberman, 2004).

4.5.2 Results related to the decision condition

For the two most common decisions (fair accept and unfair reject), we found more activation 
in several parietal, temporal and occipital brain regions as well as the insula, hippocampus and 
caudate. These regions have been implicated in perceptual decision-making (for a meta-analysis, 
see Keuken et al., 2014), which consists of multiple subprocesses. For example, the representation of 
sensory evidence (e.g. occipital regions and hippocampus), the detection of perceptual uncertainty 
or difficulty (e.g. insula) and the distribution of attentional resources (e.g. parietal regions) (for a 
review, see Heekeren et al., 2008). However, during the decision to accept unfair offers, individuals 
recruited more frontal regions, such as the anterior cingulate cortex and dorsal (medial) prefrontal 
cortex, which have been associated with the computation of decision variables and the monitoring 
of performance during perceptual decision-making (Heekeren et al., 2008; Keuken et al., 2014). 
Furthermore, they have been related to the implementation of reappraisal strategies in response to 
unfair offers during the UG (Grecucci et al., 2013b). Thus, these frontal regions may be involved in 
cognitive control and the regulation of negative emotions in order to make a rational decision and 
gain monetary reward (Grecucci and Sanfey, 2013; Grecucci et al., 2013a, 2013b). Earlier studies 
have shown that, during the UG, less unfair offers were rejected when individuals used reappraisal 
compared to other regulation strategies, such as expressive suppression (Grecucci et al., 2013b; 
van’t Wout et al., 2010). In line with this, we found more activation in cingulate and frontal brain 
regions during the proposal of unfair offers, when individuals subsequently rejected less of them.
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4.5.3 Results related to neuroticism

Individuals scoring higher on neuroticism did not reject more unfair offers than individuals 
scoring lower, neither did they show differences in brain activation during the proposal of unfair 
offers. This may indicate that both high and low neurotic individuals perceive unfair offers as unjust, 
i.e. rejecting them most of the time and experiencing more negative emotions in response to them 
(increased AI activation; for a computational rendering of the underlying neural substrates of 
social norm violations, see Xiang et al., 2013) (Sanfey et al., 2003). However, we did observe lower 
activation in the right dorsal striatum (putamen) in individuals with higher scores on neuroticism 
during the acceptance of unfair offers compared to the acceptance of fair offers and the rejection 
of unfair offers. 

Two functions of the dorsal striatum (putamen) may be of relevance for the current findings. 
First, it has been involved in the formation of stimulus-action-reward associations (Balleine et al., 
2007; FitzGerald et al., 2012; Haruno and Kawato, 2006; Peterson and Seger, 2013). Specifically, 
the dorsal striatum assigns values to specific actions, which are then weighted against each other 
in order to direct adaptive decision-making (FitzGerald et al., 2012). A study - that isolated 
brain activation in subregions of the striatum during different intra-trial processes (stimulus, 
preparation of response, response and feedback) in a visuomotor learning task - showed that the 
putamen was active during all processes, but to a higher degree during response (Peterson and 
Seger, 2013). Furthermore, during stimulus presentation, activation in the putamen was related 
to the magnitude of the upcoming reward (Peterson and Seger, 2013). It was proposed that the 
putamen may be involved in policy selection on the basis of relative preferences between actions 
(Haruno and Kawato, 2006; Peterson and Seger, 2013). Second, the dorsal striatum has been 
implicated in motivation and arousal (Miller et al., 2014; Takeuchi et al., 2014). Related to the 
function of forming stimulus-action-reward associations, motivation refers to the drive for action 
to obtain rewards or to avoid punishments and includes the preparation and planning of actions 
to realize such goals (Miller et al., 2014). In addition, dorsal striatum activation has been related to 
competitive and academic achievement motivation and monetary motivation (Mizuno et al., 2008; 
Takeuchi et al., 2014). In conclusion, it is possible that individuals scoring higher on neuroticism 
are less motivated and/or experience less feelings of reward, when they decide to accept unfair 
offers compared to individuals scoring lower. This is in line with the finding of Harlé et al. (2012) 
that individuals in a sad mood, an emotion frequently experienced by individuals scoring higher 
on neuroticism (Watson et al., 1994), showed diminished sensitivity to rewarding offers in the UG 
in comparison to individuals in a neutral state. Notably, this tendency of reduced motivation to 
obtain rewards or ability to experience rewards has also been observed in depression (Groenewold 
et al., 2013; Zhang et al., 2013), for which neuroticism is a potent risk factor (Lahey, 2009; Ormel 
et al., 2013b).
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4.5.4 Limitations

Two limitations can be mentioned with regard to the current study. First, no affective ratings 
and autonomic measures were collected during the experiment. Such ratings and measures could 
have provided converging evidence for abovementioned interpretations, which are at present 
speculative. Second, it is possible that we would have found an association between neuroticism 
and rejection/acceptance rates or brain activation during the proposal phase, when we had 
included a greater range of offers (e.g. €10:€10-€19:€1, (Kirk et al., 2011). The reason for this is 
that high and low neurotic individuals may make similar decisions for offers on the extremes, but 
different ones for offers in the middle (i.e. the ‘grey’ area).

4.6 Conclusion

Whereas no relationship between neuroticism and brain activation during the proposal of 
unfair offers was observed, our results showed lower activation in the dorsal striatum (putamen) 
in individuals scoring higher on neuroticism during the acceptance of unfair offers (i.e. decision 
phase). Activation in the dorsal striatum has been implicated in the formation of stimulus-action-
reward associations (Balleine et al., 2007; FitzGerald et al., 2012; Haruno and Kawato, 2006; 
Peterson and Seger, 2013) and motivation and arousal (Miller et al., 2014; Takeuchi et al., 2014). 
The findings suggest that both high and low neurotic individuals recruit brain regions signaling 
social norm violations in response to unfair offers. However, when it comes to decision-making, 
it seems that neural circuitry related to reward and motivation is altered in individuals scoring 
higher on neuroticism, when accepting an unfair offer. It would be of interest for future studies to 
investigate how negative affect in response to unfairness - possibly due to maladaptive coping - has 
an effect on the ability to experience reward in subsequent decision-making.
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4.8 Supplemental material

4.8.1 S1 Movie Clips

Before the proposal, a movie clip was played in which participants observed their opponent 
sitting behind a computer screen from a front left side view. The role of the opponent was played 
by a female student of the same age as the participants. In 18 of the 24 movie clips, participants 
observed their opponent moving the mouse with her right hand in order to propose a division. 
In the other six movie clips, participants observed a similar action in addition to some naturally 
occurring behavior, such as taking a sip of water or leaning back. Notably, the opponent briefly 
looks into the camera during the movie clip of the second trial. This action is supposed to signal 
that the opponent is aware of the fact that she is videotaped. The movie clips were played serially 
and had a duration of six seconds.
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Table S1 Overview of the order of the movie clips

Movie clip nr. Movie clip content

1 Proposing a decision

2 Proposing a decision + Looking briefly into the camera

3 Proposing a decision

4 Proposing a decision

5 Proposing a decision

6 Proposing a decision

7 Proposing a decision

8 Proposing a decision

9 Proposing a decision

10 Proposing a decision

11 Proposing a decision + Scratching the head 

12 Proposing a decision

13 Proposing a decision

14 Proposing a decision

15 Proposing a decision + Positioning the left hand under the chin

16 Proposing a decision

17 Proposing a decision

18 Proposing a decision + Taking a sip of water

19 Proposing a decision

20 Proposing a decision + Leaning backwards

21 Proposing a decision

22 Proposing a decision

23 Proposing a decision + Positioning the left hand under the chin

24 Proposing a decision
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4.8.2 S2 Overview of the full fMRI session

The full fMRI session consisted of four tasks, resting state and an anatomical scan. The 
following tasks/scans were presented in consecutive order: emotional face matching task (Hariri et 
al., 2002), mood (worry) induction paradigm (Paulesu et al., 2010), anatomical scan, resting state, 
interoceptive sensitivity task (Pollatos et al., 2007) and Ultimatum Game (Sanfey et al., 2003). The 
total duration of the fMRI session was approximately 60 minutes. The order was fixed and identical 
for all participants.

4.8.3 S3 Preprocessing steps

First, structural as well as functional images were reoriented parallel to the AC-PC plane. 
Second, functional images were realigned to the first image using rigid body transformations 
and the mean EPI image, created during this step, was coregistered to the anatomical T1 image. 
Third, structural images were corrected for bias field inhomogeneities, registered using linear 
transformations and segmented into grey matter (GM), white matter (WM) and cerebrospinal 
fluid (CSF) (MNI template space). Fourth, we used DARTEL (Diffeomorphic Anatomical 
Registration through Exponentiated Lie algebra toolbox) (Ashburner, 2007) to create a customized 
group template to increase the accuracy of inter-subject alignment. Individual GM and WM tissue 
segments were iteratively aligned to the group template in order to acquire individual deformation 
flow fields. Fifth, the coregistered functional images were normalized to MNI space using the 
customized group template and individual deformation flow fields. Furthermore, images were 
resampled to 2 mm3 isotropic voxels and smoothed with a 8 mm full-width at half-maximum 
(FWHM) Gaussian kernel.
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4.8.4 S4 Effects related to neuroticism

Figure S1 Effects related to neuroticism. A. Interaction effect between neuroticism and the decision condition 
(contrast unfair accepted > unfair rejected) on dorsal striatum activation. B. Interaction effect between 
neuroticism and the decision condition (contrast unfair accepted > fair accepted) on dorsal striatum activation. 
A negative correlation was found between neuroticism and activation in the dorsal striatum for the condition 
unfair accepted (A. r = -0.40; B. r = -0.48), while a weak correlation was found for the conditions fair accepted 
(A. r = 0.04) and unfair rejected (B. r = 0.14). Note: for both interaction effects, the difference between the two 
slopes remains significant after removal of the blue and red data point on the right side of the plot. D. striatum 
= dorsal striatum; NEO-PI-R = NEO personality inventory revised.
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5.1 Abstract

Neuroticism is a robust personality trait that constitutes a risk factor for psychopathology, especially 
anxiety disorders and depression. High neurotic individuals tend to be more self-critical and are 
overly sensitive to criticism by others. Hence, we used a novel resting-state paradigm to investigate 
the effect of criticism on functional brain connectivity and associations with neuroticism. Forty-
eight participants completed the NEO Personality Inventory Revised (NEO-PI-R) to assess 
neuroticism. Next, we recorded resting-state functional magnetic resonance imaging (rs-fMRI) 
during two sessions. We manipulated the second session before scanning by presenting three 
standardized critical remarks through headphones, in which the subject was urged to please lie 
still in the scanner. A seed-based functional connectivity method and subsequent clustering were 
used to analyse the resting-state data. Based on the reviewed literature related to criticism, we 
selected brain regions associated with self-reflective processing and stress-regulation as regions 
of interest. The findings showed enhanced functional connectivity between the clustered seed 
regions and brain areas involved in emotion processing and social cognition during the processing 
of criticism. Concurrently, functional connectivity was reduced between these clusters and brain 
structures related to the default mode network and higher-order cognitive control. Furthermore, 
individuals scoring higher on neuroticism showed altered functional connectivity between the 
clustered seed regions and brain areas involved in the appraisal, expression and regulation of 
negative emotions. These results may suggest that the criticized person is attempting to understand 
the beliefs, perceptions and feelings of the critic in order to facilitate flexible and adaptive social 
behavior. Furthermore, multiple aspects of emotion processing were found to be affected in 
individuals scoring higher on neuroticism during the processing of criticism, which may increase 
their sensitivity to negative social-evaluation.

Thesis_Book .indb   118 1/4/2015   1:36:07 PM



119

5

5.2 Introduction

Most people like to hear that they are performing well, both in their personal as well as 
their professional life. Inevitably, people’s behavior is sometimes negatively judged or criticized 
by others. Individual differences in stress reactivity play an important role in the way people deal 
with criticism and other forms of negative social-evaluation (Dickerson and Kemeny, 2004). How 
people cope with stress is determined, among other factors, by their personality. A personality 
trait that has specifically been associated with stress sensitivity is neuroticism (Costa and Mccrae, 
1992; Ormel et al., 2013a; Suls and Martin, 2005; Watson et al., 1994). Neuroticism is one of the 
big five dimensions of personality and represents a robust trait that has been replicated many 
times in various studies (Costa and McCrae, 1989). High neurotic individuals express heightened 
emotional reactivity, especially to negative events (Canli, 2008), and are more prone to develop 
psychiatric disorders, such as depression and anxiety disorders (Lahey, 2009). Moreover, these 
individuals tend to be more self-critical (Clara et al., 2003) and are overly sensitive to criticism by 
others (Watson et al., 1994).

To our knowledge, the interaction between criticism and neuroticism has not previously 
been studied using functional magnetic resonance imaging (fMRI). Studies investigating the 
effect of criticism on brain function are limited as well. However, it has been shown that listening 
to criticism activates brain areas involved in cognitive control over negative emotions and self-
referential processing (Premkumar et al., 2013). Furthermore, differential processing of criticism 
has been related to several psychiatric disorders. For instance, Blair and colleagues (2008) found 
that patients diagnosed with generalized social phobia (GSP) showed increased activation in the 
medial prefrontal cortex and amygdala, as well as enhanced functional connectivity between these 
two areas, in response to negative comments referring to themselves in comparison to healthy 
controls (Blair et al., 2008). In addition, Hooley and colleagues (2009) showed that even though 
patients were remitted from depression, their brain functioning was still altered in response to 
hearing critical comments made by their own mothers compared to healthy controls (Hooley et al., 
2009). Moreover, previous research has shown that formerly depressive patients are more likely to 
relapse, when they perceive their significant family members as being critical of them (‘perceived 
criticism’). This has also been replicated in other patient samples, including anxiety disorders, 
schizophrenia and substance abuse disorders (Hooley et al., 2012). Individuals that score high on 
perceived criticism show increased limbic reactivity and decreased cognitive regulatory prefrontal 
activity during the processing of criticism (Hooley et al., 2012). 

One may conclude that criticism is a clinically relevant concept and that it is important 
to identify and map its underlying neurobiological mechanisms. A new challenge would be to 
investigate the concept of criticism in a setting, where comments are applicable to the individuals’ 
current situation and his or her corresponding behaviour. However, related literature on 
psychosocial stress has taught us that it proved to be a challenge to create a task paradigm within 

Thesis_Book .indb   119 1/4/2015   1:36:07 PM



120 | Connectivity Studies: Neuroticism and Criticism

(i) the neuroimaging environment that is (ii) able to reliably induce a stress response and (iii) 
has a naturalistic character (Pruessner et al., 2008). A meta-analysis on changes in cortisol - an 
indicator of the stress response - showed that stress could be elicited by motivated performance 
tasks, which contain elements of social evaluation (e.g. an evaluative audience is present) and 
uncontrollability (e.g. false feedback) (Dickerson and Kemeny, 2004). However, a limitation of 
motivated performance tasks is that components related to challenge and achievement play a 
prominent role, which overshadow the effect of negative social-evaluation (Dedovic et al., 2009). 
Interpersonal stressor paradigms overcome this limitation, but are still strictly virtual simulations 
of social situations; for example participants are deceived into believing that they are excluded 
from an online ball-tossing game (Eisenberger et al., 2003). 

To surpass abovementioned drawbacks, we recorded resting-state fMRI (rs-fMRI) during a 
newly constructed paradigm in which criticism on the participants’ behaviour was applicable to 
the current situation. The elements (negative) social-evaluation and uncontrollability, shown to be 
important in eliciting a stress response (Dickerson and Kemeny, 2004), were incorporated in the 
paradigm. We presented participants with three standardized critical remarks through headphones, 
in which the investigator urged the participant to please lie still in the scanner (independent of 
whether they were lying still or not). The requests were conferred with an increasingly agitated 
tone. Furthermore, participants were made aware before they went into the scanner that both 
the investigator and MRI laboratory technician were monitoring them during the experiment. rs-
fMRI provides an excellent tool to investigate undirected behaviour in participants, namely it has 
been shown that intrinsic activity can be modulated by exogenous factors (Northoff et al., 2010), 
but is task independent in principle.

The aim of the current study was twofold. First, we investigated which functional connectivity 
patterns underlie the processing of criticism, using seed-based functional connectivity and 
subsequent cluster analysis. Based on the reviewed literature related to criticism (Blair et al., 2008; 
Dickerson and Kemeny, 2004; Hooley et al., 2009; Premkumar et al., 2013), we selected regions of 
interest associated with self-reflective processing: frontal, temporal, parietal and cortical midline 
structures (Table 1) (van der Meer et al., 2010) and stress regulation: the amygdala and hippocampus 
(Pruessner et al., 2010). We hypothesized enhanced functional connectivity between selected seed 
regions and brain areas involved during the processing of emotions and social interaction. Second, 
we investigated the association between neuroticism and functional connectivity during criticism. 
We hypothesized altered functional connectivity between selected seed regions and brain areas 
related to emotion regulation in individuals scoring higher on neuroticism (Watson et al., 1994). 
The former as well as the latter hypothesis were confirmed.
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5.3 Methods and materials

5.3.1 Participants

Forty-eight healthy, Dutch participants (32 women, mean age 20.78 ± SD 2.45; 16 men, 
mean age 20.63 ± SD 2.16, age range: 18-27) were recruited from the University of Groningen. 
Participants were screened for exclusion criteria using a self-report checklist, comprising the 
following criteria (1) a history of seizure or head injury, (2) a life time diagnosis of psychiatric and/
or neurological disorders, (3) a life time diagnosis of psychiatric disorders in first degree relatives 
of the participant, (4) the use of medication that can influence test results, (5) visual or auditory 
problems that cannot be corrected, (6) MRI incompatible implants or tattoos, (7) claustrophobia, 
(8) suspected or confirmed pregnancy.

5.3.2 Ethics statement

The Medical Ethical Committee of the University Medical Center Groningen approved the 
experimental protocol and written informed consent was obtained from all participants prior to 
participation. The study was conducted in accordance with the Declaration of Helsinki.

5.3.3 NEO (Neuroticism, Extraversion, Openness) Personality Inventory Revised

The NEO-PI-R is based on the Five-Factor Model (FFM) of personality (Digman, 1990) 
and consists of 240 items, which assess the following five domains: Neuroticism, Extraversion, 
Openness, Agreeableness and Conscientiousness (Costa and Mccrae, 1992). The psychometric 
properties of the NEO-PI-R can be considered good. Cronbach’s alpha ranges from 0.86 to 0.92 for 
the domain scales of the Dutch version of the NEO-PI-R (Hoekstra et al., 1996). 

5.3.4 Stress manipulation  

rs-fMRI data were recorded during two sessions, each lasting five minutes. Participants 
were instructed to close their eyes and to not fall asleep. The first session consisted of scanning 
a standard resting-state (standard session). The second session was manipulated before scanning 
by presenting three standardized critical remarks through headphones (criticism session). The 
general request addressed to the participant was to please lie still in the scanner. Participants were 
able to respond after each remark. The first remark: “It is important that you lie still” (neutral tone) 
was presented at time zero. The second remark: “[harrumph] Could you please lie still now for a 
moment” (slightly agitated tone) was presented after the scan preparation. The third remark: “Lie 
still now please” (agitated tone) was presented after the second remark, depending on the length of 
the participants’ reaction to the second remark. The scan was proceeded after the corresponding 
reaction to the third remark. The remarks were recorded by the investigator (J.L., male voice). 
In this way, participants were criticized by the person, who led the experiment. Furthermore, 
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participants were introduced to the MRI laboratory technician before they went into the scanner. 
Participants were made aware that both the investigator and MRI laboratory technician were 
monitoring them during the experiment. After the scanning session, participants were debriefed 
and informed that the repeated requests to lie still were part of the experiment. The order of the 
sessions was kept constant; the criticism session always followed the standard session. 

To validate our stimuli, a pilot study was conducted to demonstrate that the tone of the 
three critical remarks was indeed perceived as increasingly agitated and that the receipt of the 
critical remarks was indeed experienced as negative, stressful and arousing. The results showed 
that the critical remarks were ranked as expected (remark 1 as least agitating and remark 3 as 
most agitating). Furthermore, positive affect significantly decreased (t(9) = 2.85, p<0.05) after 
the presentation of the critical remarks, while negative affect significantly increased (t(9) = -4.59, 
p<0.05) (see Supplemental material S1 for a full description of the pilot study).

5.3.5 Image acquisition

A 3 Tesla Philips Intera MRI scanner (Philips Medical Systems, Best, the Netherlands), 
equipped with an 8-channel SENSE head coil, was used to acquire the images. A high-resolution 
T1-weighted 3D structural image was obtained using fast-field echo (FFE) for anatomical 
reference (160 slices; TR: 25 ms; TE: 25 ms; FOV: 256 x 204; 256 x 204 matrix; voxel size: 1 x 1 x 
1 mm). Functional images were acquired with T2*-weighted gradient echo planar imaging (EPI) 
sequences. The criticism session comprised 150 volumes in 40 axial-slices (TR: 2000 ms; TE:  25 
ms; FOV: 210 x 210; 64 x 66 matrix; voxel size: 3.2 x 3.2 x 2.5 mm). The standard session comprised 
200 volumes - only the first 150 volumes were used for analysis - in 43 axial-slices (TR: 2290 ms; 
TE: 28 ms; FOV: 220 x 220; 64 x 61 matrix; voxel size: 3.44 x 3.44 x 3 mm). Slices were oriented 
parallel to the AC-PC transverse plane and acquired in an interleaved order without a gap.

5.3.6 Image analysis

Image processing and statistical analyses were performed using SPM8 (http://www.fil.ion.
ucl.ac.uk), implemented in Matlab 7.8.0 (The Mathworks Inc., Natick, MA). The images were 
corrected for slice timing and realigned using rigid body transformations. After realignment, the 
mean image was coregistered to the anatomical T1 image. Subsequently, images were spatially 
normalized to common stereotactic space (MNI T1-template) and resampled to a voxel size of 
2 x 2 x 2 mm. Lastly, smoothing was applied using a 6 mm kernel full-width at half maximum 
(FWHM). 

Next, a series of preprocessing steps specific to rs-fMRI analysis were performed. First, 
regression of several nuisance variables was applied to remove sources of spurious variance, 
comprising six rigid body head motion parameters, the global signal, white matter signal and 
cerebrospinal fluid (CSF) signal. In order to obtain the last two signals, we performed segmentation 
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to create two separate masks and extracted the first eigenvariate from the time series of the 
included voxels. In addition, the first temporal derivatives of abovementioned nuisance variables 
were removed. Second, temporal band-pass filtering was applied to detrend the signal and to retain 
frequencies between 0.008 - 0.08Hz (van Dijk et al., 2010).

Subsequently, a seed-based functional connectivity method was used to analyse the data with 
a General Linear Model (GLM) (Biswal et al., 1995). A total of thirteen seed regions were defined 
based on the following criteria: (i) nine seed regions associated with self-reflective processing were 
based on a meta-analysis of neuroimaging studies investigating self-reflection (van der Meer et 
al., 2010) (see Table 1) (ii) the bilateral amygdala and hippocampus were selected as seed regions 
based on a review on stress regulation in the central nervous system (Pruessner et al., 2010). 
Next, a sphere (radius of 6 mm) was created with Marsbar (Brett et al., 2002) around the nine 
center coordinates, which were reported for the contrast (self > baseline) in the meta-analysis on 
self-reflection. The center coordinates reflect the voxel with the maximum score in a cluster of 
activation that is reported in a certain percentage of the studies, included in the meta-analysis (van 
der Meer et al., 2010). The seed regions consisted of 123 voxels and had a volume of 984 mm3. With 
regard to the amygdala and hippocampus, seed regions were constructed using the WFU Pickatlas. 
Accordingly, the first eigenvariate was extracted from the time series of the voxels in the thirteen 
specified seed regions per subject for the two sessions. This resulted in twenty-six eigenvariate 
time courses for every subject, thirteen for the standard session and thirteen for the criticism 
session. The eigenvariate time courses were added as a regressor at first-level per subject for the 
two sessions separately and the betas were subtracted from each other (criticism > standard). The 
resulting contrast images were entered in a second-level random-effect analysis. 

For every seed region, a design was built on second-level that consisted of two factors: 
subject and gender. Gender was entered as a factor of no interest in the model, because a gender 
difference was found in neuroticism scores (see the Results section, Neuroticism scores). Hence, 
neuroticism scores were mean centered separately for women and men and were entered as a 
regressor of interest in the model. Differences between the two sessions as well as interactions 
with neuroticism (positive and negative correlations) were investigated. To correct for multiple 
comparisons, resulting brain images were thresholded at p<0.05 FWE cluster level extent using an 
initial threshold of p<0.001 uncorrected.
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Seed region Brodmann area Coordinates

x y z

Anterior cingulate gyrus 32 -2 42 12

Cuneus 18/23 -4 -64 24

Left inferior frontal gyrus, orbital part 47 -38 22 -12

Left insula 48 -38 16 -8

Left superior frontal gyrus 9 -10 44 32

Left temporal pole 38 -40 24 -20

Superior medial frontal gyrus 9 -12 45 34

Superior medial frontal gyrus 10 -2 56 8

Posterior cingulate gyrus/precuneus 23/30 -2 -60 20

Seed regions based on a meta-analysis of neuroimaging studies investigating self-reflection. Contrast (self > 
baseline) (van der Meer, et al., 2010).

5.3.7 Cluster analysis 

In order to facilitate interpretation of the results, abovementioned connectivity maps, i.e 
(criticism > standard) for each of the thirteen seed regions, were clustered into a number of 
networks. First, the connectivity maps were averaged across subjects and concatenated. This 
resulted in a two dimensional matrix (D), where rows represent the seed regions and columns 
the voxels. Second, the number of clusters present in the data was estimated by creating Cattell’s 
screeplot (Cattell, 1966) and a maximum profile log-likelihood plot (Zhu and Ghodsi, 2006) 
based on the eigenvalues of the covariance matrix of D. Both methods revealed a four-component 
solution (see Supplemental material S2, Figure S1). Third, fuzzy c-means (FCM) clustering was 
applied to matrix D to group the selected seed regions based on their functional connectivity 
pattern in four clusters (Bezdek, 1981; Zadeh, 1977). The same four-component solution (see 
Supplemental material S2, Figure S2a) and cluster partition (see Supplemental material S2, Figure 
S2b) were found, when the cluster analysis was performed on the connectivity maps resulting from 
the contrast (criticism > standard * neuroticism). 

5.4 Results

5.4.1 Neuroticism scores

The mean neuroticism score across the whole sample was 138.75 ± SD 20.53 and was 
consistent with the mean reference value mentioned in the NEO-manual (Hoekstra et al., 1996) 
for the neuroticism domain within a student sample (research-context, mean 138.4 ± SD 21.5). 
Furthermore, a gender difference was found for neuroticism (t(46) = 2.92, p<0.05). On average, 

Table 1 Seed regions associated with self-reflective processing
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women had higher scores on neuroticism than men (women: mean 144.44 ± SD 17.72; men: mean 
127.38 ± SD 21.57) (NEO manual, students, research-context, women: mean 143.6 ± SD 21.0; men: 
mean 132.8 ± SD 20.6).

5.4.2 Cluster analysis 

The eigenvalues revealed a four-component solution (see Supplemental Material S2, Figure 
S1) and therefore, FCM clustering was applied to find four clusters. The first cluster consisted 
of functional connectivity patterns associated with two seed regions positioned in the prefrontal 
cortex: the superior frontal gyrus (BA9) and left superior frontal gyrus (prefrontal cluster). The 
second cluster comprised functional connectivity patterns related to three seed regions located in 
the fronto-temporal cortex: the left inferior frontal gyrus (orbital part), left insula and left temporal 
pole (fronto-temporal cluster). The third cluster consisted of functional connectivity patterns 
associated with two seed regions sited in the occipito-parietal cortex: the posterior cingulate 
gyrus/precuneus and cuneus (occipito-parietal cluster). The fourth cluster comprised functional 
connectivity patterns related to four subcortical seed regions: bilateral amygdala and hippocampus 
(amygdala/hippocampal cluster). The seed regions anterior cingulate gyrus and superior frontal 
gyrus (BA10) loaded on both the first cluster as well as the second cluster (see Figure 1 and Figure 
2).
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Figure 1 Four clusters were found using fuzzy c-means (FCM) clustering for the contrast (criticism > standard): 
(A) prefrontal cluster (red bars), (B) fronto-temporal cluster (yellow bars), (C) occipito-parietal cluster (green 
bars) and (D) amygdala/hippocampal cluster (light blue bars). The seed regions anterior cingulate cortex and 
SFG(BA10) are depicted in dark blue. On the x-axis, the different seed regions can be found in alphabetical 
order. On the y-axis, membership degrees are continuously expressed as proximities to a cluster centroid, 
containing values between 0 and 1. ACC, anterior cingulate cortex; L_Amy, left amygdala; R_Amy, right 
amygdala; Cun, cuneus; L_Hip, left hippocampus; R_Hip, right hippocampus; L_IFG, left inferior frontal 
gyrus; L_Ins, left insula; L_SFG, left superior frontal gyrus; L_TP, left temporal pole; PCC/Prec, posterior 
cingulate cortex/precuneus; SFG(BA10), superior frontal gyrus (BA10); SFG(BA9), superior frontal gyrus 
(BA9).
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Figure 2 Visualization of correlations between the seed regions based on their functional connectivity pattern. 
Gephi (0.8.1 – beta) was used to draw the graph. The following colors indicate the cluster to which a specific 
seed region belongs based on the fuzzy c-means (FCM) clustering approach: the prefrontal cluster (red), 
the fronto-temporal cluster (yellow), the occipito-parietal cluster (green) and the amygdala/hippocampal 
cluster (light blue). The seed regions anterior cingulate cortex and SFG(BA10) are depicted in dark blue. 
The edges between the nodes have a mixed color. The thickness of the edges represents the strength of the 
correlation between the seed regions based on their functional connectivity pattern. ACC, anterior cingulate 
cortex; L_Amy, left amygdala; R_Amy, right amygdala; Cun, cuneus; L_Hip, left hippocampus; R_Hip, right 
hippocampus; L_IFG, left inferior frontal gyrus; L_Ins, left insula; L_SFG, left superior frontal gyrus; L_TP, left 
temporal pole; PCC/Prec, posterior cingulate cortex/precuneus; SFG(BA10), superior frontal gyrus (BA10); 
SFG(BA9), superior frontal gyrus (BA9).
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5.4.3 Brain networks related to criticism

The criticism and standard session were contrasted for each of the thirteen seed regions 
(see Figure 3 and Table 2). First, brain regions were identified that were functionally connected 
to the prefrontal cluster. When contrasting the criticism session and standard session, this cluster 
revealed increased functional connectivity with the precuneus, superior parietal gyrus, calcarine 
sulcus, lingual gyrus, fusiform gyrus, superior occipital gyrus and middle cingulate gyrus. The 
reverse contrast (standard > criticism) revealed increased functional connectivity between the 
prefrontal cluster and the superior medial frontal gyrus, superior frontal gyrus, anterior cingulate 
gyrus, middle cingulate gyrus, supplementary motor area, middle frontal gyrus, insula, inferior 
frontal gyrus, precentral gyrus, middle temporal gyrus, inferior temporal gyrus, inferior parietal 
gyrus, angular gyrus and supramarginal gyrus.

Second, the functional connectivity pattern was determined for the fronto-temporal cluster. 
For criticism compared to standard, this cluster showed increased functional connectivity with 
the precuneus, lingual gyrus and calcarine sulcus. When standard was contrasted with criticism, 
increased functional connectivity was found between the fronto-temporal cluster and the superior 
medial frontal gyrus, anterior cingulate gyrus, middle cingulate gyrus, supplementary motor area, 
middle frontal gyrus, insula and inferior frontal gyrus,.

Third, brain areas were identified that were functionally connected to the occipito-parietal 
cluster. When criticism was contrasted with standard, the occipito-parietal cluster showed 
increased functional connectivity with the medial orbital frontal gyrus. For standard compared to 
criticism, no significant results were found.

Finally, the functional connectivity pattern was determined for the amygdala/hippocampal 
cluster. The contrast (criticism > standard) showed increased functional connectivity between 
this cluster and the superior medial frontal gyrus. The reverse contrast (standard > criticism) 
revealed increased functional connectivity between the amygdala/hippocampal cluster and the 
hippocampus, lingual gyrus and calcarine sulcus.

5.4.4 The effect of neuroticism on brain networks during criticism

Associations between neuroticism and functional connectivity during criticism were 
investigated by calculating positive as well as negative correlations with neuroticism for the 
contrast (criticism > standard) per seed region (see Figure 3 and Table 2).

First, we identified the functional connectivity pattern for the prefrontal cluster that was 
modulated by neuroticism. Neuroticism correlated positively with functional connectivity 
between this cluster and the middle frontal gyrus, supplementary motor area, inferior frontal 
gyrus, precentral gyrus, insula and rolandic operculum. Furthermore, neuroticism correlated 
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negatively with functional connectivity between the prefrontal cluster and the posterior cingulate 
gyrus, angular gyrus, superior temporal gyrus, middle temporal gyrus and superior temporal pole.

Second, the functional connectivity pattern was identified for the fronto-temporal cluster 
on which neuroticism had a modulatory effect. Neuroticism correlated positively with functional 
connectivity between this cluster and the middle frontal gyrus, inferior parietal gyrus, angular 
gyrus, inferior frontal gyrus, precentral gyrus and rolandic operculum. No functional connections 
were found to be negatively correlated with neuroticism.

Third, we identified the functional connectivity pattern for the occipito-parietal cluster that 
was modulated by neuroticism. Neuroticism correlated positively with functional connectivity 
between this cluster and the cuneus, calcarine sulcus, lingual gyrus and inferior frontal gyrus. 
Furthermore, neuroticism correlated negatively with functional connectivity between the occipito-
parietal cluster and the middle cingulate gyrus, insula, rolandic operculum and postcentral gyrus.   

Lastly, the functional connectivity pattern was identified for the amygdala/hippocampal 
cluster on which neuroticism had a modulatory effect. Neuroticism correlated positively with 
functional connectivity between this cluster and the lingual gyrus, calcarine sulcus, superior 
occipital gyrus and cuneus. Furthermore, neuroticism correlated negatively with functional 
connectivity between the amygdala/hippocampal cluster and the superior medial frontal gyrus, 
superior frontal gyrus, middle frontal gyrus and middle cingulate gyrus.
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Figure 3 Functional connectivity patterns related to the thirteen seed regions overlayed on a MNI template 
for the different contrasts: (A) criticism > standard, (B) standard > criticism, (C) criticism > standard, positive 
correlation with neuroticism and (D) criticism > standard, negative correlation with neuroticism. Brain 
regions, showing altered functional connectivity to our thirteen seed regions, are depicted in red for seed 
regions that belong to the prefrontal cluster, in yellow for seed regions that belong to the fronto-temporal 
cluster, in green for seed regions that belong to the occipito-parietal cluster and in light blue for seed regions 
that belong to the amygdala/hippocampal cluster. Connectivity results for the seed regions anterior cingulate 
cortex and SFG(BA10) are depicted in dark blue. To correct for multiple comparisons, resulting brain images 
were thresholded at p<0.05 FWE cluster level extent using an initial threshold of p<0.001 uncorrected.
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Cluster Seed region Correlate Cluster 
size T-value Z-value Coordinate

x y z

Criticism > standard

1 Left superior 
frontal gyrus

Superior parietal 
gyrus/
Precuneus

87 4.83 4.30 -18 -64 44

3.70 3.43 -20 -62 34

1* Left superior 
frontal gyrus

Precuneus 303 4.82 4.30 10 -50 50

4.18 3.81 10 -42 48

4.14 3.78 0 -46 54

1* Left superior 
frontal gyrus

Calcarine sulcus 124 4.55 4.10 26 -60 12

4.43 4.01 22 -52 6

3.84 3.55 16 -64 20

1* Superior frontal 
gyrus (BA9)

Lingual gyrus/
Fusiform gyrus

172 5.45 4.74 -36 -52 -2

4.52 4.07 -16 -44 -6

4.49 4.05 -34 -60 -4

1 Superior frontal 
gyrus (BA9)

Superior parietal 
gyrus/
Superior occipital 
gyrus/
Precuneus

103 5.25 4.60 -16 -66 46

4.29 3.90 -20 -64 38

1* Superior frontal 
gyrus (BA9)

Calcarine sulcus/ 137 5.12 4.51 22 -52 6

Lingual gyrus 4.77 4.26 32 -64 16

4.48 4.04 26 -60 12

1* Superior frontal 
gyrus (BA9)

Precuneus/
Middle cingulate 
gyrus

338 5.02 4.44 0 -46 52

4.99 4.42 10 -44 52

3.80 3.52 -6 -52 56

2* Left inferior 
frontal gyrus 

Precuneus 615 6.14 5.19 0 -56 50

4.88 4.34 10 -44 48

4.51 4.07 12 -58 46

2 Left inferior 
frontal gyrus 

Lingual gyrus/ 99 4.64 4.16 14 -54 8

Calcarine sulcus/

Precuneus

2 Left inferior 
frontal gyrus 

Calcarine sulcus/ 81 3.92 3.61 -2 -74 16

Lingual gyrus 3.85 3.56 6 -64 16

Table 1 Functional connectivity results related to criticism and associations with neuroticism
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Cluster Seed region Correlate Cluster 
size T-value Z-value Coordinate

x y z

3.55 3.31 2 -60 8

2* Left insula Precuneus 217 4.09 3.74 6 -62 48

3.88 3.58 14 -58 44

3.88 3.58 8 -52 42

3* Posterior cingulate 
gyrus/ precuneus

Medial orbital 
frontal gyrus

133 6.30 5.29 2 50 -10

3* Cuneus Medial orbital 
frontal gyrus

323 6.23 5.25 0 54 -10

5.37 4.68 0 46 -8

4.51 4.06 -12 52 -6

3* Cuneus Superior frontal 
gyrus/
Superior medial 
frontal gyrus

158 5.36 4.68 -16 62 16

3.98 3.65 -12 62 6

4 Left amygdala Superior medial 
frontal gyrus

125 4.23 3.85 -2 34 40

4.10 3.75 6 30 48

Standard > criticism

1* Left superior 
frontal gyrus

Superior medial 
frontal gyrus/
Superior frontal 
gyrus/
Anterior cingulate 
gyrus/
Supplementary 
motor area

1381 6.22 5.24 -10 28 44

6.21 5.23 10 46 42

5.65 4.87 8 32 50

1 Left superior 
frontal gyrus

Insula/ Inferior 
frontal gyrus pars 
orbitalis

103 6.05 5.13 -28 18 -16

1* Superior frontal 
gyrus (BA9)

Superior medial 
frontal gyrus
Superior frontal 
gyrus/
Anterior cingulate 
gyrus/
Middle cingulate 
gyrus/
Supplementary 
motor area

1841 6.90 5.65 -8 26 44

6.35 5.32 4 32 50

6.33 5.31 -6 42 38

Table 1 Continued
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Cluster Seed region Correlate Cluster 
size T-value Z-value Coordinate

x y z

1* Superior frontal 
gyrus (BA9)

Middle frontal 
gyrus/
Inferior frontal 
gyrus pars 
triangularis/
Inferior frontal 
gyrus pars 
opercularis/
Precentral gyrus

495 5.31 4.64 -48 22 36

5.21 4.57 -54 18 28

5.17 4.54 -48 10 46

1 Superior frontal 
gyrus (BA9)

Middle temporal 
gyrus/
Inferior temporal 
gyrus

90 5.23 4.59 54 -40 -10

1* Superior frontal 
gyrus (BA9)

Superior frontal 
gyrus/
Middle frontal 
gyrus

193 5.19 4.56 32 58 14

4.54 4.09 32 46 8

4.02 3.69 42 56 8

1 Superior frontal 
gyrus (BA9)

Inferior frontal 
gyrus pars 
orbitalis/
Inferior frontal 
gyrus pars 
triangularis

82 5.18 4.55 -42 38 -4

1* Superior frontal 
gyrus (BA9)

Inferior parietal 
gyrus/
Angular gyrus

261 4.98 4.41 54 -52 46

4.47 4.04 44 -60 52

4.41 3.99 52 -46 40

1 Superior frontal 
gyrus (BA9)

Middle temporal 
gyrus/
Angular gyrus/
Supramarginal 
gyrus/
Inferior parietal 
gyrus

74 4.48 4.04 -58 -60 24

3.73 3.45 -54 -62 34

1 Superior frontal 
gyrus (BA9)

Middle frontal 
gyrus

112 4.35 3.95 38 20 50

4.14 3.78 42 22 38

3.88 3.58 50 24 40

Table 1 Continued
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Cluster Seed region Correlate Cluster 
size T-value Z-value Coordinate

x y z

2* Left inferior 
frontal gyrus 

Superior medial 
frontal gyrus/
Anterior cingulate 
gyrus/
Middle cingulate 
gyrus/
Supplementary 
motor area

986 6.39 5.35 -4 42 38

6.10 5.16 0 34 40

5.12 4.51 -6 34 48

2 Left inferior 
frontal gyrus 

Inferior frontal 
gyrus pars 
opercularis
Inferior frontal 
gyrus pars 
triangularis
Insula

80 4.14 3.78 -48 16 0

2 Left insula Insula
Inferior frontal 
gyrus pars 
opercularis

97 5.33 4.65 -42 12 2

2 Left insula Middle cingulate 
gyrus/
Supplementary 
motor area

117 4.80 4.28 6 20 34

4.27 3.88 4 10 48

3.89 3.58 2 20 46

2* Left temporal pole Superior medial 
frontal gyrus/
Anterior cingulate 
gyrus

784 6.17 5.21 -4 32 48

5.88 5.02 -6 46 28

5.76 4.95 2 46 42

2 Left temporal pole Inferior frontal 
gyrus pars 
opercularis/
Middle frontal 
gyrus

105 4.90 4.35 -40 20 36

3.91 3.60 -40 12 42

4* Right 
hippocampus

Hippocampus/ 347 5.14 4.53 20 -36 6

Lingual gyrus/ 4.88 4.34 18 -46 0

Calcarine sulcus 4.24 3.86 10 -62 8

1, 2* Anterior cingulate 
gyrus

Anterior cingulate 
gyrus/
Superior medial 
frontal gyrus/
Middle cingulate 
gyrus/
Middle frontal 
gyrus

1072 7.02 5.72 -4 40 26

6.20 5.23 -4 28 32

6.00 5.10 16 44 36

Table 1 Continued
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Cluster Seed region Correlate Cluster 
size T-value Z-value Coordinate

x y z

1, 2 Anterior cingulate 
gyrus

Medial orbital 
frontal gyrus

71 4.80 4.28 -8 58 0

3.82 3.53 -6 60 -8

1, 2* Superior frontal 
gyrus (BA10)

Anterior cingulate 
gyrus/
Superior medial 
frontal gyrus/
Superior frontal 
gyrus

650 5.85 5.01 -8 40 26

5.67 4.89 2 40 30

5.23 4.59 18 48 36

Criticism > standard, positive correlation with neuroticism

1 Left superior 
frontal gyrus

Middle frontal 
gyrus/
Inferior frontal 
gyrus pars 
triangularis

108 4.84 4.31 -44 42 18

3.89 3.59 -38 36 20

3.44 3.22 -44 30 26

1 Superior frontal 
gyrus (BA9)

Supplementary 
motor area

104 5.03 4.45 10 0 50

1 Superior frontal 
gyrus (BA9)

Middle frontal 
gyrus/
Inferior frontal 
gyrus pars 
triangularis

79 4.62 4.15 -36 36 26

3.61 3.36 -44 42 20

1* Superior frontal 
gyrus (BA9)

Precentral gyrus/
Inferior frontal 
gyrus pars 
opercularis
Insula
Rolandic 
operculum

147 4.59 4.13 -40 6 20

4.52 4.07 -42 2 6

2* Left inferior 
frontal gyrus

Inferior frontal 
gyrus pars 
triangularis/
Inferior frontal 
gyrus pars 
opercularis/
Precentral gyrus/
Rolandic 
operculum

227 6.35 5.32 -42 28 28

4.25 3.87 -32 18 24

4.04 3.70 -38 12 28

2 Left inferior 
frontal gyrus

Inferior frontal 
gyrus pars 
orbitalis/
Middle frontal 
gyrus

99 4.50 4.06 46 36 -8

4.49 4.05 48 24 -12

4.23 3.85 40 42 14

Table 1 Continued
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Cluster Seed region Correlate Cluster 
size T-value Z-value Coordinate

x y z

2 Left inferior 
frontal gyrus

Inferior parietal 
gyrus/
Angular gyrus

95 4.39 3.97 -40 -60 56

3.92 3.61 -40 -54 40

2 Left insula Middle frontal 
gyrus

71 5.24 4.59 36 40 18

4.27 3.88 28 42 16

2 Left insula Inferior parietal 
gyrus

106 5.09 4.49 -50 -34 44

3 Posterior cingulate 
gyrus/ precuneus

Cuneus 93 5.11 4.50 -4 -88 28

4.66 4.18 -6 -92 18

3* Cuneus Calcarine sulcus/ 271 4.91 4.36 -4 -82 -4

Lingual gyrus 4.89 4.34 -6 -68 6

4.33 3.93 -10 -74 0

3 Cuneus Inferior frontal 
gyrus pars 
triangularis/
Inferior frontal 
gyrus pars 
opercularis

74 4.09 3.75 46 14 22

3.79 3.51 50 20 30

4 Left amygdala Lingual gyrus/ 118 5.15 4.53 -6 -64 2

Calcarine sulcus 4.51 4.07 -6 -66 12

3.75 3.47 -6 -54 6

4* Left hippocampus Lingual gyrus/ 525 5.70 4.91 -14 -76 -8

Calcarine sulcus 5.64 4.87 -18 -70 -2

4.83 4.30 -6 -68 2

4 Left hippocampus Lingual gyrus/ 114 5.06 4.46 14 -62 4

Calcarine sulcus 3.80 3.51 26 -60 2

4* Left hippocampus Cuneus/
Superior occipital 
gyrus/
Calcarine sulcus

197 5.05 4.46 -4 -86 24

4.37 3.96 -14 -88 24

3.99 3.66 4 -90 10

4 Left hippocampus Superior occipital 
gyrus

86 4.78 4.27 24 -78 20

4.17 3.81 20 -88 20

1, 2 Superior frontal 
gyrus (BA10)

Postcentral gyrus/ 115 4.83 4.30 48 -16 52

Precentral gyrus 4.47 4.04 42 -14 58

Table 1 Continued
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Cluster Seed region Correlate Cluster 
size T-value Z-value Coordinate

x y z

Criticism > standard, negative correlation with neuroticism

1 Left superior 
frontal gyrus

Middle temporal 
gyrus/ 
Angular gyrus

66 5.36 4.68 -38 -58 20

1 Left superior 
frontal gyrus

Middle temporal 
gyrus/
Superior temporal 
pole

75 4.57 4.11 -50 4 -18

4.11 3.76 -50 12 -14

1 Left superior 
frontal gyrus

Posterior cingulate 
gyrus

66 4.48 4.05 -10 -32 30

4.05 3.71 -8 -44 24

3.73 3.46 -16 -38 28

1* Superior frontal 
gyrus (BA9)

Posterior cingulate 
gyrus

238 5.03 4.45 -10 -28 32

4.59 4.13 12 -46 28

4.56 4.10 -8 -44 24

1 Superior frontal 
gyrus (BA9)

Angular gyrus/
Superior temporal 
gyrus

76 4.02 3.69 50 -56 28

3.35 3.15 50 -58 36

3 Posterior cingulate 
gyrus/ precuneus

Postcentral gyrus/
Rolandic 
operculum

83 5.84 5.00 54 -2 22

3 Posterior cingulate 
gyrus/ precuneus

Middle cingulate 
gyrus

83 5.41 4.71 -4 24 36

4.30 3.90 4 26 34

3* Cuneus Insula 161 6.48 5.40 -42 14 -12

3.67 3.41 -30 18 -12

3.46 3.24 -42 16 0

4* Left amygdala Superior medial 
frontal gyrus/
Middle cingulate 
gyrus

162 5.04 4.46 6 36 40

4.22 3.85 -8 38 42

4.12 3.77 8 28 36

4 Left hippocampus Superior medial 
frontal gryus/
Superior frontal 
gyrus

117 4.44 4.02 -10 40 48

4.43 4.01 -20 18 50

4.34 3.93 -16 30 48

Table 1 Continued
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Cluster Seed region Correlate Cluster 
size T-value Z-value Coordinate

x y z

4 Left hippocampus Superior frontal 
gyrus/
Superior medial 
frontal gyrus

124 4.39 3.98 16 52 34

4.16 3.80 20 42 36

3.87 3.57 10 48 42

4 Right 
hippocampus

Middle frontal 
gyrus

96 4.99 4.41 26 32 20

4.01 3.68 42 32 40

3.82 3.53 36 26 36

1, 2 Anterior cingulate 
gyrus

Calcarine sulcus/ 96 4.50 4.06 -8 -64 10

Lingual gyrus 3.62 3.37 -10 -52 2

1, 2* Superior frontal 
gyrus (BA10)

Angular gyrus 129 4.73 4.23 52 -50 34

4.24 3.86 46 -62 28

4.00 3.67 48 -54 24

Peak activations with corresponding T-values and Z-values of brain regions, which showed altered functional 
connectivity to our selected seed regions per cluster for the contrasts (criticism > standard), (standard > 
criticism) and (criticism > standard * neuroticism). To correct for multiple comparisons, resulting brain 
images were thresholded at p<0.05 FWE cluster level extent using an initial threshold of p<0.001 uncorrected. 
An asterisk (*) was used to denote clusters that survived multiple comparisons correction for applying thirteen 
seed regions (FWE cluster level p = 0.05/ 13 = p<0.003).

5.5 Discussion

In the current study, we developed a novel resting-state paradigm to investigate the effect of 
criticism on functional brain connectivity and associations with neuroticism. The cluster analysis 
revealed four clusters based on selected seed regions related to self-reflective processing and 
stress-regulation. During the processing of criticism, these clusters showed enhanced functional 
connectivity with brain areas involved in emotion processing and social cognition, while they 
showed reduced connectivity with brain regions related to the default mode network and higher-
order cognitive control. Furthermore, the findings revealed that neuroticism modulated functional 
connectivity between aforementioned clusters and brain areas associated with the appraisal, 
expression and regulation of negative emotions.

5.5.1 Brain networks related to criticism

First, decoupling was found between the prefrontal and fronto-temporal cluster and brain 
areas related to the default mode network during the processing of criticism. The default state 
of the brain is supported by a distributed network of anterior and posterior cortical midline 
structures, the lateral parietal cortex and hippocampal formation (Buckner et al., 2008). Activity 

Table 1 Continued
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in this network has been observed during passive experimental control conditions and is involved 
in self-relevant internal cognitive processes (Buckner et al., 2008). Our finding may suggest that 
individuals were more externally oriented during the criticism session than during the standard 
session. Furthermore, the prefrontal and fronto-temporal cluster displayed reduced functional 
connectivity with several prefrontal brain regions as well. This finding is in line with previous 
research showing that even mild acute uncontrollable stressors are able to disrupt prefrontal 
functioning (Arnsten, 2009; Liston et al., 2009). However, the effects of stress on the brain are not 
always disadvantageous. Emotional stress can bias processing in favor of a salient stimulus that 
is relevant to the individuals’ current situation (Arnsten, 2009; Liston et al., 2009). In the present 
paradigm, the salient stimulus took the form of criticism that was expressed onto the subjects’ 
behavior in the scanner. Accordingly, during the processing of criticism, we found enhanced 
functional coupling between the clustered seed regions and brain areas previously involved in 
emotion processing and social cognition. Our results fit with the integrative model of emotion 
understanding proposed by Spunt and Lieberman (2012). The authors suggested that first, the 
mirror neuron system is recruited during the identification of behavior and subsequently, the 
mentalizing system is recruited in order to make a causal attribution to the observed behavior 
(Frith and Frith, 2006; Spunt and Lieberman, 2012; Uddin et al., 2007). 

In line with the first part of Spunt and Lieberman’s model (2012), we found enhanced 
functional coupling between the fronto-temporal cluster (specifically the inferior frontal gyrus, 
IFG) and a number of parietal regions, specifically the precuneus (Spunt and Lieberman, 2012). 
Previous research has shown that the IFG possesses mirror neuron properties (Liakakis et al., 
2011; Molenberghs et al., 2012) and that it is involved in the identification of emotional prosody by 
utilizing motor representations with regard to the production of a given intonation (Alba-Ferrara 
et al., 2011; Aziz-Zadeh et al., 2010; Ethofer et al., 2012; Leitman et al., 2010). Such sensorimotor 
patterns may facilitate the identification of other people’s feelings by simulating their mental 
state (Alba-Ferrara et al., 2011; Aziz-Zadeh et al., 2010). This step precedes the mental process 
of mentalizing in which emotions are attributed to social causes (Spunt and Lieberman, 2012). 
One of the connections through which both systems are integrated is the connection between the 
IFG and precuneus (the latter structure is an integral part of the mentalizing system) (Spunt and 
Lieberman, 2012). This finding is in line with our results, except that Spunt and colleagues (2012) 
found the right IFG to be connected to the precuneus instead of the left (Spunt and Lieberman, 
2012). However, this distinction may be explained by a difference in task paradigm. In the paradigm 
of Spunt and Lieberman (2012), participants were instructed to infer an individuals’ emotional 
state from motor behavior in contrast to linguistic input (Spunt and Lieberman, 2012). In accord, 
a recent meta-analysis on the diversity of the inferior frontal gyrus revealed that movement control 
could be attributed to the right hemisphere, while functions related to empathy, language and 
working memory could be attributed to the left hemisphere (Liakakis et al., 2011). 

Alternatively, a connection between the left IFG and precuneus has been implicated in 
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the recollection of personal episodes from the past (autobiographical memory) (Lundstrom et 
al., 2005). There is evidence linking autobiographical memory to social cognition by showing 
a common neural substrate for both mental processes, including the inferior frontal gyrus and 
precuneus/posterior cingulate gyrus (Spreng and Mar, 2012). This functional overlap may promote 
the construction of predictions regarding other people’s feelings and behavior by drawing upon 
personal past experiences (Spreng and Mar, 2012). 

With regard to the second part of Spunt and Lieberman’s model (2012), we found enhanced 
functional connectivity between the prefrontal cluster and several parietal regions (including the 
precuneus and superior parietal gyrus) and between the parietal cluster and medial orbital frontal 
cortex (OFC) (Spunt and Lieberman, 2012). These regions have been implicated in mentalizing 
and represent the cognitive and affective components of Theory of Mind (ToM), respectively 
(Abu-Akel and Shamay-Tsoory, 2011; Amodio and Frith, 2006; Atique et al., 2011; Frith and Frith, 
2006). The dorsal medial prefrontal cortex (dmPFC, overlapping with the prefrontal cluster) is 
involved in inferring what other people think, while the ventral medial prefrontal cortex (vmPFC, 
overlapping with the medial OFC) is implicated in making inferences about what other people 
feel (Frith and Frith, 2006). Both components are indirectly connected to the precuneus/posterior 
cingulate gyrus in the higher association cortex, which is engaged in self-referential processing 
(Abu-Akel and Shamay-Tsoory, 2011; Cavanna and Trimble, 2006). Furthermore, a connection 
has been found between the dmPFC and precuneus during the assessment of social relationships 
and their implications (Iacoboni et al., 2004) and autobiographical memory (Cauda et al., 2010; 
Cavanna and Trimble, 2006). Moreover, the orbital frontal cortex has been associated with decoding 
mental states by extracting social information from the environment, such as an individuals’ tone 
of voice (Sabbagh, 2004). 

Finally, we found that the left amygdala coactivated with the dmPFC during the processing 
of criticism. This finding is consistent with the postulated framework of Etkin and colleagues 
(2011) in which a positive connection between abovementioned brain regions is attributed to the 
appraisal and expression of negative emotions (Etkin et al., 2011). Furthermore, various studies 
have shown the dmPFC and amygdala to be part of a network underlying emotion regulation 
(Ochsner and Gross, 2005; Ray and Zald, 2012).

5.5.2 The effect of neuroticism on brain networks during criticism

Enhanced functional coupling was found between the prefrontal and fronto-temporal cluster 
and the lateral prefrontal cortex (LPFC) in individuals scoring higher on neuroticism during 
the processing of criticism. This region, among others, is involved in the cognitive control over 
negative emotions (Ochsner and Gross, 2005), specifically during cognitive reappraisal (Ochsner 
et al., 2002; Ochsner and Gross, 2005; Ochsner and Gross, 2008). Reappraisal can be defined as a 
strategy in which individuals explicitly regulate their emotions by reinterpreting the meaning of an 
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affective stimulus to reduce its emotional impact (Ochsner and Gross, 2005). Individual differences 
in the capacity to employ cognitive control in response to emotionally distressing experiences have 
been related to variation in adaptive functioning. The impact that these experiences ultimately 
have on well-being are determined by regulatory success (Ochsner and Gross, 2005). Generally, 
high neurotic individuals cope poorly with daily hassles and frequently experience mood spillovers 
(Ormel et al., 2013a; Suls and Martin, 2005). Furthermore, fMRI studies systematically showed that 
high neurotic individuals are more sensitive to a wide range of negative emotional stimuli, e.g. sad, 
angry and fearful faces, negative and arousing scenes, negative words and aversive anticipatory 
cues (Brühl et al., 2011; Chan et al., 2008, 2009; Coen et al., 2011; Cremers et al., 2010; Haas et 
al., 2008; Harenski et al., 2009; Kumari et al., 2007). In addition, high neurotic individuals are 
more self-critical (Clara et al., 2003) and are overly sensitive to criticism by others (Watson et al., 
1994). These findings and ours may indicate that individuals scoring higher on neuroticism need 
greater regulatory efforts in order to gain cognitive control over their emotions. However, caution 
is needed since other functional roles of the LPFC cannot be ruled out, such as self-processing or 
semantic encoding (van der Meer et al., 2010).

 Furthermore, we found decreased functional connectivity between the prefrontal cluster 
and several default mode brain regions in individuals scoring higher on neuroticism during 
the processing of criticism. As described before, the default mode network has been related to 
processes such as self-related processing, mental simulation, introspection, future planning and 
emotion regulation (Buckner et al., 2008; Sylvester et al., 2012). This finding may indicate that 
although frontal connections are strengthened in high neurotic individuals during the processing 
of criticism, multiple other long range connections - important for regulating negative emotions 
- are weakened. It seems that the aforementioned frontal circuit may play a compensatory role 
by increasing its functional connectivity. Previous research has shown that patients with anxiety 
disorders also demonstrate decreased default mode functioning in comparison to healthy controls, 
when they are not given explicit instructions on how to regulate their emotions (Sylvester et al., 
2012). In addition, decreased functional coupling was found between the amygdala/hippocampal 
cluster and a number of frontal regions, including the dmPFC and dorsal lateral prefrontal cortex 
(dlPFC) in individuals scoring higher on neuroticism during the processing of criticism. As 
previously mentioned, a connection between these brain areas is involved in the appraisal and 
expression of negative emotions (Etkin et al., 2011). It seems that multiple aspects of emotion 
processing are possibly affected in high neurotic individuals during the processing of criticism, 
which may increase their sensitivity to negative social-evaluation.

5.5.3 Limitations

Several limiting factors can be mentioned with regard to the current study. First, a seed-
based functional connectivity method was used to quantify connections within the brain. Since 
this is a correlation based method, we cannot distinguish between direct or indirect pathways 
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between brain regions or assess causal directions between them. Second, a difference in acquisition 
parameters existed between the two resting-state sessions. The influence of such a difference on 
functional connectivity has been investigated by van Dijk and colleagues (2010). In their study, 
temporal (TR 2.5 versus 5) as well as spatial (voxel size 2 mm3 versus 3mm3) resolution were 
varied between runs. The authors concluded that these factors have a minimal effect on functional 
connectivity measures (van Dijk et al., 2010). Notably, the differences in TR and voxel size were 
much smaller in the current study (TR 2 versus 2.29 and voxel size 3.2 x 3.2 x 2.5 versus 3.44 x 3.44 
x 3). Therefore, we deem it unlikely that differences in acquisition parameters biased our results 
substantially. Specifically, the functional connectivity findings related to neuroticism cannot be 
explained by differential acquisition parameters, since all participants were scanned using the 
same protocol. Third, a test-retest effect (i.e. time on task) could not be examined in the current 
study. An option would have been to present neutral comments between the two runs to half of the 
subjects, however, this would have doubled the sample size. Alternatively, counter balancing task 
order is often applied to disentangle task effects from effects related to test-retest. Note that this 
was not an option, because the temporal dynamics of the manipulation are unknown. Investigating 
the whole-brain functional connectivity dynamics as a consequence of the manipulation would 
be particularly interesting and should improve the sensitivity of the analysis even further. Future 
research may benefit from studying such time-varying aspects in functional connectivity, for 
instance, to elucidate how long changes in brain networks related to negative affect persist in time 
and whether this pattern is different for high and low neurotic individuals. However, we need 
to emphasize that having a fixed task order puts constraints on the interpretation of our results. 
In principle, the findings could be explained by factors such as habituation effects. Nonetheless, 
differences were found between the two runs that correlated with neuroticism. It is improbable 
that high neurotic individuals i) would have reacted in a similar manner to neutral comments, 
since it is a robust finding in neuroticism research that these individuals express heightened 
emotional reactivity to negative events (Brühl et al., 2011; Chan et al., 2008, 2009; Coen et al., 
2011; Cremers et al., 2010; Haas et al., 2008; Harenski et al., 2009; Kumari et al., 2007) or ii) would 
have reacted differently to prolonged scan duration. Fourth, no objective stress measures were 
assessed during the experiment (e.g. heart rate, respiration or cortisol) in order to perform a 
manipulation check and verify that receiving criticism is indeed experienced as a stressful and 
arousing event. Nevertheless, the current paradigm has never been used before and now that it has 
shown significant effects, it can be investigated more extensively with accompanying measures. 

5.6 Conclusion

In the current study, we used a novel resting-state paradigm to investigate the effect of 
criticism on functional brain connectivity and associations with neuroticism. The findings showed 
that brain regions involved in emotion processing and social cognition were recruited during the 
processing of criticism, while default mode activity and higher-order cognitive control functions 
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were attenuated. These results may suggest that the criticized person is attempting to understand 
the beliefs, perceptions, emotions and goals of the critic in order to facilitate flexible and adaptive 
social behavior. Furthermore, individuals scoring higher on neuroticism showed alterations in 
functional connectivity between brain areas involved in the appraisal, expression and regulation of 
negative emotions. These results underscore the general emotional liability that characterizes high 
neurotic individuals and provide insights into the underlying neurobiological mechanisms that 
predispose such individuals to the development of mood disorders.
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5.8 Supplemental material

5.8.1 S1 Stimulus pilot

 A pilot study was conducted to validate whether the tone of the three critical remarks was 
indeed perceived as increasingly agitated and whether the receipt of these remarks was indeed 
experienced as negative, stressful and arousing. The critical remarks were presented in a random 
order to ten students (5 women, age range 18-30 years) of the University of Groningen. Participants 
were instructed to order the critical remarks from least agitating to most agitating. All participants 
ordered the critical remarks as expected (remark 1 as least agitating and remark 3 as most agitating). 
Except for one participant, who rated remark 2 more agitating than remark 3. A separate pilot study 
was conducted with ten different students (5 women, age range 18-30 years) from the University of 
Groningen to test the effect of the critical remarks on mood. Participants were asked to fill in the 
Positive Affect/Negative Affect Scale (PANAS), once before the aural presentation of the critical 
remarks and once after. This was asked to participants who just came out of the scanner for another 
experiment, so they could imagine the situation. Positive affect significantly decreased (t(9) = 2.85, 
p<0.05) after the presentation of the critical remarks, while negative affect significantly increased 
(t(9) = -4.59, p<0.05).
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5.8.2 S2 Clustering analysis

Figure S1 The number of clusters was estimated by creating Cattell’s screeplot (left) and a maximum profile 
log-likelihood plot (right) based on the extracted eigenvalues of the covariance matrix of D. Matrix D resulted 
from concatenating the connectivity maps of the thirteen seed regions for the contrast (criticism > standard) 
averaged over subjects. The first four principal components could be retained.

Figure S2a The number of clusters was estimated by creating Cattell’s screeplot (left) and a maximum profile 
log-likelihood plot (right) based on the extracted eigenvalues of the covariance matrix of D. Matrix D resulted 
from concatenating the connectivity maps of the thirteen seed regions for the contrast (criticism > standard 
* neuroticism) averaged over subjects. The same four component solution was found as for the contrast 
(criticism > standard) (see S2 Clustering analysis, Figure S1).
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Figure S2b The same cluster partition was found for the contrast (criticism > standard * neuroticism) as for 
the contrast (criticism > standard) (see Figure 1 in the main text). (A) prefrontal cluster (red bars), (B) fronto-
temporal cluster (yellow bars), (C) occipito-parietal cluster (green bars) and (D) amygdala/hippocampal 
cluster (light blue bars). The seed regions anterior cingulate cortex and SFG(BA10) are depicted in dark 
blue. On the x-axis, the different seed regions can be found in alphabetical order. On the y-axis, membership 
degrees are continuously expressed as proximities to a cluster centroid, containing values between 0 and 1. 
ACC, anterior cingulate cortex; L_Amy, left amygdala; R_Amy, right amygdala; Cun, cuneus; L_Hip, left 
hippocampus; R_Hip, right hippocampus; L_IFG, left inferior frontal gyrus; L_Ins, left insula; L_SFG, left 
superior frontal gyrus; L_TP, left temporal pole; PCC/Prec, posterior cingulate cortex/precuneus; SFG(BA10), 
superior frontal gyrus (BA10); SFG(BA9), superior frontal gyrus (BA9).
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6.1 Abstract

The personality trait neuroticism is a potent risk marker for psychopathology. Although the 
neurobiological basis remains unclear, studies have suggested that alterations in connectivity may 
underlie it. Therefore, the aim of the current study was to shed more light on the functional network 
organization in association with neuroticism. To this end, we applied graph theory on resting-state 
fMRI data in 120 women selected based on their neuroticism score. Binary and weighted brain-
wide graphs were constructed to examine changes in functional network structure and functional 
connectivity strength. Furthermore, graphs were partitioned into modules to specifically investigate 
connectivity within and between functional subnetworks related to emotion processing and 
cognitive control. Subsequently, complex network measures (i.a. efficiency and modularity) were 
calculated on brain-wide graphs and modules and correlated with neuroticism scores. Compared 
to low neurotic individuals, high neurotic individuals exhibited a whole-brain network structure 
resembling more that of a random network and had overall weaker functional connections. 
Furthermore, in high neurotic individuals, functional subnetworks could be delineated less clearly 
and the majority of these subnetworks showed lower efficiency, while the affective subnetwork 
showed higher efficiency. In addition, the cingulo-operculum subnetwork demonstrated more ties 
with other functional subnetworks in association with neuroticism. In conclusion, the ‘neurotic 
brain’ has a less than optimal functional network organization and shows signs of functional 
disconnectivity. Moreover, in high compared to low neurotic individuals, emotion and salience 
subnetworks play a more prominent role in the information exchange, while sensory(-motor) and 
cognitive control subnetworks play a less prominent role.
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6.2 Introduction

Neuroticism is a fundamental part of various widely accepted personality taxonomies 
(Costa and McCrae, 1992; Eysenck, 1967; Gray, 1991; McCrae and Costa, 1997) and is a highly 
efficient marker of risk for psychopathology, specifically depression and anxiety disorders (Kotov 
et al., 2010; Lahey, 2009; Ormel et al., 2013b). High compared to low neurotic individuals tend to 
interpret events as more threatening (‘negativity bias’), react more emotionally to negative events 
and apply maladaptive coping strategies in the face of stressors (Canli, 2008; Suls and Martin, 2005; 
Watson et al., 1994). 

Early electrophysiological studies (Eysenck, 1967; Gray, 1991) as well as recent neuroimaging 
studies (Ormel et al., 2013a) on the biological basis of neuroticism have investigated emotional 
reactivity and emotion regulation, and proposed a dysfunctional system of limbic and frontal 
brain regions to underlie abovementioned difficulties in high neurotic individuals. Indeed, recent 
structural and functional connectivity studies have demonstrated alterations in limbic-frontal 
circuitry in association with neuroticism, possibly compromising top-down control processes 
(Bjørnebekk et al., 2013; Cremers et al., 2010; Servaas et al., 2013a; Xu and Potenza, 2012). 
Notably, structural connectivity studies not only showed decreased white matter integrity in fiber 
tracts interconnecting PFC regions and the amygdala, but in multiple other fiber tracts as well 
(Bjørnebekk et al., 2013; Xu and Potenza, 2012). Due to the wide distribution of the observed effects, 
these studies suggested that general disconnectivity may potentially underlie the predisposition to 
experience negative affect (Bjørnebekk et al., 2013; Xu and Potenza, 2012).

To investigate whether there is also evidence for a disruption of whole-brain functional 
connectivity in association with neuroticism, graph theory analysis (GTA) was performed on 
resting-state functional magnetic resonance imaging (rs-fMRI) data in the current study. This 
analysis method explores the topological properties of complex networks by calculating measures 
that provide information on functional integration and segregation. A commonly used measure 
of functional integration is efficiency, which measures the capability of the network to process 
information rapidly in a parallel fashion. A refined measure of functional segregation is modularity, 
which quantifies the degree to which a network can be clearly delineated in non-overlapping groups 
of nodes (brain regions) (Newman, 2004; Rubinov and Sporns, 2010). These network measures 
can be calculated on binary networks – wherein an edge (connection) is indicated as present or 
not –  providing information on the functional network structure or on weighted networks – 
wherein edge strengths are preserved – additionally providing information on the functional 
connectivity strength (Rubinov and Sporns, 2010). Studies using the graph theory method have 
repeatedly shown that complex networks, such as the brain, exhibit a small-world organization, that 
is, nodes are highly clustered in specialized local networks (resulting in a higher local efficiency 
than in random networks), while, simultaneously, information between any pair of them can be 
transported via a minimal number of edges (resulting in a higher global efficiency than in regular 
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networks) (for a description of the different types of network organization, see Watts and Strogatz, 
1998 and Xia and He, 2011).

Besides characterizing the topological properties of the whole-brain network, it is important 
to describe the properties of the different functional subnetworks to understand how the whole-
brain network is organized, and the way information is integrated within and between functional 
subnetworks. It would be of specific interest to investigate the role that subnetworks related to 
emotion processing and cognitive control play in the network organization of individuals scoring 
higher on neuroticism, since these individuals show difficulties in adaptive emotion regulation 
(Ormel et al., 2013a; Suls and Martin, 2005; Watson and Hubbard, 1996; Yoon et al., 2013). In the 
study of Geerligs et al. (2014), the network measure local efficiency was used to define functional 
integration within a network and the participation coefficient was used to define functional 
integration between networks. The latter coefficient measures the degree to which a node is 
connected to other nodes that are part of a different functional subnetwork (Rubinov and Sporns, 
2010). To our knowledge, only one graph theoretical study (based on the whole-brain network) has 
been conducted on neuroticism so far (Gao et al., 2013). An important finding of this study was 
that the amygdala functions more as a hub in high neurotic individuals compared to low neurotic 
individuals.

The aim of the current study was to investigate alterations in the functional network 
organization associated with neuroticism. We applied GTA on rs-fMRI data in a sample of 120 
women selected on the basis of their neuroticism score. We hypothesized to observe a less than 
optimal functional organization (Jin et al., 2011; Zhang et al., 2011) and signs of functional 
disconnectivity (Bjørnebekk et al., 2013; Xu and Potenza, 2012) in the network of individuals 
with higher levels of neuroticism, that is, altered efficiency and less clearly delineated functional 
subnetworks. Furthermore, we hypothesized that subnetworks related to emotion processing play 
a more prominent role in the network organization of these individuals, than subnetworks related 
to cognitive control (Ormel et al., 2013a).

6.3 Methods and materials

6.3.1 Participants

Initially, 240 students from the University of Groningen were asked to fill out the NEO Five-
Factor Inventory (NEO-FFI) (domains Neuroticism and Extraversion, 24 items). Individuals were 
sent a questionnaire when they agreed to participate in the study (based on the information letter, 
which included an informed consent form) and met the following selection criteria: 1) female 
gender, 2) age between 18-25 years, 3) Dutch as native language, 4) Caucasian descent, 5) right 
handed, 6) no use of contraceptive medication, except for oral contraceptive pills (21-pill packet). 
Only females were included because they significantly score higher on neuroticism than men and 
because of that, have a higher risk of developing affective disorders (Parker and Brotchie, 2010). 
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Furthermore, research is still limited related to gender differences in neuroticism and therefore, we 
decided not to introduce this variation in the sample as it is not properly understood yet. Exclusion 
criteria were 1) a history of seizure or head injury, 2) a lifetime diagnosis of psychiatric and/or 
neurological disorders, 3) a lifetime diagnosis of psychiatric disorders in first degree relatives of the 
participant, 4) the use of medication that can influence test results, 5) visual or auditory problems 
that cannot be corrected, 6) MRI incompatible implants or tattoos, 7) claustrophobia, 8) suspected 
or confirmed pregnancy. From this sample, 120 individuals (mean age: 20.8 SD ± 2.0, age range: 18-
25) were invited to participate in the experiment. To ensure sufficient numbers of participants with 
high levels of neuroticism, sixty individuals were selected from the highest quartile of neuroticism 
scores (NEO-FFI score ≥ 32, range 32-47) and sixty individuals were randomly selected from the 
three lowest quartiles (NEO-FFI < 32, range 17-31). Plots of normality (QQ-plot and boxplot) 
showed that, in the selected 120 participants, neuroticism scores were approximately normally 
distributed.

In order to reduce hormone-related between-subject variability, participants were invited for 
the experiment during the first ten days of their menstrual cycle (early and mid-follicular phase) or 
during the discontinuation week in case of oral contraceptive usage, which resembles the early and 
mid-follicular phase in terms of ovarian hormonal levels (Cohen and Katz, 1979). During these 
phases, ovarian hormonal levels are relatively low and menstrual cycle related changes in mood, 
stress sensitivity and neurocognitive function are minimal (Andreano and Cahill, 2010; Goldstein 
et al., 2010; Symonds et al., 2004).

On the day of the experiment, after explaining the procedure, participants gave informed 
consent again and completed the NEO Personality Inventory Revised (NEO-PI-R) (domains 
Neuroticism, Extraversion and Conscientiousness, 144 items) (Hoekstra et al., 1996). The mean 
neuroticism score across the whole sample was 135.5 ± SD 19.0 (range: 94-195). The study was 
approved by the Medical Ethical Committee of the University Medical Center Groningen and was 
conducted in accordance with the Declaration of Helsinki.

6.3.2 Image acquisition

A 3 Tesla Philips Intera MRI scanner (Philips Medical Systems, Best, the Netherlands), 
equipped with a 32-channel SENSE head coil, was used to acquire the images. A high-resolution 
T1-weighted 3D structural image was obtained using fast-field echo (FFE) for anatomical reference 
(170 slices; TR: 9 ms; TE: 8 ms; FOV: 256 x 231; 256 x 256 matrix; voxel size: 1 x 1 x 1 mm). rs-
fMRI images were acquired with T2*-weighted gradient echo planar imaging (EPI) sequences. 
Participants were instructed to close their eyes and to not fall asleep. The scan comprised 300 
volumes of 37 axial-slices (TR: 2000 ms; TE: 30 ms; FOV: 220 x 221; 64 x 62 matrix; voxel size: 3.5 
x 3.5 x 3.5 mm). Slices were acquired in descending order without a gap. To prevent artifacts due 
to nasal cavities, images were tilted 10° to the AC-PC transverse plane (see Supplemental material 
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S1 for more details on the full fMRI session). 

6.3.3 Data preprocessing

Image processing was performed using SPM8 (http://www.fil.ion.ucl.ac.uk/spm), 
implemented in Matlab 7.8.0 (The Mathworks Inc., Natick, MA). Preprocessing included 
realignment, coregistration, DARTEL normalization (2 x 2 x 2 mm isotropic voxels) (Ashburner, 
2007) and smoothing (8 mm full-width at half maximum (FWHM) Gaussian kernel) (see 
Supplemental material S2 for details on the preprocessing steps). 

Next, a series of preprocessing steps specific to rs-fMRI analysis were performed. First, 
regression of several nuisance variables was applied per grey matter voxel to remove sources of 
spurious variance, comprising six rigid body head motion parameters, the global signal, white 
matter (WM) signal and cerebrospinal fluid (CSF) signal. In order to obtain the last two signals, we 
performed segmentation to create a WM and CSF mask and extracted the first eigenvariate from 
the time series of the included voxels. In addition, the first temporal derivatives of abovementioned 
nuisance variables were removed. Second, temporal band-pass filtering was applied to detrend the 
signal and to retain frequencies between 0.008-0.08Hz (van Dijk et al., 2010). Third, we performed 
scrubbing to additionally remove influences of movement on the rs-fMRI data (Power et al., 2012) 
(see Supplemental material S3 for details on the scrubbing procedure). 

Finally, eight subjects were excluded from further analysis; two because of anatomical 
abnormalities, four because of technical difficulties and two because of excessive scrubbing (viz. 
more than one-third of the volumes had to be removed). A total sample of 112 subjects remained 
for statistical analysis.

6.3.4 Network construction

In order to perform GTA, nodes and edges have to be defined. For nodes, a sphere of 5 mm 
radius was created around 264 coordinates provided by Power et al. (2011). After visual inspection 
of the regions of interest (ROIs), we noted the absence of three relevant subcortical structures for 
research on neuroticism: bilateral amygdala, hippocampus and caudate (Servaas et al., 2013b). The 
coordinates for these regions were determined using the Harvard-Oxford Subcortical Structural 
Atlas (80% probability), resulting in a total of 270 ROIs. No overlap was observed between the 
additional ROIs and the ROIs of Power et al. (2011). Next, we binarized the functional images of 
all subjects and built a whole-brain group mask by multiplying them. This locates the parts of the 
brain, where EPI images were free from susceptibility artifacts in all subjects. Subsequently, the 
overlap was calculated voxel-wise between all ROIs and the group mask. When a ROI overlapped 
<50% with the group mask, it was excluded from further analysis. This was the case for eleven ROIs. 
To construct a connectivity matrix per subject, we extracted the regional mean time series for each 
of the remaining 259 ROIs and calculated Pearson correlations between all pairs. Furthermore, to 
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prevent biases due to shared non-biological signals between adjacent ROIs, correlations were set to 
zero when the distance was less than 20 mm between the centres of two ROIs (Power et al., 2011). 
In addition, correlations on the diagonal of the connectivity matrix were set to zero as well.

6.3.5 Thresholding

It has been shown that the majority of network measures are highly sensitive to the number of 
edges in a graph (van Wijk et al., 2010). To avoid this confound, we applied a range of proportional 
thresholds to each correlation matrix per subject. The threshold values (T) ranged from 0.01 to 
0.30 in increments of 0.01. Network measures were calculated on the whole-brain and different 
functional subnetworks for both binary and weighted graphs across the selected range of threshold 
values (see below). In order to partition the graph into modules, we applied the algorithm of Blondel 
et al. (2008) and the modularity fine-tuning algorithm of Sun et al. (2009). For this procedure, we 
selected a single optimal threshold by applying the method described in Geerligs et al. (2014). 
The optimal threshold in the current study was 1.8% (see Supplemental material S4 for details on 
the selection of the optimal threshold and see Supplemental material S5 for details on the module 
decomposition).

6.3.6 Network measures

Network measures were calculated on binary and weighted graphs across the selected range 
of threshold values by using functions implemented in the Brain Connectivity Toolbox (www.
brain-connectivity-toolbox.net, Rubinov and Sporns, 2010). First, we calculated the whole-brain 
network measures: global efficiency (Eglobal), local efficiency (Elocal, averaged across nodes) and 
maximized modularity (Q). Global efficiency is calculated as the average inverse shortest path 
length between all pairs of nodes. Local efficiency is calculated in a similar manner, but then 
between a node and its direct neighbours (Latora and Marchiori, 2001; Rubinov and Sporns, 
2010). Maximized modularity is calculated with a function that quantifies the degree to which a 
network can be clearly delineated in non-overlapping groups of nodes (Newman, 2004; Rubinov 
and Sporns, 2010). Second, we calculated local efficiency (Elocal, averaged across nodes) and the 
participation coefficient (Y, averaged across nodes) per module (see Supplemental material S5 
for details on the module decomposition). The participation coefficient is calculated as the ratio 
of intra- versus intermodular connections per node (Rubinov and Sporns, 2010). Third, Pearson 
correlations were calculated between neuroticism and abovementioned network measures across 
the selected range of threshold values (see Supplemental material S6, Figure S1 for exemplars 
showing the linear association between neuroticism and the network measures). The correlation 
values were plotted (see Figure 1 and 4) and visually checked for consistency across threshold 
values. Subsequently, we calculated the area under the curve (AUC) across threshold values per 
network measure to obtain a summarized scalar that is independent of single threshold selection. 
Next, non-parametric permutation testing was applied on the AUC per network measure to assess 
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whether the results could have occurred by chance. To this end, neuroticism scores were permuted 
randomly and correlations with each network measure were recalculated. This procedure was 
repeated 5000 times and a one-tailed test of the null hypothesis (p<0.05) was performed per 
network measure (Zhang et al., 2011).

Fourth, we investigated the association between neuroticism and the overall functional 
connectivity strength. The reason for this was that we found different results for global efficiency 
between binary and weighed graphs in relation to neuroticism (see Results, Whole-brain network 
measures). As a measure for the overall functional connectivity strength, we calculated the median 
of the positive, pairwise correlation values between ROIs per subject. Positive correlation values 
were selected, because we applied a proportional threshold (i.e. k% strongest connections) when 
calculating the network measures. Consequently, the median was chosen over the mean, because 
distributions were highly asymmetric. Next, a Spearman rank correlation was calculated between 
neuroticism and these median values.

6.4 Results

6.4.1 Whole-brain network measures

For binary graphs, we found a positive correlation between neuroticism and global efficiency. 
For weighted graphs, a negative correlation was observed between neuroticism and global 
efficiency. Furthermore, for both types of graphs, neuroticism was negatively correlated with local 
efficiency and maximized modularity (see Figure 1 and Table 1 for the results). 

Next, a Spearman rank correlation was calculated between neuroticism and the overall 
functional connectivity strength to investigate the different results found for global efficiency 
between binary and weighted graphs. A significant negative correlation was found (r = -0.23, 
p = 0.016), which indicates that individuals scoring higher on neuroticism have overall weaker 
functional connections (see Supplemental material S7, Figure S2 showing the association between 
neuroticism and the overall functional connectivity strength). 
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Figure 1 Correlations between neuroticism and the whole-brain network measures. In the panels, correlations 
between neuroticism and global efficiency (Eglobal) (A, B), local efficiency (Elocal) (C, D) and maximized 
modularity (Q) (E, F) can be observed over a range of threshold values (T=0.01-0.30 in increments of 0.01) for 
binary (A, C, E) and weighted graphs (B, D, F). Significant correlations (p<0.05, uncorrected for the number 
of threshold values) are marked with an asterisk (*).

6.4.2 Network measures per module

Nodes could be partitioned in six functional subnetworks with a maximum number of 
within-group edges and a minimum number of between-group edges (Blondel et al., 2008; 
Rubinov and Sporns, 2010; Sun et al., 2009). These included the affective subnetwork (AS), cingulo-
operculum subnetwork (COS), default mode subnetwork (DMS), fronto-parietal subnetwork 
(FPS), somatosensory-motor subnetwork (SMS) and visual subnetwork (VS) (see Figure 2 and 
Figure 3). The modular structure was comparable to the one found by Power et al. (2011) and 
other robust functional subnetwork decompositions observed in the resting-state literature (e.g. 
Damoiseaux et al., 2006). 
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Figure 2 Module decomposition. Nodes could be partitioned in six functional subnetworks with a maximum 
number of within-group edges and a minimum number of between-group edges. Colors indicate the different 
modules that nodes belong to: AS, affective subnetwork (green); COS, cingulo-operculum subnetwork (dark 
blue); DMS, default mode subnetwork (purple); FPS, fronto-parietal subnetwork (red); SMS, somatosensory-
motor subnetwork (orange); VS, visual subnetwork (light blue). Nodes are pasted on an inflated surface 
rendering of the human brain using CARET (v5.65). In the panels, different views are shown: A. left lateral, B. 
left medial, C. cerebellum dorsal, D. right lateral, E. right medial.

Figure 3 Graph layout. The average graph across subjects is visualized using Gephi (0.8.2-beta, force atlas 2) for 
the optimal threshold value 1.8% (see S4 for details on the selection of the optimal threshold). Colors indicate 
the different modules that nodes belong to: AS, affective subnetwork (green); COS, cingulo-operculum 
subnetwork (dark blue); DMS, default mode subnetwork (purple); FPS, fronto-parietal subnetwork (red); 
SMS, somatosensory-motor subnetwork (orange); VS, visual subnetwork (light blue).

Thesis_Book .indb   158 1/4/2015   1:36:16 PM



159

6

For binary graphs, we found a negative correlation between neuroticism and local efficiency 
in the FPS, SMS and VS. In contrast, neuroticism was positively associated with local efficiency 
in the AS. For weighted graphs, we also observed a negative correlation between neuroticism and 
local efficiency in the FPS, SMS and VS. However, no positive association was observed between 
neuroticism and local efficiency in the AS. Additionally, a negative correlation was found between 
neuroticism and local efficiency in the DMS for weighted graphs (see Figure 4 and Table 1 for the 
results).

For the participation coefficient calculated on binary graphs, a positive correlation was 
identified with neuroticism in the AS, COS, FPS and SMS. For weighted graphs, neuroticism also 
showed a positive correlation with this coefficient in the AS, COS and SMS, but not in the FPS (see 
Figure 4 and Table 1 for the results).

Figure 4 Correlations between neuroticism and the network measures per module. In the panels, correlations 
between neuroticism and local efficiency (Elocal) (A, B) and the participation coefficient (Y) (C, D) can be 
observed over a range of threshold values (T=0.01-0.30 in increments of 0.01) for binary (A, C) and weighted 
graphs (B, D) per module. Colors indicate the different modules: AS, affective subnetwork (green); COS, 
cingulo-operculum subnetwork (dark blue); DMS, default mode subnetwork (purple); FPS, fronto-parietal 
subnetwork (red); SMS, somatosensory-motor subnetwork (orange); VS, visual subnetwork (light blue). 
Significant correlations (p<0.05, uncorrected for the number of threshold values) are marked with an asterisk 
(*). Only subnetworks, for which significant results were found based on permuation testing, are shown.
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Binary Weighted

Threshold values AUC (p-value) Threshold values AUC (p-value)

Whole-brain network

Global efficiency 0.05-0.30 0.003 0.10-0.30 0.017

Local efficiency 0.13-0.30 0.019 0.07-0.30 0.008

Maximized 
modularity

0.11-0.30 0.013 0.17-0.30 0.044

Subnetworks

Local efficiency

AS 0.04-0.19 0.017 - 0.387

COS - 0.286 - 0.175

DMS - 0.258 0.12-0.30 0.028

FPS 0.14-0.30 0.035 0.06-0.30 0.006

SMS 0.07-0.30 0.001 0.05-0.30 0.001

VS 0.09-0.30 0.003 0.06-0.30 0.007

Participation coefficient

AS 0.07-0.13 0.084 0.07-0.13 0.084

COS 0.01, 0.03-0.30 <0.001 0.01, 0.03-0.30 <0.001

DMS - 0.075 - 0.142

FPS 0.13-0.26, 0.29, 0.30 0.043 - 0.078

SMS 0.15-0.30 0.023 0.19-0.30 0.028

VS - 0.363 - 0.517
The measures global efficiency, local efficiency, maximized modularity and participation coefficient were 
calculated on the whole-brain network and/or different functional subnetworks for binary and weighted 
graphs. In the first column, (the range of) threshold values are listed for which a significant correlation (p<0.05, 
uncorrected for the number of threshold values) was found between a network measure and neuroticism. 
These results are indicated with an asterisk (*) in Figure 1 and 4. In the second column, p-values are listed 
for a one-tailed test of the null hypothesis (p<0.05) wherein we assessed whether the observed area under the 
curve (AUC) could have occurred by chance. AS, affective subnetwork; COS, cingulo-operculum subnetwork; 
DMS, default mode subnetwork; FPS, fronto-parietal subnetwork; SMS, somatosensory-motor subnetwork; 
VS, visual subnetwork.

Table 1 Results for the association between neuroticism and the network measures

6.5 Discussion

The aim of the current study was to investigate alterations in the functional network 
organization associated with neuroticism. Our findings supported the hypothesis of altered 
functional connectivity between brain regions in relation to neuroticism, which was based on 
previous structural connectivity studies that reported widespread decreases in white matter 
integrity across multiple fiber tracts interconnecting different parts of the brain (Bjørnebekk et 
al., 2013; Xu and Potenza, 2012). Specifically, we found that the functional network structure 
of individuals with higher levels of neuroticism is organized less optimally in terms of efficient 
information processing and consists of weaker functional connections. Furthermore, in high 
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compared to low neurotic individuals, we showed that subnetworks related to emotion and salience 
processing play a more prominent role in the network organization, while subnetworks related to 
sensory(-motor) functions and cognitive control play a less prominent role (Doucet et al., 2011; 
Kinnison et al., 2012; Laird et al., 2011). This is in line with previous studies demonstrating that 
individuals with higher levels of neuroticism show more difficulties in adaptive emotion regulation 
(Ormel et al., 2013a; Suls and Martin, 2005; Watson and Hubbard, 1996; Yoon et al., 2013).

6.5.1 Whole-brain network organization in association with neuroticism

In high compared to low neurotic individuals, we observed a network structure that resembles 
more that of a random network, indicating a loss of optimal small-world characteristics. The 
weakness of network structures that are organized more randomly is that they are less fault tolerant 
(less resilient) in case of an adverse perturbation (Latora and Marchiori, 2001) and economically 
less cost-efficient (for a discussion, see Achard and Bullmore, 2007). Evidence for a more random 
network structure in individuals with higher levels of neuroticism was demonstrated by two 
findings. First, we found higher global efficiency and lower local efficiency for binary graphs in 
association with neuroticism. This has also been found in MDD, for which neuroticism is a risk 
factor, and other disorders, such as Alzheimer’s disease, schizophrenia and epilepsy (Xia and He, 
2011), providing suggestive evidence for the vulnerability of random network structures. Second, in 
individuals scoring higher on neuroticism, we found that nodes could be delineated less clearly in 
isolated functional subnetworks compared to individuals scoring lower (i.e. maximized modularity 
was decreased). Complex systems, such as the brain, consist of simplistic subsystems (modules) 
that are built hierarchically (Simon, 1962). A modular construction is argued to be essential for the 
optimal performance of such systems and the capability to support an array of diverse behaviors 
(Simon, 1962). Possibly, when less segregation exists between functional subnetworks, noise is able 
to propagate and interfere with (task-relevant) information processing (Stevens et al., 2012) (see 
the Supplemental material online (doi: 10.1038/npp.2014.169) for a dynamic graph that shows how 
the network structure changes across participants when individuals score higher on neuroticism). 

Furthermore, in high compared to low neurotic individuals, we observed a decrease in global 
and local efficiency for weighted graphs. The reason for this was that individuals scoring higher on 
neuroticism have overall weaker functional connections between nodes than individuals scoring 
lower. Having weaker functional connections may disrupt the exchange of information between 
different brain regions. It is possible that decreases in white matter integrity, as found in structural 
connectivity studies on neuroticism (Bjørnebekk et al., 2013; Xu and Potenza, 2012), may 
explain this observation. In accordance with this suggestion, it has been shown that resting-state 
functional connectivity is strongly related to the underlying structural connectivity architecture 
(van den Heuvel et al., 2009) and that the strength of structural connections predicts the strength 
of functional connections derived from rs-fMRI (Honey et al., 2009). Notably, a combination of 
decreased functional connectivity and a loss of white matter integrity has been observed in aging, 
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multiple sclerosis and schizophrenia (van den Heuvel et al., 2009), suggesting that such disruptions 
may be a general correlate of suboptimal brain function.

In conclusion, individuals scoring higher on neuroticism have a more random network 
structure that consists of weaker functional connections compared to individuals scoring lower. 
These findings emphasize the importance of calculating network measures on both binary and 
weighted graphs, since they provide different kinds of information on the functional network 
organization, i.e. binary networks (an edge is present or not) provide information on the functional 
structure of the network organization and weighted networks (edge strengths are preserved) 
additionally provide information on the functional connectivity strength.

6.5.2 Organization of the functional subnetworks in association with neuroticism

Besides describing the whole-brain properties of the functional network organization in 
neuroticism, we investigated connectivity within and between functional subnetworks. In high 
compared to low neurotic individuals, we observed that the AS shows higher local efficiency (in 
terms of functional structure) and that the COS, as well as the AS and SMS, have relatively more 
connections with other functional subnetworks. In contrast, we found that sensory(-motor) (SMS 
and VS) and cognitive control subnetworks (DMS and FPS) process information less efficiently 
in high neurotic individuals. Notably, the AS and COS consist of brain regions related to the 
identification and appraisal of salient affective stimuli and the production of affective states (e.g. 
amygdala, hippocampus and anterior insula) (Kinreich et al., 2011; Laird et al., 2011; Menon 
and Uddin, 2010; Seeley et al., 2007), while the DMS and FPS consist of brain regions involved 
in attention, memory, emotion regulation, self-reflection, problem solving and planning (e.g. 
prefrontal and parietal areas) (Buckner et al., 2008; Laird et al., 2011; Seeley et al., 2007; Vincent 
et al., 2008). Taking these two findings together, this seems to be a recipe for emotional instability: 
subnetworks related to emotion and salience processing play a more prominent role in the 
functional network organization of individuals scoring higher on neuroticism, while subnetworks 
that potentially control and regulate responses from these subnetworks play a less prominent role 
(Doucet et al., 2011; Kinnison et al., 2012; Laird et al., 2011). This is in line with evidence showing 
that high compared to low neurotic individuals experience more intense negative emotions, such 
as feelings of depression and anxiety, and demonstrate heighted emotional reactivity to negative 
events (Suls and Martin, 2005; Watson et al., 1994). Likewise, previous studies have revealed that 
high trait scorers deal poorly with (daily) stressors and often apply maladaptive coping strategies, 
such as worry and avoidance (Ormel et al., 2013a; Suls and Martin, 2005; Watson and Hubbard, 
1996; Yoon et al., 2013). These findings may indicate that the ‘neurotic brain’ is less cognitively 
controlled and that (negative) affect predominates in information processing.

6.5.3 Strengths and limitations

The current study has two important strengths. First, due to the large sample size and the 
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fact that we selected individuals across the entire range of neuroticism scores, our study was highly 
sensitive to detect small linear effects with regard to the association between neuroticism and the 
different network measures. Second, we applied graph theory analyses on the whole-brain as well 
as the different functional subnetworks for both binary and weighted graphs. Furthermore, the 
current study has also three limitations. First, we did not collect diffusion tensor imaging (DTI) 
data during our experiment, because of this we cannot verify that a loss of white matter integrity 
underlies the observed disruptions in the functional network organization of individuals scoring 
higher on neuroticism. Second, we only investigated female students, because of this our findings 
cannot be generalized to the whole population. Future studies should replicate our results in, for 
example, male samples. However, by selecting a homogenous sample, we controlled for several 
important confounders, such as gender, age, education level and ethnicity, which increased our 
power. Third, we used a univariate approach in the current study. It is known that univariate 
analyses do not capture the full complexity of brain networks (Simpson et al., 2013). Multivariate 
approaches are currently being developed to investigate the complex dependence structure of 
networks and the effects of multiple network measures on the network organization (Simpson et 
al., 2013). For this reason, our results should be considered exploratory and further validation is 
needed.

6.6 Conclusion

In the current study, we examined alterations in the functional network organization 
associated with neuroticism. The findings revealed that the topological properties of the ‘neurotic 
brain’ show disrupted functional integration and segregation, suggesting a brain that processes 
information less cost-efficiently (Achard and Bullmore, 2007). This has also been observed in 
various other disorders and may be a general mechanism that underlies suboptimal brain function 
(Bullmore and Sporns, 2012). Furthermore, in high compared to low neurotic individuals, we 
found that subnetworks related to emotion and salience processing play a more prominent 
role in the network organization, while subnetworks related to sensory(-motor) functions and 
cognitive control play a less prominent role. This result may indicate a mechanism that is more 
specific to neuroticism and may explain why high neurotic individuals are more vulnerable to 
develop psychopathology, specifically depression and anxiety disorders (Lahey, 2009; Ormel et 
al., 2013b). Future studies on neuroticism should investigate the association between structural 
and functional networks, and the association between network measures and behavioral measures 
of (maladaptive) emotion processing and regulation (Bullmore and Sporns, 2012). Based on the 
acquired knowledge, it may be possible to develop treatments that prevent individuals with higher 
levels of neuroticism to transit from a healthy state to a clinical state.
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6.8 Supplemental material

6.8.1 S1 Overview of the full fMRI session

The full fMRI session consisted of four tasks, resting state and an anatomical scan. The 
following tasks/scans were presented in consecutive order: emotional face matching task (Hariri et 
al., 2002), mood (worry) induction paradigm (Paulesu et al., 2010), anatomical scan, resting state, 
interoceptive sensitivity task (Pollatos et al., 2007) and Ultimatum Game (Sanfey et al., 2003). The 
total duration of the fMRI session was approximately 60 minutes. The order was fixed and identical 
for all participants.

6.8.2 S2 Preprocessing steps

First, structural as well as functional images were reoriented parallel to the AC-PC plane. 
Second, functional images were realigned to the first image using rigid body transformations 
and the mean EPI image, created during this step, was coregistered to the anatomical T1 image. 
Third, structural images were corrected for bias field inhomogeneities, registered using linear 
transformations and segmented into grey matter (GM), white matter (WM) and cerebrospinal fluid 
(CSF) (MNI template space). Fourth, we used DARTEL (Diffeomorphic Anatomical Registration 
Through Exponentiated Lie algebra toolbox) (Ashburner, 2007) to create a customized group 
template to increase the accuracy of inter-subject alignment. Individual GM and WM tissue 
segments were iteratively aligned to the group template in order to acquire individual deformation 
flow fields. Fifth, the coregistered functional images were normalized to MNI space using the 
customized group template and individual deformation flow fields. Furthermore, images were 
resampled to 2 mm3 isotropic voxels and smoothed with a 8 mm full-width at half-maximum 
(FWHM) Gaussian kernel.

6.8.3 S3 Scrubbing procedure: framewise displacement and DVARS

The indices framewise displacement (FD) and DVARS were calculated to indicate volumes 
(i.e. frames) that may be affected by motion artifacts (Power et al., 2012). FD is calculated as the 
root of the sum of the squared derivatives of the movement parameters per volume. Rotations were 
converted to translations assuming a distance of 65 mm from the origin of rotation (ArtRepair 
toolbox, http://cibsr.stanford.edu/tools/human-brain-project/artrepair-software.html). DVARS is 
calculated as the root mean square (RMS) of the derivatives of the time series across voxels included 
in the whole-brain mask per volume (Power et al., 2011, 2012). Volumes were removed when 
FD>0.5 mm or DVARS>mean + 3*SD. Additionally, one backward and two forward neighboring 
volumes were removed as well. The median of the number of scans that were removed per subject 
was 11.0 (IQR = 14.2). Subjects were excluded when more than one third of the volumes had to 
be removed. After scrubbing, neuroticism scores did not correlate with mean head displacement, 
maximum head displacement, head rotation and the number of micromovements (<0.1 mm) 
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(p>0.17) (van Dijk et al., 2010). Furthermore, neuroticism did not correlate with the number of 
removed scans (p = 0.63). 

6.8.4 S4 Selection of an optimal threshold for module decomposition

First, correlation matrices were binarized using a range of threshold values (T=0.01-0.30 
in increments of 0.01). Second, these matrices were averaged across subjects per threshold and 
the entropy was calculated for each of them to indicate for which threshold the edges showed 
the largest stability information-wise (lowest entropy). These results were compared to the results 
obtained via randomized matrices (for details, see Geerligs et al., 2014). The optimal threshold 
is the threshold where (i) the original matrix shows the largest stability across subjects (lowest 
entropy) and (ii) the difference in entropy is the largest between the original matrix and random 
matrix. The optimal threshold in the current study was 1.8%.

6.8.5 S5 Module decomposition

A two-step procedure was applied to achieve the optimal modular structure using a threshold 
of 1.8% (see S4 for details on the selection of this threshold). Input for this procedure was the 
binarized correlation matrix averaged across subjects. First, nodes were partitioned into modules 
using the algorithm of Blondel et al. (2008), wherein nodes are divided in groups with a maximum 
number of within-group edges and a minimum number of between-group edges. This calculation 
was repeated 500 times to increase the chance of escaping local maxima. The statistic was further 
optimized by applying the modularity fine-tuning algorithm of Sun et al. (2009), wherein nodes 
are randomly assigned to other modules until modularity no further improves. 
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6.8.6 S6 Exemplars showing the linear association between neuroticism and the 
network measures

Figure S1 Exemplars showing the linear association between neuroticism and the whole-brain network 
measures. Correlations between neuroticism and global efficiency (Eglobal) (A, B), local efficiency (Elocal) (C, D) 
and maximized modularity (Q) (E, F) can be observed for binary (A, C, E) and weighted graphs (B, D, F) for 
a proportional threshold of 15%. Similar results were obtained for the different functional subnetworks and 
other threshold values.
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6.8.7 S7 Association between neuroticism and the overall functional connectivity 
strength

Figure S2 Association between neuroticism and the overall functional connectivity strength. The latter was 
calculated as the median of the positive, pairwise correlation values between ROIs. A. The correlation between 
neuroticism and the overall functional connectivity strength (r = -0.23, p = 0.016). B. Cumulative histogram 
of the positive, pairwise correlation values between ROIs for the subject with the highest neuroticism score 
and the subject with the lowest neuroticism score. The selected cases are indicated with a red box in panel 
A. One can observe that the cumulative histogram of the subject with highest neuroticism score is steeper 
than that of the subject with the lowest neuroticism score, which indicates that the former contains overall 
lower correlations between ROIs (i.e. weaker functional connections). N = neuroticism; NEO-PI-R = NEO 
personality inventory revised.
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7.1 Abstract

The alleged association between the serotonin transporter polymorphism (5-HTTLPR) and 
amygdala activation forms a cornerstone of the common view on the 5-HTTLPR as a potential 
risk factor for affective disorders. A recent meta-analysis showed that this association is statistically 
significant (Hedge g = + 0.35), but at the same time warned against estimate distortions due to 
publication bias (Murphy et al., 2013). Here, we report a replication study of this relationship 
in 120 participants which failed to find an association of 5-HTTLPR variation with amygdala 
activation during a widely used emotional face matching task. Moreover, we show that the pooled 
meta-anlaytic effect size is no longer significant (g = + 0.20, p = 0.06) when unpublished studies are 
included and the meta-analysis is updated with our study. These findings cast doubt on previously 
reported substantial effects, suggesting the 5-HTTLPR-amygdala association is either much 
smaller than previously thought or conditional on other factors.
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7.2 Introduction

Advances in neuroimaging techniques have as yet been unsuccessful in providing clinically 
relevant and reliable biomarkers for psychiatric disorders (Kapur et al., 2012). One major 
difficulty is that psychiatric disorders are presumed to be the “endpoints of multiple converging 
pathophysiological pathways” (Linden, 2012: p. 14), which cut across diagnostic borders and 
are not necessarily similar in individuals of the same diagnostic category (Insel et al., 2010). A 
potentially fruitful approach to transcend diagnostic boundaries and probe specific biological 
pathways associated with psychiatric disorders has been offered by the field of imaging genetics. 
This approach investigates how genetic variants with a known neurochemical effect influence 
specific components of a biological pathway (Linden, 2012; Meyer-Lindenberg and Weinberger, 
2006). 

A premier finding in the field of imaging genetics has been an increased amygdala response 
to negative emotional stimuli in carriers of the short (S) allele of the serotonin transporter 
polymorphism (5-HTTLPR) (Hariri et al., 2002). S-carriers had previously been found to score 
higher on questionnaires measuring the personality trait neuroticism (Lesch et al., 1996), an 
important risk factor for the development of affective disorders (Lahey, 2009; Ormel et al., 2013b). 
Since these early findings, the idea of the 5-HTTLPR as a potential genetic risk factor for affective 
disorders has taken a firm hold in the literature (e.g. Bogdan et al., 2013; Canli et al., 2006). The 
most recent meta-analysis on the increasing number of genetic imaging studies has indicated 
that there is a statistically significant, but small effect of the 5-HTTLPR on amygdala activation 
(Hedge’s g = +0.35 for published studies, Murphy et al., 2013). However, the reported excess of 
significance among published studies with on average low statistical power (Murphy et al., 2013) 
points to a potential publication bias, which could mean that even their modest estimate represents 
an overestimation of the true effect size (Borenstein et al., 2009). In addition to the relative absence 
of (small and hence) low-accuracy studies with null findings, there is a gap with regard to high-
accuracy studies (Munafo et al., 2008; Murphy et al., 2013). Therefore, the current state of the 
literature could undermine the validity of (otherwise methodologically sound) meta-analyses 
(Borenstein et al., 2009). 

In this article, we reevaluate the claim that the short variant of the 5-HTTLPR relates to 
amplified amygdala activation by 1) performing fMRI scans in a relatively large sample of 120 
participants during a task that has consistently been found to engage the amygdala (Bertolino 
et al., 2005; Hariri et al., 2000, 2002; Tessitore et al., 2002), and 2) running an updated meta-
analysis by adding our findings to the published as well as unpublished studies reported by 
Murphy and colleagues (2013). We increased our study’s sensitivity a priori by targeting a relatively 
homogeneous sample of women, who are known to have a higher risk of developing affective 
disorders compared to men (Parker and Brotchie, 2010). The sample size gave our study 99.99% 
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power1 to detect the effect reported in the original study (Hariri et al., 2002). Moreover, it is the 
largest of studies on 5-HTTLPR and amygdala response to negative stimuli thus far; our sample 
size is only surpassed by a study on 5-HTTLPR genotype and baseline perfusion in the amygdala 
(Viviani et al., 2010: n = 183). Thus, it provides an important step in filling the high-accuracy study 
gap evident in meta-analyses (Munafo et al., 2008; Murphy et al., 2013).

7.3 Methods

7.3.1 Participants

This study was part of a larger project on the neural correlates of neuroticism (e.g. Servaas 
et al., 2014a, 2014b). Participants were 120 female students (mean age 20.8 ± 2.0 years) from 
different faculties of the University of Groningen, who were selected from a larger sample of 240 
students on the basis of their scores on the neuroticism scale (12 items) of the NEO Five-Factor 
Inventory (Hoekstra et al., 1996). Half of the scanned participants were drawn from the highest 
25% of neuroticism scores and the other half was randomly selected from the lower 75% of scores. 
The selection procedure resulted in a normal distribution of neuroticism scores (as reassessed by 
the 48-item neuroticism scale of the NEO Personality Inventory Revised, NEO-PI-R, Hoekstra et 
al., 1996) around a mean of 135.5 (± 18.9), which is in a similar range as the female student norm 
group in the NEO-manual (n = 690, 143.6 ± 21.0). Thus, despite our overselection of relatively high 
neuroticism scores, the mean level of neuroticism in our participants was not higher than in the 
norm group. Furthermore, we measured two other personality traits from the NEO, extraversion 
and conscientiousness; the scores were in the same range as the norm group: 165.9 ± 18.6 for 
extraversion (159.6 ± 18.9 for the norm group) and 169.3 ± 19.8 for conscientiousness (160.2 ± 
20.4 for the norm group). All participants were scanned in the first ten days of their menstrual 
cycle or in their pill-free week to control for menstrual cycle-related effects on (neural correlates 
of) mood, stress sensitivity and neurocognitive function (Andreano and Cahill, 2010; Goldstein 
et al., 2010; Symonds et al., 2004). None of the participants had any present or past neurological 
or psychiatric disorders or used medication that could influence task results. Participants were 
right-handed native Dutch speakers of Caucasian descent, between 18-25 years of age, had normal 
hearing and (corrected-to-normal) vision and were eligible for MRI research. All gave written 
informed consent to participate in the study, which was approved by the Institutional Review 
Board of the University Medical Center Groningen, Groningen, the Netherlands.

7.3.2 Genotyping 

DNA extraction and genotyping were performed at the department of Laboratory Medicine 
of the University Medical Center Groningen, Groningen, the Netherlands. Saliva was collected in 
1 Statistical power was calculated by G*Power (Faul et al., 2007) at an α level of 0.05 for the effect size of the 
original study (Hariri et al., 2002) as reported in the meta-analysis by Murphy and colleagues (2013), Hedge’s g = + 
0.97.  
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Oragene saliva collection and preservation kits (DNAGenotek, Ontario, Canada), and DNA was 
extracted according to the protocol of the manufacturer. For SLC6A4, the 5-HTTLPR S/La/Lg variants 
were determined using PCR with Forward primer FAM-5’TGAATGCCAGCACCTAACCC-3’ and 
Reverse primer 5-TTCTGGTGCCACCTAGACGC-3’ (35 cycli of 30 seconds at 95°C, 30 seconds 
at 61°C and 1 minute at 72°C), and subsequent ingestion of the PCR product with the restriction 
enzyme Msp-I for at least 3 hours at 37 °C. The resulting restriction fragments were separated 
using capillary electrophoresis (ABI 3130 analyzer; Applied Biosystems, Nieuwerkerk a/d IJssel, 
the Netherlands) and fragment lengths were estimated using the  ABI Prism® GeneMapper™ 
software,  version 3.0 (Applied Biosystems). The La, Lg and S variants were determined by the 
detection of fragments 325 base pairs (bp), 152 bp or 284 bp, respectively. The method is based on 
and validated using the method as described by Doornbos et al. (2009). Analyses were performed 
in two runs; in each run, two control samples for 5-HTTLPR were genotyped for between plate 
reproducibility. All duplicates showed 100% concordance.

The 5-HTTLPR Lg variant behaves as the low-expressing S allele (Hu et al., 2006; Wendland 
et al., 2006). In the remainder of this paper, the S and Lg variants will be referred to as the short 
(S) allele and the La variant as the L allele. In this paper, we will compare S-carriers with L/L 
homozygotes (Hariri et al., 2002), because the serotonin reuptake of cells with the homozygous L 
variant is twice as high compared to cells that carry either one or two copies of the S variant (Lesch 
et al., 1996).

7.3.3 Behavioral task

During the 60-minute fMRI session, participants completed a resting state scan and four tasks, 
which were programmed in E-prime (Psychology Software Tools, Pittsburgh, PA). All participants 
started with a modified version of the widely used emotional face matching task developed by 
Hariri and colleagues (2000, 2002). The blocked paradigm consisted of an emotion task interleaved 
with a sensorimotor control task. In the control blocks, participants had to indicate on a button 
box which of two shapes presented at the bottom of the screen matched a target geometrical shape 
(circle, horizontal or vertical ellipse) presented at the top of the screen. In the emotion blocks, 
participants had to match the affect of a target face to one of two simultaneously presented faces. 
There were three different images for each combination of gender type (male/female) and type 
of affect (angry/fearful). Each trio of images was presented for maximally 5 seconds. The task 
consisted of two periods with each four control and four emotion blocks. Each block consisted 
of 10 trials. After every second block, there was a rest period of 10 seconds. We used a self-paced 
task, in which participants were instructed to respond as quickly as possible. Response accuracy 
and reaction times were recorded throughout the task.

7.3.4 fMRI data collection

Scans were obtained using a 3T Philips Intera Quaser (Best, the Netherlands) equipped with 
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a synergy SENSE 32-channel head coil. Functional images were acquired using a T2*-weighted 
echo-planar sequence with 39 descending axial slices without slice gap to cover the entire cortex 
(voxel size = 3.5 x 3.5 x 3.5 mm, TR = 2000 ms, TE = 30 ms, FOV = 224 x 224 mm). In addition, 
high-resolution T1-weighted structural images were acquired containing 170 slices (voxel size = 
1 x 1 x 1 mm, TR = 9 ms, TE = 8 ms, FOV = 256 x 231 mm). To reduce artifacts from the nasal 
cavities, images were tilted 10° from the AC-PC transverse plane.  

7.3.5 Preprocessing fMRI data

All image processing was performed using the Statistical Parametric Mapping 8 (SPM8) 
package (Wellcome Department of Cognitive Neurology, London, UK; http://www.fil.ion.ucl.
ac.uk) in Matlab R2009a (The MathWorks Inc., Natick, MA). Data preprocessing comprised 
realignment to correct for shifts in head position, coregistration, spatial normalization into a 
standard space using a Montreal Neurological Institute (MNI) T1 template and smoothing with 
an 8 mm full-width half-maximum (FWHM) isotropic Gaussian kernel to minimize noise and 
accommodate residual variations in neuroanatomy between participants. Data of three participants 
were excluded due to excessive head movement (n=1) or structural abnormalities (n=2). 

7.3.6 Statistical analysis

Descriptive statistics were calculated and independent sample t-tests were used to identify 
genotype effects on neuroticism scores and response speed. Allele frequencies of the three 
genotypes of 5-HTTLPR (L/L, L/S, S/S) were calculated and analyzed for deviation from Hardy-
Weinberg equilibrium (HWE) using a chi-square test with 1 degree of freedom.

7.3.7 Task activation effects

Emotion and control trials were analyzed at the subject level by boxcar functions convolved 
with the hemodynamic response function after 128 s high-pass filtering to remove low-frequency 
noise and slow drifts in the signal. Head movement was accommodated by six motion regressors and 
their first temporal derivatives. For each participant, a voxel-by-voxel t-map was computed for the 
emotion versus control contrast. A one-sample t-test was performed on these images to determine 
the task effect across the sample (p<0.05, family wise error (FWE)-corrected). The images were 
then used in a second-level random-effects (RFX) model with between-subject factor genotype 
and tested for the contrast S-carriers > L/L homozygotes (FWE-p<0.05). Neuroticism scores were 
added as a covariate in a second step to investigate whether sample selection influenced the results. 
Because of our a priori hypothesis on the amygdala, we used a Small Volume Correction (SVC) 
for this structure, which was anatomically defined using the AAL template of the WFU Pick Atlas 
(Version 3.0) (Maldjian et al., 2003; Tzourio-Mazoyer et al., 2002). 
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7.3.8 Meta-analysis update

For each participant, we extracted for the emotion versus control contrast mean activation 
in left and right amygdala regions of interest based on the AAL template of the WFU Pick Atlas 
(Version 3.0) (Maldjian et al., 2003; Tzourio-Mazoyer et al., 2002). Then, we calculated the effect 
size (Hedge’s g) of the association between the 5-HTTLPR and amygdala activation based on the 
group means and standard deviations for the S-carriers and L/L homozygotes. This data from our 
individual study was added to comparable information from the 29 published and 5 unpublished 
studies reported in the meta-analysis of Murphy and colleagues (2013). Finally, we reran their 
RFX analysis to update the estimate of the pooled effect size using the Comprehensive Meta-
Analysis (v2) statistical software package (Biostat, Englewood, NJ, USA). The effect sizes of the 
individual studies were plotted against study accuracy/precision. Study precision is calculated as 
1/standard error, which is closely related to the study’s sample size. Furthermore, the effect sizes of 
the individual studies were plotted against year of publication. Between-study heterogeneity was 
assessed with the I2 statistic.

7.4 Results

7.4.1 Sample characteristics

The prevalence of the 5-HTTLPR variants in our sample (L/L: n = 31, 25.8%; S/L: n = 57, 
47.5%; S/S: n = 32, 26.7%) resembled findings from the European HapMap31 (Hu et al., 2006) and 
did not deviate from HWE (p = 0.58). S-carriers did not differ significantly from L/L homozygotes 
regarding their mean neuroticism score (136.2 ± 19.2 versus 133.3 ± 18.2, respectively;  t(118) = 0.76, 
p = 0.45).

7.4.2 Behavioral data

Task accuracy was very high during the control blocks (99.2% ± 1.1) as well as the emotion 
blocks (96.0% ± 4.0). Due to these ceiling effects, we did not execute the test for differences in 
accuracy between S-carriers and L/L homozygotes. There was no significant effect of genotype on 
response speed for the emotion and control conditions (both p’s > 0.48). 

7.4.3 Task activation effects 

To validate our task, we first tested for a significant task effect (emotion – control) across all 
participants. Task-related effects were significant in large lateral prefrontal clusters and bilateral 
amygdala/hippocampus in addition to the cerebellum, parietal regions and primary and extrastriate 
visual cortical areas (Table 1). There were no significant clusters for the contrast between S-carriers 
and L/L homozygotes. Small-volume correction for the amygdala did not reveal any significant 
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voxels either. No significant clusters were found when neuroticism was added to the model as a 
covariate either.
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Location1 H Cluster description2 Cluster 
size Peak T MNI coordinates

x y z

Emotional faces > geometrical shapes

Precuneus B Precuneus, Superior 
Parietal Lobule 
(SPL), Lingual 
Gyrus, Calcarine 
Gyrus, Thalamus

4716 11.44 10 -70 42

Inferior Occipital 
Gyrus (IOG)

L IOG, Fusiform Gyrus 
(FG), Cerebellum 
(L/R)

3689 22.83 -20 -96 -6

Inferior Frontal 
Gyrus (IFG)

L IFG (BA44/BA45), 
Precentral Gyrus, 
Insula 

2942 15.40 -44 16 26

IFG R IFG (BA45/BA44), 
Insula 

2740 14.52 48 22 24

IOG R IOG, FG, 
Cerebellum

2525 23.37 26 -94 -2

Supplementary 
Motor Area (SMA)

B SMA 848 9.97 -4 14 50

Superior Temporal 
Gyrus (STG)

R STG, Middle 
Temporal Gyrus 
(MTG), Inferior 
Parietal Lobule (IPL)

441 7.34 54 -42 12

IPL L IPL 438 10.21 -36 -58 44

Hippocampus R Amygdala (LB/SF/
CM), Hippocampus 
(CA)

406 8.75 22 -10 -12

Hippocampus L Amygdala (LB/SF/
CM), Hippocampus 
(CA)

294 9.02 -20 -10 -12

Thalamus L Thalamus (visual, 
temporal, parietal), 
Hippocampus (CA)

141 6.24 -22 -30 -2

Angular Gyrus R IPL/Angular Gyrus 107 6.46 38 -58 44

Cerebellum R Cerebellum 55 6.89 34 -72 -50

MTG L MTG 41 5.54 -54 -46 8

White Matter (WM) R WM 25 5.47 8 0 26

Middle Frontal 
Gyrus (MFG)

R MFG 16 5.21 40 52 18

Table 1 Activations during perceptual processing of negative facial expressions
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Location1 H Cluster description2 Cluster 
size Peak T MNI coordinates

x y z

FG R FG, Hippocampus 
(CA), Amygdala 
(LB)

5 5.34 34 -8 -32

7.4.4 Meta-analysis update

The effect size estimate for the association between 5-HTTLPR and amygdala activation in 
our study was g = - 0.14, 95% CI - 0.55, + 0.27, p = 0.51. When we added our study to the 34 
samples reported by Murphy and colleagues (2013), the pooled effect size estimate was no longer 
significant, g = + 0.20, 95% CI - 0.01, + 0.41, p = 0.06, with evidence of substantial between-study 
heterogeneity (I2 = 70%). The effect sizes of the different studies plotted against study precision are 
shown in Figure 1. Asymmetry in the published studies (in the direction of excess low-accuracy 
studies with statistically significant effects) is suggestive of publication bias. Furthermore, a plot of 
year of publication against effect size is shown in Figure 2. The negative relationship reveals how 
the strength of evidence has declined over time.

Figure 1 Funnel plot displaying the effect size (g) of our study and the published and unpublished studies 
reported in the meta-analysis by Murphy and colleagues (2013) plotted against study precision. Asymmetry 
in the published studies (in the direction of excess low-accuracy studies with statistically significant effects) 
is suggestive of publication bias. The standard error (SE) and hence study precision (1/SE) is related to the 
sample size.

Significant clusters for the task effect (emotion – control) at FWE p < 0.05 (T=4.68). Peak T-values and MNI 
coordinates correspond to the first maximum of the activated cluster. H = hemisphere: L = left, R = right, B = 
bilateral. 1 This column reports the functional name or location that belongs to the peak voxel. 2 This column 
lists brain areas that are part of the cluster according to the Anatomy Toolbox. 

Table 1 Continued
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Figure 2 Plot showing the relationship between effect size (g) and year of publication of the published and 
unpublished studies reported in the meta-analysis by Murphy and colleagues (2013), including our study. The 
negative relationship reveals how the strength of evidence has declined over time.

7.5 Discussion 

Recent meta-analyses have suggested that effect size estimations of the association between 
amygdala activation and the 5-HTTLPR could be distorted by publication bias (Munafo et al., 
2008; Murphy et al., 2013). Indeed, our funnel plot (see Figure 1) based on Murphy et al.’s (2013) 
meta-analysis illustrates that high-accuracy studies are needed to improve the effect size estimate 
and that studies with null findings should also be taken into account. When we added our relatively 
high-accuracy study in 120 participants to the 29 published and 5 unpublished studies reported 
by Murphy and colleagues (2013), the pooled effect size was no longer significant (Hedge g = 
+ 0.20, 95% CI - 0.01 - 0.41, p = 0.06). Moreover, the previously established pooled effect size 
estimate (g = + 0.35; Murphy et al., 2013) did not fall within the confidence interval observed in 
our sample (95% CI - 0.55 - 0.27). Together, these findings suggest that the association between the 
5-HTTLPR and amygdala activation has not been replicated robustly and may thus be either much 
smaller than previously thought, non-existent or conditional on other factors. 

Notably, the considerable between-study heterogeneity in effect sizes (I2 = 70%) suggests that 
the true effect size for the 5-HTTLPR-amygdala association may differ across study populations 
or designs (Murphy et al., 2013). For instance, tasks that require a cognitive appraisal of negative 
emotions or measure amygdala activation after exposure to an acute stressor may be more sensitive 
to genotype effects (Cousijn et al., 2010; Firk et al., 2013; Gillihan et al., 2010; Volman et al., 2013). 
Stratified analyses by Murphy and colleagues (2013), however, did not provide evidence for 
moderating roles of study design or population characteristics with potential exceptions for (poor) 
genotyping quality and (older) age. More and larger studies may be needed, however, to allow for 
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adequate analysis of relevant moderator variables.

In our study, allele frequencies did not deviate from HWE equilibrium. Moreover, 
participants were genotyped taking into account the relatively new insight that the Lg allele on 
the long form of the 5-HTTLPR-rs25531 combination has the same transcriptional activity as the 
S-allele (Wendland et al., 2006). This procedure most probably increased the difference in level of 
serotonin expression between our L/L and S-carrier groups, which made our study more sensitive 
for detecting differences in amygdala activation compared to earlier studies that did not type the 
Lg allele as a low expression variant (e.g. Canli et al., 2005; Hariri et al., 2002, 2005). 

Concerning age, we cannot exclude the possibility that there is a 5-HTTLPR-amygdala 
association particularly in samples with older participants. The 5-HTTLPR may have a differential 
impact on the ageing brain (Pacheco et al., 2012), which is typically characterized by less amygdala 
activity and higher prefrontal activity in response to emotional stimuli (Roalf et al., 2011). 
However, a specific 5-HTTLPR-amygdala association in older age seems to be at odds with the idea 
of 5-HTTLPR as a risk factor for the development of affective disorders, which have the highest 
incidence rates earlier in life (Andrade et al., 2003; Bijl et al., 2002). At this point, the role of age in 
the expression of the 5-HTTLPR remains uncertain. Stratified analyses will become increasingly 
powerful in charting study characteristics that influence the magnitude of the observed effect size 
as the number of studies per stratum increases. At present, however, inadequate sample sizes are 
the main source of variation in study outcomes (Murphy et al., 2013). Indeed, even our sample 
size probably falls short to detect the effect size indicated in the previous meta-analysis (Murphy 
et al., 2013), even though it is large by the standards of the field. Nevertheless, it should be noted 
that the funnel plot indicates our effect size to be at the centre of the distribution, which raises 
confidence that this is a precise estimate and the putative 5-HTTLPR-association is less robust 
than previously thought. Whereas most studies of 5-HTTLPR variation and neural correlates of 
emotion processing have been focused on the amygdala, other brain regions such as the anterior 
cingulate cortex (and connectivity with emotion-related regions) could be of interest (Waring et 
al., 2013), an issue that awaits further investigation.

We can not preclude that the pendulum for the effect size estimate may swing back to 
the other side of p = 0.05 when future studies with proper sample sizes are added to the meta-
analysis. The current collective state of the literature, however, casts doubt on previously reported 
substantial effects and calls into question simple gene–brain relationships. Regarding the latter, 
epistatic effects between 5-HTTLPR and other polymorphisms should be taken into account (e.g. 
Pezawas et al., 2008). Moreover, environmental influences could potentially modify or even mask 
assumed 5-HTTLPR-determined neural activity (Bogdan et al., 2013, but see Walsh et al., 2012 
for a recent null finding). However, the challenges of (multivariate) gene x environment research 
(e.g. Duncan and Keller, 2011) will be even more pronounced when incorporated in the field of 
neuroscience in which “small, low-powered studies are endemic” (Button et al., 2013, p. 374). 
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There is growing concern about the reliability of scientific findings, in particular regarding 
‘hot topics’ such as the 5-HTTLPR-amygdala activation association (Ioannidis, 2005; Park et al., 
2014). Not only may there be a publication bias in favor of small studies with positive findings 
(Munafo et al., 2008; Murphy et al., 2013), but published studies may also make stronger claims 
than is warranted by the level of support in the reported data (Park et al., 2014). While the standard 
analytical procedures of meta-analyses reduce the influence that researcher’s flexible analytical 
options can have on the presentation of results (Simmons et al., 2011), it will be impossible to 
make a reliable estimation of any association when published studies are only the tip of the iceberg. 
Meta-analyses should therefore be reiteratively updated with studies with proper sample sizes 
(irrespective of their effect sizes) to shed light on key findings in psychology
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8.1 Abstract

Neuroticism and genetic variation in the serotonin-transporter (SLC6A4) and catechol-O-
methyltransferase (COMT) gene are risk factors for psychopathology. Studies have proposed that 
these vulnerabilities are associated with alterations in the functional integration and segregation of 
neural circuits. The aim of the current study was to investigate the triadic interplay between genetic 
variation in the SLC6A4 and COMT gene, functional brain network organization and neuroticism. 
We applied graph theory analysis on resting-state fMRI data in a sample of 120 women selected 
based on their neuroticism score and genotyped two polymorphisms: 5-HTTLPR and COMT 
(rs4680-rs165599). In genetic risk carriers compared to non-risk carriers, we observed that 
subnetworks related to salience and visual processing play a more prominent role in the functional 
network organization than subnetworks related to cognitive control. COMT (not 5-HTTLPR) 
moderated the association between neuroticism and functional network organization. In the 
genetic risk group (not the non-risk group), neuroticism was associated with lower efficiency 
coefficients in salience and sensory(-motor) subnetworks and higher participation coefficients in 
the fronto-parietal control subnetwork. To conclude, the findings of altered topology of specific 
subnetworks may help explain why risk carriers of 5-HTTLPR and COMT (scoring higher on 
neuroticism) are more prone to develop psychiatric disorders.

Thesis_Book .indb   188 1/4/2015   1:36:21 PM



189

8

8.2 Introduction

Neuroticism is a robust personality trait that is part of various widely accepted personality 
theories and models (Costa and McCrae, 1992; Eysenck, 1967; Gray, 1991) and can be defined as 
the tendency to react with a negative emotional response to life experiences (Ormel et al., 2013a). 
It has been well established as a potent risk marker for a range of psychiatric disorders, particularly 
internalizing disorders (Lahey, 2009; Ormel et al., 2013b). Furthermore, high compared to low 
neurotic individuals have more comorbid disorders, unexplained medical issues and general 
health problems (Lahey, 2009). In addition, besides being a heavy burden on the individual, high 
neuroticism is also an important burden for society as its economic costs exceed those of common 
mental disorders, such as affective disorders and substance-related disorders (Cuijpers et al., 2010). 

It is evident that neuroticism is a relevant concept for public health and that it is important 
to unravel its genetic basis and underlying neurobiological mechanisms. Prior research has 
indicated that neuroticism is moderately heritable, that is, approximately half of the variance can 
be explained by genetic factors (Boomsma et al., 2000; Distel et al., 2009; Hansell et al., 2012; 
Riese et al., 2009). Two genes that have been associated with neuroticism and emotion processing 
are the serotonin transporter (SLC6A4) gene and catechol-O-methyltransferase (COMT) gene 
(for reviews, see Bevilacqua and Goldman, 2011; Canli, 2008; Domschke and Dannlowski, 2010; 
Hariri and Holmes, 2006). First, the SLC6A4 gene is an important regulator of serotonergic 
neurotransmission through the reuptake of serotonin (5-hydroxtryptamine, 5HT) from the 
synaptic cleft in, among others, limbic regions of the brain (Bevilacqua and Goldman, 2011; Hariri 
and Holmes, 2006). A common length polymorphism (5-HTTLPR) is located in the promotor 
region of this gene and encodes two alleles: a short (S) allele and a long (L) allele (Bevilacqua and 
Goldman, 2011; Hariri and Holmes, 2006). Carrying the S-allele has been associated with lower 
serotonin transporter binding and mRNA expression as well as lower serotonin uptake compared 
to carrying two copies of the L-allele (Lesch et al., 1996). Furthermore, the L-allele is functionally 
regulated by an A to G substitution in the single-nucleotide polymorphism (SNP) rs25531 located 
close to 5-HTTLPR, making its transcriptional efficacy more comparable to the low-expressing 
S-allele (risk haplotypes include SS, SLg, SLa and LgLa) (Hu et al., 2006; Wendland et al., 2006). 

Second, the COMT gene produces the enzyme COMT that inactivates catecholamine 
neurotransmitters dopamine, epinephrine and norepinephrine, specifically in the prefrontal 
cortex (PFC) (Mier et al., 2010). Enzyme function is in part influenced by a G to A substitution 
at codon 158 (rs4680), producing an amino acid change from valine (Val) to methione (Met) 
(Lachman et al., 1996). The Met-allele is thermolabile at normal body temperature and has a three-
to-four fold reduction in enzyme activity compared to the Val-allele, leading to higher dopamine 
concentrations and more efficient information processing in the PFC (Chen et al., 2004; Egan et 
al., 2001; Lachman et al., 1996). Furthermore, a COMT haplotype containing the abovementioned 
SNP rs4680 and additional SNP rs165599 has been associated with neuroticism (risk haplotype: 
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GG-AA) (Hettema et al., 2008), potentially resulting in lower levels of cortical dopamine (Bray et 
al., 2003).

As is the case with many common mental disorders, neuroticism is polygenic in nature, that 
is, multiple mutations of small effect are involved in its development (Canli, 2008; Flint, 2004). 
For this reason, traditional association studies have regularly failed to find a link between such 
phenotypes and risk polymorphisms (Cannon and Keller, 2006). To overcome this problem, an 
approach was adopted that involves studying endophenotypes, which are intermediate phenotypes 
that lie in between the genotype and phenotype (Gottesman and Gould, 2003). The assumption 
is made that endophenotypes are more elementary in nature and because of that, implicate 
fewer genetic, environmental and epigenetic factors as well as interactions between them in 
producing phenotypic variation (Gottesman and Gould, 2003). Since neuroticism has been related 
to alterations in brain functioning (Servaas et al., 2013b), neural measures are ideal to be used 
as endophenotypes in the search for risk polymorphisms (i.e. imaging genetics) (Fornito and 
Bullmore, 2012; Tost et al., 2012). Recently, it has been proposed that psychopathology probably 
does not arise from dysfunctional activation in a few specific brain regions during a particular task, 
but from alterations in the functional integration and segregation of neural circuits (i.e. disrupted 
connectivity) (Buckholtz and Meyer-Lindenberg, 2012; Fornito et al., 2011; Fornito and Bullmore, 
2012; Meyer-Lindenberg, 2012; Tost et al., 2012).

In our previous paper of this sample, we investigated alterations in the functional network 
organization associated with neuroticism using graph theory (i.e. imaging connectomics) (Servaas 
et al., 2014b). In short, we found that the functional network structure of high compared to low 
neurotic individuals is organized less optimally with regard to efficient information processing and 
shows signs of functional disconnectivity. Furthermore, we demonstrated that subnetworks related 
to emotion and salience processing play a more prominent role in the network organization of 
high neurotic individuals, while subnetworks related to sensory(-motor) functions and cognitive 
control play a less prominent role.

The aim of the current study was to investigate the triadic interplay between genetic variation 
in the SLC6A4 and COMT gene, functional brain network organization and neuroticism, since 
these factors may be part of a pathway from genotype to phenotype. To this end, we applied graph 
theory analysis on resting-state functional magnetic resonance imaging (rs-fMRI) data in a sample 
of 120 women selected on the basis of their neuroticism score and genotyped two polymorphisms: 
5-HTTLPR and COMT (rs4680-rs165599). For both polymorphisms, we hypothesized to find an 
altered functional network organization in genetic risk carriers compared to non-risk carriers (see 
method section for the group definition). Specifically, we hypothesized that subnetworks related to 
emotion and salience processing play a more prominent role in the functional network organization 
of these genetic risk carriers, than subnetworks related to cognitive control. Additionally, we 
assessed the abovementioned triadic interplay with an interaction analysis, wherein we tested the 
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moderation effect of 5-HTTLPR/COMT (rs4680-rs165599) on the association between functional 
network organization and neuroticism. This is in line with former genetic imaging studies on traits 
(Drabant et al., 2006; Hahn et al., 2011, 2013; Shehzad et al., 2012). As a potential underlying 
biological mechanism, Hahn et al. (2011, 2013) speculated that polymorphisms may influence 
neural (network) plasticity (in interaction with the (early) environment) via neurotransmission 
during development.

8.3 Methods and materials

8.3.1 Participants

Initially, 240 students from the University of Groningen were asked to fill out the NEO Five-
Factor Inventory (NEO-FFI) (domains Neuroticism and Extraversion, 24 items). Individuals were 
sent a questionnaire when they agreed to participate in the study (based on the information letter, 
which included an informed consent form) and met the following selection criteria: 1) female 
gender, 2) age between 18-25 years, 3) Dutch as native language, 4) Caucasian descent, 5) right 
handed, 6) no use of contraceptive medication, except for oral contraceptive pills (21-pill packet). 
Only females were included because they significantly score higher on neuroticism than men and 
because of that, have a higher risk of developing affective disorders (Parker and Brotchie, 2010).  
Furthermore, research is still limited related to gender differences in neuroticism, therefore, we 
decided not to introduce this variation in the sample as it is not properly understood yet. Exclusion 
criteria were 1) a history of seizure or head injury, 2) a life time diagnosis of psychiatric and/or 
neurological disorders, 3) a life time diagnosis of psychiatric disorders in first degree relatives 
of the participant, 4) the use of medication that can influence test results, 5) visual or auditory 
problems that cannot be corrected, 6) MRI incompatible implants or tattoos, 7) claustrophobia, 
8) suspected or confirmed pregnancy. From this sample, 120 individuals (mean age: 20.8 SD ± 
2.0, age range: 18-25) were invited to participate in the experiment. To ensure sufficient numbers 
of participants with high levels of neuroticism, sixty individuals were selected from the highest 
quartile of neuroticism scores (NEO-FFI score ≥ 32, range 32-47) and sixty individuals were 
randomly selected from the three lowest quartiles (NEO-FFI < 32, range 17-31). Plots of normality 
(QQ-plot and boxplot) showed that, in the selected 120 participants, neuroticism scores were 
approximately normally distributed.

In order to reduce hormone-related between-subject variability, participants were invited for 
the experiment during the first ten days of their menstrual cycle (early and mid-follicular phase) or 
during the discontinuation week in case of oral contraceptive usage, which resembles the early and 
mid-follicular phase in terms of ovarian hormonal levels (Cohen and Katz, 1979). During these 
phases, ovarian hormonal levels are relatively low and menstrual cycle related changes in mood, 
stress sensitivity and neurocognitive function are minimal (Andreano and Cahill, 2010; Goldstein 
et al., 2010; Symonds et al., 2004). 
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On the day of the experiment, after explaining the procedure, participants gave informed 
consent for a second time and completed the NEO Personality Inventory Revised (NEO-PI-R) 
(domains Neuroticism, Extraversion and Conscientiousness, 144 items) (Hoekstra et al., 1996). 
In addition, the study was approved by the Medical Ethical Committee of the University Medical 
Center Groningen and was conducted in accordance with the Declaration of Helsinki.

8.3.2 Genotyping 

DNA extraction and genotyping were performed at the department of Laboratory Medicine 
of the University Medical Center Groningen, Groningen, the Netherlands. Saliva was collected in 
Oragene saliva collection and preservation kits (DNAGenotek, Ontario, Canada), and DNA was 
extracted according to the protocol of the manufacturer. 

For the SLC6A4, the 5-HTTLPR S/La/Lg variants were determined using 
PCR with  Forward primer FAM-5’TGAATGCCAGCACCTAACCC-3’ and Reverse 
primer 5-TTCTGGTGCCACCTAGACGC-3’ (35 cycli of 30 seconds at 95°C, 30 seconds at 61°C 
and 1 minute at 72°C), and subsequent ingestion of the PCR product with the restriction enzyme 
Msp-I for at least 3 hours at 37 °C. The resulting restriction fragments were separated using capillary 
electrophoresis (ABI 3130 analyzer; Applied Biosystems, Nieuwerkerk a/d IJssel, the Netherlands), 
and fragment lengths were estimated using the ABI Prism® GeneMapper™ software, version 3.0 
(Applied Biosystems). The La, Lg and S variants were determined by the detection of fragments of 
325 base pairs (bp), 152 bp and 284 bp, respectively (validated in-house method, Doornbos et al., 
2009). In the remainder of this paper, the Lg allele will be referred to as the S allele and the La allele 
as the L allele (Wendland et al., 2006).

Genotyping of the COMT rs4680 polymorphism (1947 G/A; Val158Met; GenBank Z26491) 
was performed with the allelic discrimination technique following the protocol supplied by 
Applied Biosystems. We used primers COMT-GAF (5’-CGAGATCAACCCCGACTGT-3’) and 
COMT-GAR (5’-CAGGCATGCACACCTTGTC-3’), and minor grove-binding probes VIC-
5’-TTTCGCTGGCGTGAAG-3’-NFQ (G) and FAM-5’-TCGCTGGCATGAAG-3’-NFQ (A). 
COMT rs165599 was genotyped using the commercially available kit C_2255335_10 (Applied 
Biosystems). All COMT reactions were carried out in TaqMan universal PCR master mix using a 
7500 Real-Time PCR System (Applied Biosystems).

8.3.3 Genotype analysis

We used PHASE (v2.1.1) (Stephens et al., 2001) to reconstruct two-marker haplotypes from 
the COMT SNPs rs4680 and rs165599. For each subject, haplotype frequencies were determined 
and used to estimate the genotype probabilities of haplotype pairs. When a genotype probability 
exceeded 0.80, the corresponding haplotype pair was assigned. However, when all genotype 
probabilities were smaller than 0.80, haplotypes were set to missing. In the current study, all 
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genotype probabilities exceeded 0.80. In the remainder of this paper, the haplotype COMT rs4680-
rs165599 will be referred as COMT.

Subjects were grouped into genetic risk carriers and non-risk carriers for the two 
polymorphisms (Hettema et al., 2008; Hu et al., 2006; Wendland et al., 2006). For 5-HTTLPR, 
risk genotypes include S/S and S/L and the non-risk genotype includes L/L (Wendland et al., 
2006). For COMT, risk haplotypes include Val/Val for rs4680 and Met/Met for rs165599 and non-
risk haplotypes include Met/Met and Val/Met for rs4680 and Val/Val en Val/Met for rs165599 
(Hettema et al., 2008). 

Hardy-Weinberg equilibrium was tested for 5-HTTLPR, COMT rs4680 and COMT rs165599 
using a chi-square test with one degree of freedom.

8.3.4 Image acquisition

A 3 Tesla Philips Intera MRI scanner (Philips Medical Systems, Best, the Netherlands), 
equipped with a 32-channel SENSE head coil, was used to acquire the images. A high-resolution 
T1-weighted 3D structural image was obtained using fast-field echo (FFE) for anatomical reference 
(170 slices; TR: 9 ms; TE: 8 ms; FOV: 256 x 231; 256 x 256 matrix; voxel size: 1 x 1 x 1 mm). rs-
fMRI images were acquired with a T2*-weighted gradient echo planar imaging (EPI) sequence. 
Participants were instructed to close their eyes and to not fall asleep. The scan comprised 300 
volumes of 37 axial-slices (TR: 2000 ms; TE: 30 ms; FOV: 220 x 221; 64 x 62 matrix; voxel size: 3.5 
x 3.5 x 3.5 mm). Slices were acquired in descending order without a gap. To prevent artifacts due 
to nasal cavities, images were tilted 10° to the AC-PC transverse plane (see Supplemental material 
S1 for more details on the full fMRI session). 

8.3.5 Data preprocessing

Image processing was performed using SPM8 (http://www.fil.ion.ucl.ac.uk/spm), 
implemented in Matlab 7.8.0 (The Mathworks Inc., Natick, MA). Preprocessing included 
realignment, coregistration, DARTEL normalization (2 x 2 x 2 mm isotropic voxels) (Ashburner, 
2007) and smoothing (8 mm full-width at half maximum (FWHM) Gaussian kernel) (see 
Supplemental material S2 for details on the preprocessing steps). 

Next, a series of preprocessing steps specific to rs-fMRI analysis were performed. First, 
regression of several nuisance variables was applied per grey matter voxel to remove sources of 
spurious variance, comprising six rigid body head motion parameters, the global signal, white 
matter (WM) signal and cerebrospinal fluid (CSF) signal. In order to obtain the last two signals, we 
performed segmentation of the T1-weighted image to create a WM and CSF mask and extracted 
the first eigenvariate from the time series of the included voxels. In addition, the first temporal 
derivatives of abovementioned nuisance variables were removed. Second, temporal band-pass 
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filtering was applied to detrend the signal and to retain frequencies between 0.008-0.08Hz (Van 
Dijk et al., 2010). Third, we performed scrubbing to additionally remove influences of movement 
on the rs-fMRI data (Power et al., 2012) (see Supplemental material S3 for details on the scrubbing 
procedure). 

After data preprocessing, nine participants were excluded from further analysis; two because 
of anatomical abnormalities (i.e. large ventricles that were still within the normal range, but 
difficult to normalize), five because of technical difficulties and two because of excessive scrubbing 
(more than one-third of the volumes had to be removed). Furthermore, for COMT, two additional 
subjects had to be excluded due to failure of genotyping. The following total samples remained for 
statistical analysis: for 5-HTTLPR, a sample of 111 participants and for COMT, a sample of 109 
participants.

8.3.6 Network construction

In order to perform graph theory analysis, nodes and edges have to be defined. For nodes, 
a sphere of 5 mm radius was created around 264 coordinates provided by Power et al. (2011). 
After visual inspection of the regions of interest (ROIs), we noted the absence of three relevant 
subcortical structures for research on neuroticism: bilateral amygdala, hippocampus and caudate 
(Servaas et al., 2013b). The coordinates for these regions were determined using the Harvard-
Oxford Subcortical Structural Atlas (80% probability), resulting in a total of 270 ROIs. No overlap 
was observed between the additional ROIs and the ROIs of Power et al. (2011). Next, we binarized 
the functional images of all subjects and built a whole-brain group mask by multiplying them. This 
locates the parts of the brain, where EPI images were free from susceptibility artifacts in all subjects. 
Subsequently, the overlap was calculated voxel-wise between all ROIs and the group mask. When 
a ROI overlapped <50% with the group mask, it was excluded from further analysis. This was the 
case for eleven ROIs. To construct a connectivity matrix per subject, we extracted the regional 
mean time series for each of the remaining 259 ROIs and calculated Pearson correlations between 
all pairs. Furthermore, to prevent biases due to shared non-biological signals between adjacent 
ROIs, correlations were set to zero when the distance was less than 20 mm between the centres of 
two ROIs (Power et al., 2011). In addition, correlations on the diagonal of the connectivity matrix 
were set to zero as well.

8.3.7 Thresholding

It has been shown that the majority of network measures are highly sensitive to the 
number of edges in a graph (van Wijk et al., 2010). To avoid this confound, we applied a range of 
proportional thresholds to each correlation matrix per subject. The threshold values (T) ranged 
from 0.01 to 0.30 in increments of 0.01. Network measures were calculated on the whole-brain 
and different functional subnetworks for both binary and weighted graphs across the selected 
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range of threshold values (see below). In order to partition the graph into modules, we applied the 
algorithm of Blondel et al. (2008) and the modularity fine-tuning algorithm of Sun et al. (2009) 
(see Supplemental material S4 for details on the module decomposition). For this procedure, we 
selected a single optimal threshold by applying the method described in Geerligs et al. (2014). The 
optimal threshold in the current study was 1.8% (see Supplemental material S5 for details on the 
selection of the optimal threshold).

8.3.8 Network modules

In our previous paper (Servaas et al., 2014b), we found that nodes could be partitioned in 
six functional subnetworks with a maximum number of within-group edges and a minimum 
number of between-group edges (Rubinov and Sporns, 2010) (see Supplemental material S4 for 
details on the module decomposition). These included the affective subnetwork (AS), cingulo-
operculum subnetwork (COS), default mode subnetwork (DMS), fronto-parietal subnetwork 
(FPS), somatosensory-motor subnetwork (SMS) and visual subnetwork (VS) (for figures of the 
module decomposition, see Figure 2 and 3 in Servaas et al., 2014b). This modular decomposition 
was used in subsequent analyses.

8.3.9 Network measures

Network measures were calculated on binary as well as weighted graphs across the selected 
range of threshold values by using functions implemented in the Brain Connectivity Toolbox 
(www.brain-connectivity-toolbox.net, Rubinov and Sporns, 2010). In binary networks, an edge is 
indicated as present or not, providing information on the functional network structure. In weighted 
networks, edge strengths are preserved, additionally providing information on the functional 
connectivity strength (Rubinov and Sporns, 2010). First, we calculated the whole-brain network 
measures: global efficiency (Eglobal), local efficiency (Elocal, averaged across nodes) and maximized 
modularity (Q). Global efficiency is calculated as the average inverse shortest path length between 
all pairs of nodes. Local efficiency is calculated in a similar manner, but then between a node 
and its direct neighbours (Latora and Marchiori, 2001; Rubinov and Sporns, 2010). Maximized 
modularity is calculated with a function that quantifies the degree to which a network can be 
clearly delineated in non-overlapping groups of nodes (Newman, 2004; Rubinov and Sporns, 
2010). Second, we calculated local efficiency (Elocal, averaged across nodes) and the participation 
coefficient (Y, averaged across nodes) per module. The participation coefficient is calculated as the 
ratio of intra- versus intermodular connections per node (Rubinov and Sporns, 2010).

8.3.10 Network analyses

Across the selected range of threshold values, we calculated i) the mean difference between 
the genetic risk and non-risk group per network measure for each polymorphism, ii) the difference 
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in slope between the genetic risk and non-risk group for the association between neuroticism and 
a specific network measure for each polymorphism. These difference measures were plotted and 
visually checked for consistency across threshold values. Subsequently, we applied the threshold-
free cluster enhancement (TFCE) method per network measure across threshold values to 
obtain a summarized scalar that is independent of single threshold selection (settings: E=1, H=0, 
hmin=0, hmax=maximal difference, dh=1000) (Smith and Nichols, 2009). Next, non-parametric 
permutation testing was applied on the TFCE per network measure to assess whether the results 
could have occurred by chance. To this end, genetic group membership was permuted randomly 
and both difference measures were recalculated per network measure for each polymorphism. 
This procedure was repeated 5000 times and a one-tailed test of the null hypothesis (p<0.05) was 
performed (Zhang et al., 2011). 

8.4 Results

8.4.1 Sample characteristics

The mean NEO-PI-R neuroticism score across the whole sample was 135.5 SD ± 18.9 (range: 
94-195). The genotype and allele frequencies closely resembled findings from the European 
HapMap31 (5-HTTLPR, L/L = 31, L/S = 57, S/S = 32, L = 0.50, S = 0.50; COMT rs4680, A/A = 
34, A/G = 57, G/G = 28, A = 0.53, G = 0.47; COMT rs165599, A/A = 56, A/G = 51, G/G = 11, A = 
0.69, G = 0.31). The genotype distributions were in Hardy-Weinberg equilibrium (5-HTTLPR, p = 
0.58; COMT rs4680, p = 0.67; COMT rs165599, p = 0.90). For 5-HTTLPR, the risk genotype group 
comprised 80 individuals and the non-risk genotype group comprised 31 individuals. For COMT, 
the risk haplotype group comprised 42 individuals and the non-risk haplotype group comprised 67 
individuals. For both polymorphisms, the risk group did not significantly differ from the non-risk 
group based on their mean neuroticism scores (5-HTTLPR t(109) = -0.72, p = 0.48; COMT t(107) = 
-0.07, p = 0.95).

8.4.2 Whole-brain network measures

8.4.2.1 Main effect of genetic group

For 5-HTTLPR, decreased global efficiency and increased modularity were found in the 
risk genotype group compared with the non-risk genotype group for binary graphs. For weighted 
graphs, we observed increased global efficiency, local efficiency and modularity in the risk 
genotype group contrasted with the non-risk genotype group. For COMT, we found decreased 
local efficiency and modularity in the risk haplotype group compared with the non-risk haplotype 
group for binary graphs. For weighted graphs, no significant results were identified (see Table 1 
for the results).
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8.4.2.2 Interaction effect between genetic group and neuroticism

COMT moderated the association between neuroticism and global efficiency for binary 
graphs. Specifically, neuroticism was positively correlated with global efficiency in the risk 
haplotype group, while a weak correlation was observed in the non-risk haplotype group. For 
weighted graphs, COMT moderated the association between neuroticism and local efficiency. 
Specifically, neuroticism correlated negatively with local efficiency in the risk haplotype group, 
while a weak correlation was found in the non-risk haplotype group (see Table 2 and Figure 1 for 
the results and see Supplemental material S6, Table S1 for the correlation values). No significant 
results were identified for 5-HTTLPR.

8.4.3 Network measures per module

8.4.3.1 Main effect of genetic group per module

For 5-HTTLPR, we found a decreased participation coefficient in the DMS, FPS and VS in 
the risk genotype group compared with the non-risk genotype group for both binary and weighted 
graphs. Additionally, we observed increased local efficiency in the COS and VS in the risk genotype 
group contrasted with the non-risk genotype group for weighted graphs. For COMT, we found 
decreased local efficiency in the DMS in the risk haplotype group compared with the non-risk 
haplotype group for binary graphs. For weighted graphs, a decreased participation coefficient in 
the FPS was observed in the risk haplotype group contrasted with the non-risk haplotype group 
(see Table 1 for the results).

8.4.3.2 Interaction effect between genetic group and neuroticism per module

For binary graphs, COMT moderated the association between neuroticism and local 
efficiency in the VS and between neuroticism and the participation coefficient in the FPS. For local 
efficiency in the VS, a negative correlation was observed with neuroticism in both genetic groups, 
however, this effect was more pronounced in the risk haplotype group. For the participation 
coefficient in the FPS, a positive correlation was found with neuroticism in the risk haplotype 
group, while a weak correlation was found in the non-risk haplotype group. For weighted graphs, 
COMT moderated the association between neuroticism and local efficiency in the COS, SMS and 
VS. In these three subnetworks, neuroticism was negatively correlated with local efficiency in the 
risk haplotype group, while a weak correlation was observed in the non-risk haplotype group (see 
Table 2 and Figure 1 for the results and see Supplemental material S6, Table S1 for the correlation 
values). For 5-HTTLPR, no significant results were identified.
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Polymorphism Graph type Network 
measure

Global/ 
subnetwork

TFCE 
p-value Contrast

COMT Binary Local efficiency Global 0.05 risk < non-risk

COMT Binary Modularity Global 0.02 risk < non-risk

COMT Binary Local efficiency DMS 0.009 risk < non-risk

COMT Weighted Participation 
coefficient

FPS 0.044 risk < non-risk

5-HTTLPR Binary Global 
efficiency

Global 0.036 risk < non-risk

5-HTTLPR Binary Modularity Global 0.034 risk > non-risk

5-HTTLPR Binary Participation 
coefficient

DMS 0.008 risk < non-risk

5-HTTLPR Binary Participation 
coefficient

FPS 0.003 risk < non-risk

5-HTTLPR Binary Participation 
coefficient

VS 0.027 risk < non-risk

5-HTTLPR Weighted Global 
efficiency

Global 0.041 risk > non-risk

5-HTTLPR Weighted Local efficiency Global 0.033 risk > non-risk

5-HTTLPR Weighted Modularity Global 0.035 risk > non-risk

5-HTTLPR Weighted Local efficiency COS 0.039 risk > non-risk

5-HTTLPR Weighted Local efficiency VS 0.023 risk > non-risk

5-HTTLPR Weighted Participation 
coefficient

DMS 0.008 risk < non-risk

5-HTTLPR Weighted Participation 
coefficient

FPS 0.001 risk < non-risk

5-HTTLPR Weighted Participation 
coefficient

VS 0.01 risk < non-risk

Table 1 Results for the main effect of genetic group

The measures global efficiency, local efficiency, modularity and participation coefficient were calculated 
on the whole-brain network and/or different functional subnetworks for binary and weighted graphs. The 
mean difference between the genetic risk and non-risk group was caluclated per network measure for each 
polymorphism. In the fifth column, p-values are listed for a one-tailed test of the null hypothesis (p<0.05) 
wherein we assessed whether the observed area under the curve could have occurred by chance using the 
threshold-free cluster enhancement (TFCE) method. COS, cingulo-operculum subnetwork; DMS, default 
mode subnetwork; FPS, fronto-parietal subnetwork; VS, visual subnetwork.
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Table 2 Results for the interaction effect between COMT haplotype and neuroticism

Polymorphism Graph type Network 
measure

Global/ 
subnetwork

TFCE 
p-value Contrast

COMT Binary Global 
efficiency

Global 0.036 risk > non-risk

COMT Binary Local efficiency VS 0.023 risk < non-risk

COMT Binary Participation 
coefficient

FPS 0.042 risk > non-risk

COMT Weighted Local efficiency Global 0.033 risk < non-risk

COMT Weighted Local efficiency COS 0.045 risk < non-risk

COMT Weighted Local efficiency SMS 0.026 risk < non-risk

COMT Weighted Local efficiency VS 0.013 risk < non-risk

The measures global efficiency, local efficiency, modularity and participation coefficient were calculated on the 
whole-brain network and/or different functional subnetworks for binary and weighted graphs. The difference 
in slope between the genetic risk and non-risk group was calculated for the association between neuroticism 
and a specific network measure for each polymorphism In the fifth column, p-values are summed for a one-
tailed test of the null hypothesis (p<0.05) wherein we assessed whether the observed area under the curve 
could have occurred by chance using the threshold-free cluster enhancement (TFCE) method. COS, cingulo-
operculum subnetwork; FPS, fronto-parietal subnetwork; SMS, somatosensory-motor subnetwork; VS, visual 
subnetwork.
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Figure 1 Results for the interaction effect between COMT haplotype and neuroticism. The measures global 
efficiency, local efficiency, modularity and participation coefficient were calculated on the whole-brain network 
and/or different functional subnetworks for binary and weighted graphs. The difference in slope between the 
genetic risk and non-risk group was calculated for the association between neuroticism and a specific network 
measure for each polymorphism (see the method section for the group definition). Results are visualized for 
the proportional threshold of 15%. Coef., coefficient; COMT, catechol-O-methyltransferase, COS, cingulo-
operculum subnetwork; FPS, fronto-parietal subnetwork; NEO-PI-R, NEO personality inventory revised; 
SMS, somatosensory-motor subnetwork; VS, visual subnetwork.
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8.5 Discussion

The aim of the current study was to investigate the triadic interplay between 5-HTTLPR/
COMT, functional brain network organization and neuroticism. Consistent with prior hypotheses, 
we found an altered functional network organization in genetic risk carriers compared to non-
risk carriers for both polymorphisms. Specifically, the findings showed a stronger involvement of 
subnetworks related to salience and visual processing in the functional network organization of 
genetic risk carriers and less involvement of subnetworks related to cognitive control. Moreover, 
COMT (but not 5-HTTLPR) moderated the association between neuroticism and functional 
network organization. In the risk haplotype group, individuals scoring higher on neuroticism 
(compared to individuals scoring lower) had lower efficiency coefficients for salience and sensory(-
motor) subnetworks, while showing relatively more connections between the fronto-parietal 
control subnetwork and other functional subnetworks. This effect was not observed in the non-
risk haplotype group.

8.5.1 5-HTTLPR 

For 5-HTTLPR, in risk genotype carriers compared to non-risk genotype carriers, we found 
that the whole-brain functional network organization resembles more that of a small-world 
organization, that is, increased functional integration and segregation (Latora and Marchiori, 
2001; for a description of the different types of network organizations, see Watts and Strogatz, 1998 
and Xia and He, 2011). Specifically, we observed that efficiency coefficients were higher in salience 
and visual subnetworks (COS and VS) and that cognitive control and visual subnetworks (DMS, 
FPS and VS) had relatively fewer connections with other functional subnetworks. The salience 
subnetwork (COS) is involved in the detection and evaluation of salient affective stimuli and the 
production of affective states (Laird et al., 2011; Menon and Uddin, 2010; Seeley et al., 2007). It 
includes, among others, the insula, anterior cingulate cortex (ACC), striatum and thalamus. This 
subnetwork is important in identifying stimuli that pose a threat to survival and subsequently, 
launching a cascade of reactions that include the initiation of physiological and behavioural 
preparatory mechanisms for an adaptive response (Menon and Uddin, 2010; Seeley et al., 2007). 
During such threatening situations, sensory systems are modulated and tuned by neural circuitry 
via neurotransmitters in order to focus attention selectively on the salient stimulus (Hurley et al., 
2004). Previous research has shown that the neurotransmitter serotonin can alter the responsivity 
and selectivity of sensory neurons in the visual cortex in response to salient internal states and 
environmental events (for a review see, Hurley et al., 2004). In line with this, increased activation 
in the visual cortex has been found during the perception and expectation of arousing emotional 
stimuli opposed to less arousing and/or neutral stimuli (Bradley et al., 2003; Ueda et al., 2003). To 
conclude, both the salience and visual subnetwork may be involved in the detection and subsequent 
processing of salient stimuli. 
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Compared to individuals carrying the L-allele1 of 5-HTTLPR, individuals carrying the 
S-allele have demonstrated increased activation in brain regions implicated in salience and visual 
processing during fear learning, anticipation of aversive stimuli and emotion processing (Drabant et 
al., 2012; Herrmann et al., 2007; Klucken et al., 2013). These findings may be explained by attention 
biases in information processing, as studies have revealed that S-allele carriers have more difficulty 
in disengaging themselves from emotional stimuli (e.g. negative facial expressions) than L-allele 
carriers (Beevers et al., 2009; Koizumi et al., 2010; Pérez-Edgar et al., 2010; for a recent review, see 
Jonassen and Landro, 2014). Such biases have also consistently been found in depression and have 
been related to an over-responsive salience subnetwork (Hamilton et al., 2013). Thus, our finding 
of higher information processing efficiency in the salience and visual subnetwork may be related to 
more focused attention on threatening and negative emotional stimuli in the risk genotype group 
compared to the non-risk genotype group. This deserves further investigation in future research.   

A potential explanation for heightened emotional reactivity in S-allele carriers, may be less 
efficient cognitive control of prefrontal regions (PFC) over limbic structures (Jonassen and Landro, 
2014). In line with this proposition, studies have found both increased activation in PFC regions 
and reduced functional connectivity between the amygdala and PFC regions in S-allele carriers 
compared to L-allele carriers during emotion processing and executive functioning (Jonassen et 
al., 2012; Stollstorff et al., 2013; Surguladze et al., 2008; Volman et al., 2013). Furthermore, during 
reappraisal of negative emotional pictures, individuals homozygous for the S-allele showed no 
reductions in negative mood and increased activation of the superior frontal gyrus and anterior 
insula compared to individuals homozygous for the L-allele (Firk et al., 2013). These findings 
may indicate that S-allele carriers show less efficient and less effective top-down cognitive control 
over negative emotions compared to L-allele carriers. Accordingly, we found fewer connections 
between cognitive control subnetworks and other functional subnetworks in the risk genotype 
group compared to the non-risk genotype group in the current study. In conclusion, our findings 
may suggest that risk genotype carriers compared to non-risk genotype carriers have an increased 
tendency to appraise the environment as more threatening and are more sensitive to negative 
emotional stimuli, due to reduced cognitive control. This has also been proposed in a recent review 
of Jonassen and Landro (2014) as an underlying mechanism that may explain the behavioural 
disadvantage observed in S carriers, while they attempt to cognitively control negative emotions.

1 The studies discussed in the section ‘5-HTTLPR’ of the discussion use different genotype group definitions: 
i) S homozygotes versus L carriers (Drabant et al., 2012; Klucken et al., 2013; Koizumi et al., 2010; Volman et al., 
2013), ii) S carriers versus L homozygotes (Beevers et al., 2009; Herrmann et al., 2007), iii) S homozygotes versus L 
homozygotes (Beevers et al., 2009; Firk et al., 2013; Stollstorff et al., 2013), iv) S homozygotes versus heterozygotes 
versus L homozygotes (Jonassen et al., 2012; Pérez-Edgar et al., 2010; Surguladze et al., 2008). In sum, it varies per 
study whether the heterozygote group is included in the SS or LL group, is omitted or is an independent group. 
For this reason, we used the terms S carriers and L carriers, when describing the results of studies using different 
genotype group definitions. The exact genotype group definitions of each study can be found in this footnote.
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8.5.2 COMT

For COMT, in the risk haplotype group compared to the non-risk haplotype group, we found 
a whole-brain functional network structure that resembles more that of a random network, that 
is, less functional segregation (Latora and Marchiori, 2001; Watts and Strogatz, 1998; Xia and He, 
2011). Specifically, we observed that efficiency coefficients were lower in the DMS and that the 
FPS had fewer connections with other functional subnetworks. The finding related to the DMS 
is in line with prior research showing extensive decreases in DMS connectivity between mostly 
PFC regions and the posterior cingulate cortex (PCC) in Val homozygotes (COMT val158met) 
compared to heterozygotes (Liu et al., 2010), Met carriers (Tian et al., 2013) or only heterozygotes 
and not Met homozygotes (i.e. inverted U-shape) (Dang et al., 2012). Furthermore, the latter study 
found a relationship between lower DMS connectivity and slower responses during a set shifting 
task, which may suggest less efficient cognitive processing (Dang et al., 2012). The finding related 
to the FPS is in accordance with studies on COMT val158met demonstrating less efficient cognitive 
processing in PFC regions that are part of the FPS in Val-allele carriers compared to Met-allele 
carriers (for a meta-analysis, see Mier et al., 2010).

8.5.3 COMT and neuroticism

For COMT, in the risk haplotype group (not in the non-risk haplotype group), we found that 
individuals scoring higher on neuroticism had a whole-brain functional network organization that 
resembles more that of a random network organization, i.e. increased functional integration and 
decreased functional segregation, compared to individuals scoring lower (Latora and Marchiori, 
2001; Watts and Strogatz, 1998; Xia and He, 2011). Specifically, neuroticism was associated with 
i) lower efficiency coefficients for salience and sensory(-motor) subnetworks (COS, VS and SMS) 
and ii) more connections between the FPS and other functional subnetworks. Previous research 
has demonstrated a link between dopaminergic functioning and salience processing in healthy 
individuals as well as patients with schizophrenia and depression (Gradin et al., 2011; for a review 
on this topic in depression and schizophrenia, see Hamilton et al., 2012 and Winton-Brown et al., 
2014, respectively). Increases in the neurotransmitter dopamine in mesolimbic, mesocortical and 
nigrostriatal sites have been shown in response to a wide range of arousing salient stimuli, such 
as strong aversive stimuli and sensory stimuli of high intensity and with a rapid onset (Horvitz, 
2000). Therefore, it has been proposed that dopamine may be involved in the general detection 
of prediction errors (i.e. the discrepancy between expected and actual outcomes) and not only in 
reward prediction errors (for a review, see Horvitz, 2000). Particularly, the salience subnetwork 
was suggested to be involved in this process (Hauser et al., 2014; Winton-Brown et al., 2014). 
Furthermore, dopamine neurons in sensory(-motor) subnetworks have also been implicated in 
the detection and exploration of salient stimuli by modulating attention and triggering adaptive 
behavioural responses, respectively (Bromberg-Martin et al., 2010; Winton-Brown et al., 2014). 
Indeed, during emotional salience detection, a recent study has demonstrated that dopamine 
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modulated activation in brain regions involved in sensory processing, salience processing and 
emotion processing, such as the occipital cortex, amygdala, hippocampus, striatum, insula, and 
frontal/cingulate regions (Jabbi et al., 2013). Thus, in the current study, the finding of reduced 
information processing efficiency in salience and sensory(-motor) subnetworks may be related 
to impaired prediction and anticipation of salient events in high compared to low neurotic 
individuals in the risk haplotype group. This may hamper associative learning in these high 
neurotic individuals, thereby increasing feelings of uncertainty (for a review, see Palaniyappan and 
Liddle, 2012).

Furthermore, in the risk haplotype group (not in the non-risk haplotype group), we found 
that the FPS had relatively more connections with other functional subnetworks in high compared 
to low neurotic individuals. This finding may be interpreted as a compensatory mechanism, i.e. 
increased cognitive control, in response to the observed reduction in information processing 
efficiency in the salience and sensory(-motor) subnetworks in these high neurotic individuals 
(Doucet et al., 2011; Laird et al., 2011). Aforementioned interpretations are in line with our model 
of emotion processing in neuroticism (Servaas et al., 2013b), wherein we proposed that a more 
active fear learning system may lead to difficulties in the anticipation of aversive stimuli, requiring 
increased cognitive control. Accordingly, in depression, evidence has been found for the hypothesis 
of reduced dopamine function - leading to dysfunctional salience processing and error prediction 
-  being associated with feelings of anhedonia (Gradin et al., 2011). In addition, COMT variation 
has also been implied in depression, although not robustly (Opmeer et al., 2010).

8.5.4 Limitations

Several limitations of this study need to be considered. First, we had no direct measures 
of serotonin and dopamine levels in the different functional subnetworks. Second, although 
our sample size is relatively large, it was too small to investigate interactions between the two 
polymorphisms 5-HTTLPR and COMT. Third, we tested associations between 5-HTTLPR/
COMT, functional brain network organization and neuroticism. For future research, it would be of 
interest to determine the causal relations between these factors, to investigate the validity of models 
proposed by the endophenotype approach (e.g. mediational model) (Kendler and Neale, 2010). 
Does polymorphic-dependent neurotransmission indeed influence neural (network) plasticity 
(in interaction with the (early) environment) that causes neuroticism (Hahn et al., 2011, 2013)? 
Though interesting, it is challenging to investigate, since i) functioning of neurotransmission 
is extremely complex, ii) causal effects are difficult to determine, iii) there are other unknown 
factors at work (e.g. pleiotropy, epistasis and gene-by-environment interactions) and iv) pathways 
have small effect sizes (Canli, 2008; Hahn et al., 2011, 2013). More in vitro (e.g. gene expression 
quantification), in vivo (e.g. single photon emission computed tomography, SPECT) and 
longitudinal studies are necessary. Fourth, we only investigated female students and therefore, our 
findings cannot be generalized to the whole population. Future studies should replicate our results 
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in, for example, male samples. However, by selecting a homogenous sample, we controlled for 
several important confounders, such as gender, age, education level and ethnicity. Fifth, we used a 
univariate approach in the current study. It is known that univariate analyses do not capture the full 
complexity of brain networks (Simpson et al., 2013). Multivariate approaches are currently being 
developed to investigate the effects of multiple measures on the network organization (Simpson 
et al., 2013). For this reason, our results should be considered exploratory and further validation 
is needed.

8.6 Conclusion

The aim of the current study was to investigate the triadic interplay between 5-HTTLPR/
COMT, functional brain network organization and neuroticism. For both polymorphisms, 
we found an altered functional network organization in genetic risk carriers compared to non-
risk carriers. Specifically, the findings showed that subnetworks related to salience and visual 
processing play a more prominent role in the functional network organization of genetic risk 
carriers, than subnetworks related to cognitive control. This may generate the hypothesis that 
genetic risk carriers compared to non-risk carriers perceive the world as more threatening and 
express heighted emotional reactivity to negative events, possibly due to reduced cognitive 
control. For COMT, in the risk haplotype group (not the non-risk haplotype group), neuroticism 
was associated with i) lower efficiency coefficients for salience and sensory(-motor) subnetworks 
and ii) relatively more connections between the fronto-parietal control subnetwork and other 
functional subnetworks. In the risk haplotype group, these findings may indicate that high 
compared to low neurotic individuals show impairments in the prediction and anticipation of 
salient events, requiring increased cognitive control to process the sensory overload. In conclusion, 
our findings of altered topology of specific subnetworks may help explain why risk carriers of the 
5-HTTLPR and COMT (scoring higher on neuroticism) have difficulties in emotion processing 
and are more prone to develop psychopathology. The current study illustrates the added value of 
using connectomic measures in genetic imaging. Future studies may use this method to further 
investigate the relationship between genetics and the functional network organization in healthy 
individuals as well as psychiatric patients.
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8.8 Supplementary material

8.8.1 S1 Overview of the full fMRI session

The full fMRI session consisted of four tasks, resting state and an anatomical scan. The 
following tasks/scans were presented in consecutive order: emotional face matching task (Hariri et 
al., 2002), mood (worry) induction paradigm (Paulesu et al., 2010), anatomical scan, resting state, 
interoceptive sensitivity task (Pollatos et al., 2007) and Ultimatum Game (Sanfey et al., 2003). The 
total duration of the fMRI session was approximately 60 minutes. The order was fixed and identical 
for all participants.

8.8.2 S2 Preprocessing steps

First, structural as well as functional images were reoriented parallel to the AC-PC plane. 
Second, functional images were realigned to the first image using rigid body transformations 
and the mean EPI image, created during this step, was coregistered to the anatomical T1 image. 
Third, structural images were corrected for bias field inhomogeneities, registered using linear 
transformations and segmented into grey matter (GM), white matter (WM) and cerebrospinal 
fluid (CSF) (MNI template space). Fourth, we used DARTEL (diffeomorphic anatomical 
registration through exponentiated lie algebra toolbox) (Ashburner, 2007) to create a customized 
group template to increase the accuracy of inter-subject alignment. Individual GM and WM tissue 
segments were iteratively aligned to the group template in order to acquire individual deformation 
flow fields. Fifth, the coregistered functional images were normalized to MNI space using the 
customized group template and individual deformation flow fields. Furthermore, images were 
resampled to 2 mm3 isotropic voxels and smoothed with a 8 mm full-width at half-maximum 
(FWHM) Gaussian kernel.

8.8.3 S3 Scrubbing procedure: framewise displacement and DVARS

The indices framewise displacement (FD) and DVARS were calculated to indicate volumes 
(i.e. frames) that may be affected by motion artifacts (Power et al., 2012). FD is calculated as the 
root of the sum of the squared differentials per volume. Rotations were converted to translations 
assuming a distance of 65 mm from the origin of rotation (ArtRepair toolbox, http://cibsr.stanford.
edu/tools/human-brain-project/artrepair-software.html). DVARS is calculated as the root mean 
square (RMS) of the derivatives of the time series across voxels included in the whole-brain mask 
per volume (Power et al., 2011, 2012). Volumes were removed when FD>0.5 mm and DVARS>mean 
+ 3*SD. Additionally, one backward and two forward neighboring volumes were removed as well. 
The median of the number of scans that were removed per subject was 11.0 (IQR = 14.2). Subjects 
were excluded when more than one third of the volumes had to be removed. After scrubbing, 
neuroticism scores did not correlate with mean head displacement, maximum head displacement, 
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head rotation and the number of micromovements (<0.1 mm) (p>0.17) (van Dijk et al., 2010). 
Furthermore, neuroticism did not correlate with the number of removed scans (p = 0.63).

8.8.4 S4 Module decomposition

A two-step procedure was applied to achieve the optimal modular structure using a threshold 
of 1.8% (see S5 for details on the selection of this threshold). Input for this procedure was the 
binarized correlation matrix averaged across subjects. First, nodes were partitioned into modules 
using the algorithm of Blondel et al. (2008), wherein nodes are divided in groups with a maximum 
number of within-group edges and a minimum number of between-group edges. This calculation 
was repeated 500 times to increase the chance of escaping local maxima. The statistic was further 
optimized by applying the modularity fine-tuning algorithm of Sun et al. (2009), wherein nodes 
are randomly assigned to other modules until modularity no further improves. 

8.8.5 S5 Selection of an optimal threshold for module decomposition

First, correlation matrices were binarized using a range of threshold values (T=0.01-0.30 in 
increments of 0.01). Second, these matrices were averaged across subjects per threshold value and 
the entropy was calculated for each of them to indicate for which threshold value the edges showed 
the largest stability information-wise (lowest entropy). These results were compared to results 
obtained via randomized matrices (for details, see Geerligs et al., 2014). The optimal threshold is 
the threshold where (i) the original matrix shows the largest stability across subjects (low entropy) 
and (ii) the difference in entropy is the largest between the original matrix and random matrix. The 
optimal threshold in the current study was 1.8%.
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9.1 General discussion

The aim of the current thesis was to investigate the neural mechanisms underlying 
neuroticism to gain insight into why individuals scoring high on this personality trait are more 
vulnerable to develop psychopathology. To this end, we examined differences in brain function in 
relation to neuroticism with functional magnetic resonance imaging (fMRI) during rest as well as 
particular emotion processing tasks. As prior studies have shown that neuroticism is moderately 
heritable (≈50%), (Boomsma et al., 2000; Canli, 2008; Distel et al., 2009; Flint, 2004; Hansell et al., 
2012; Riese et al., 2009), we examined whether specific genes moderate the association between 
neuroticism and brain function.

9.2 Summary of the findings

In this section of the general discussion, we summarize and discuss the findings of 
Chapters 2-8. In 2001, the first fMRI study on neuroticism was performed by Canli et al. to 
investigate whether neuroticism is associated with brain activation in response to emotional 
stimuli. Subsequently, a variety of studies have been performed that examined different cognitive-
emotional processes using a diverse set of paradigms. However, the results of these studies were 
largely inconsistent and hardly had been integrated to construct a model of the underlying neural 
mechanisms of neuroticism. Until then, no meta-analysis had been performed that provided a 
quantitative summary of the literature. Therefore, the aim of the study in Chapter 2 was to perform 
a meta-analysis on neuroimaging studies investigating emotion processing in association with 
neuroticism, to examine the consistency of findings across studies. Significant results were only 
observed for the contrast (negative>neutral) in association with neuroticism, not for the contrast 
(positive>neutral). In high compared to low neurotic individuals, we found higher activation 
in brain regions related to fear learning (e.g. hippocampal-parahippocampal complex) and 
emotion processing/regulation (e.g. frontal and cingulate regions), and lower activation in brain 
regions related to the anticipation of aversive stimuli (e.g. anterior/posterior cingulate cortex and 
striatum). These findings were integrated in a model of emotion processing in neuroticism. In this 
model, we proposed that negative biases in information processing together with a more active 
fear learning system, may hamper adaptive associative learning in individuals scoring higher 
on neuroticism, leading to impairments in the prediction and anticipation of aversive events. 
Consequently, this may produce feelings of uncertainty in these individuals, requiring increased 
cognitive control. In conclusion, we suggest that abovementioned cognitive-emotional processes 
and corresponding neural correlates may contribute to the increased emotional reactivity and 
negative emotionality observed in individuals with high scores on neuroticism compared to 
individuals with low scores. 
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Using a fear learning paradigm, a recent study has investigated the relationship between 
neuroticism and functional connectivity between i) the amygdala and hippocampus and ii) the 
amygdala and prefrontal regions in healthy, 14-year-old adolescents (Tzschoppe et al., 2014). 
The authors found increased functional connectivity between these specific brain regions in 
association with neuroticism during the acquisition phase of fear learning, which may indicate 
increased emotion processing and consolidation of learned fear associations in individuals 
scoring higher on neuroticism. This is in line with our meta-analytic finding of a more active 
fear learning system in high compared to low neurotic individuals. For future research, it would 
be of interest to also investigate functional connectivity patterns in association with neuroticism 
during the anticipation of aversive stimuli (thereby making a clear distinction between the fear 
learning and anticipation phase) and emotion regulation. Furthermore, as proposed in Chapter 
2, research is needed into the causal and bidirectional relationships between the different 
cognitive-emotional processes found in our meta-analysis and associations with neuroticism on 
a behavioral, psychological and neurobiological level.

As described in Chapter 1, the majority of research on neuroticism has primarily been 
focused on processes related to fear learning, anticipation of aversive stimuli and emotion 
processing/regulation. In the current thesis, we focused on three other key cognitive-emotional 
processes related to neuroticism that lack investigation, that is, i) the use of worry as a coping 
mechanism, ii) emotional reactivity to unfairness and iii) sensitivity to criticism. First, prior 
research has shown that the application of maladaptive coping strategies is one of the reasons 
that individuals scoring higher on neuroticism express heightened emotional reactivity and 
experience more negative emotions (for a review, see Suls and Martin, 2005). Excessive worry is 
such a strategy and neuroticism has been shown to be directly related to increased worrying or 
to processes that negatively reinforce, initiate or extend the use of worry as a coping mechanism 
(Blair and Blair, 2012; Borkovec et al., 2004; Bringmann et al., 2013; Hale et al., 2010; Matthews et 
al., 2000; Mennin et al., 2005; Muris et al., 2005; Roelofs et al., 2008). Nonetheless, the relationship 
between neuroticism and the tendency to worry has not been studied extensively, specifically 
not with fMRI. Hence, the aim of the study in Chapter 3 was to investigate the neural correlates 
of state worry in association with neuroticism. We found that individuals scoring higher on 
neuroticism demonstrated increased worrying based on questionnaire, task and imaging results. 
The questionnaire results showed that, in daily life, high neurotic individuals rated their worry 
episodes as more excessive and uncontrollable in comparison to low neurotic individuals (trait 
worry). This propensity was also observed in our task results of experimentally-induced worry, 
that is, high neurotic individuals indicated to have generated more worry-related thoughts after 
the presentation of a worry-inducing sentence than low neurotic individuals (state worry). The 
neuroimaging results demonstrated that, during worry, neuroticism was associated with lower 
activation in the retrosplenial and visual cortex. Based on the connectivity patterns of both 
brain regions during worry and theories related to worry, we proposed that these regions may be 
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implicated in autobiographical specificity and visual mental imagery, respectively. These findings 
possibly indicate that, during worry, high compared to low neurotic individuals tend to recollect 
memories in an overgeneral way (Sumner, 2012; Svoboda et al., 2006) and reduce the visualization 
of emotional events (Borkovec et al., 2004; Holmes and Mathews, 2010). In the literature, both 
processes have been related to the cognitive avoidance of emotional distress, which is in line with 
the proposed function of worry in the theory of Borkovec et al. (2004). In conclusion, neuroticism 
may be associated with the use of worry as a coping mechanism to temporarily release stress. 
However, in the end, it may make individuals scoring higher on neuroticism more vulnerable for 
the development of psychopathology, because emotions are not regulated optimally (Borkovec et 
al. 2004). 

As of yet, this is still the first fMRI study to investigate the neural correlates of state worry 
in association with neuroticism. For this reason, our findings need to be replicated and further 
validated. In addition, it would be interesting to calculate graph measures, such as efficiency, to 
investigate the functional integration and segregation of information processing during worry 
in high compared to low neurotic individuals. For instance, it is possible that information is 
processed differently in terms of efficiency in the default mode network during worry, specifically 
in individuals scoring higher on neuroticism (see the section Future research for a more extended 
description). Moreover, it would be of interest to investigate the relationship between neuroticism 
and worry in daily life, using ambulatory experience sampling methods (Suls and Martin, 2005), 
to examine when and how often individuals scoring higher on neuroticism apply worry as a 
coping mechanism and how this influences their mood.

Second, previous studies have shown that high compared to low neurotic individuals report 
more interpersonal conflicts, leading to increased levels of stress (Bolger and Schilling, 1991; 
Bolger and Zuckerman, 1995; Gunthert et al., 1999). It has been proposed that high neurotic 
individuals are emotionally more reactive to these types of stressors, because they i) tend to apply 
maladaptive interpersonal coping strategies (Gunthert et al., 1999), ii) display more avoidance 
and revenge motivations in response to transgressions and iii) are less forgiving (Brose et al., 
2005; Maltby et al., 2008). These findings indicate that individuals scoring higher on neuroticism 
compared to individuals scoring lower experience more problems in dealing with interpersonal 
conflicts, which may impact their decision-making in these situations. For this reason, the aim 
of the study in Chapter 4 was to investigate the association between neuroticism and brain 
activation during the perception of social norm violations and social decision-making in the 
Ultimatum Game (UG), specifically in response to unfair offers. We found that high compared 
to low neurotic individuals did not reject more unfair offers, neither did they show differential 
brain activation patterns during the proposal of unfair offers. However, during the acceptance 
of unfair offers, high neurotic individuals did show lower activation in the right dorsal striatum, 
previously involved in the formation of stimulus-action-reward associations (Balleine et al., 

Thesis_Book .indb   214 1/4/2015   1:36:24 PM



215

9

2007; FitzGerald et al., 2012; Haruno and Kawato, 2006; Peterson and Seger, 2013), motivation 
and arousal (Miller et al., 2014; Takeuchi et al., 2014). The findings suggest that both high and 
low neurotic individuals recruit brain regions signaling social norm violations in response to 
unfair offers. However, when it comes to decision-making, it seems that neural circuitry related 
to reward and motivation is altered in individuals scoring higher on neuroticism, when accepting 
an unfair offer. In conclusion, high compared to low neurotic individuals may experience more 
negative affect in response to social norm violations - possibly due to maladaptive coping - and 
therefore, show decreased reward responsiveness during the acceptance of unfair offers. 

Thus far, this is still the first study that investigated the association between neuroticism 
and brain activation during the perception of social norm violations and social decision-making 
in the UG. In future research, it would be of interest i) to collect behavioral and autonomic 
measures during the task to investigate emotional responses to offers (Pillutla and Murnighan, 
1996; van’t Wout et al., 2006; Xiao and Houser, 2005) and ii) to offer a greater range of offers 
(Kirk et al., 2011), since high and low neurotic individuals may make similar decisions for offers 
on the extremes, but different ones for offers in the middle (i.e. the ‘grey’ area). Furthermore, 
it would be interesting to investigate the relationship between neuroticism and unfairness 
inflicted by a significant other (not a stranger) in a more interpersonal context (less economic) 
using fMRI. For instance, an emotional memory task can be applied, wherein individuals are 
instructed to relive transgressions involving friends. Notably, a quantitative meta-analysis on 
emotional memory tasks wherein the rejection of a significant other was relived, has shown the 
involvement of brain regions (e.g. anterior insula and anterior cingulate cortex) previously related 
to uncertainty, rumination, emotional craving and the mental representation of significant others 
and interpersonal relationships (Cacioppo et al., 2013), which are all concepts that have been 
associated with neuroticism (for a review, see Ormel et al., 2013a).

Third, it has been shown that high compared to low neurotic individuals are more self-
critical (Clara et al., 2003) and are highly sensitive to criticism by others (Watson et al., 1994). 
Alterations in the processing of criticism have been observed in several psychiatric disorders 
(Blair et al., 2008; Hooley et al., 2009) and are associated with increased risk of relapse and poor 
clinical outcomes in, for example, depression and anxiety disorders (Hooley et al., 2012). Hence, 
both neuroticism and sensitivity to criticism are clinically relevant concepts. However, their 
association has not been investigated extensively, particularly not with fMRI. Therefore, the aim 
of the study in Chapter 5 was to investigate the effect of criticism on functional brain connectivity 
in association with neuroticism, using a novel resting-state paradigm. In this paradigm, we 
presented participants with three standardized critical remarks through headphones in which 
the investigator urged the participant, with an increasingly agitated tone, to please lie still in 
the scanner (independent of whether they were lying still or not). During criticism, we found 
that high compared to low neurotic individuals showed higher functional connectivity between 
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the prefrontal/fronto-temporal cluster and the lateral PFC, a brain region previously implicated 
in cognitive control and reappraisal (Ochsner et al., 2002; Ochsner and Gross, 2005; Ochsner 
and Gross, 2008). Furthermore, in these high neurotic individuals, we found lower functional 
connectivity between the prefrontal cluster and several default mode brain regions and between 
the amygdala/hippocampal cluster and several frontal regions. The findings may suggest that, in 
high compared to low neurotic individuals, information is processed less efficiently in circuits 
related to self-reflective (Buckner et al., 2008) and emotion (Etkin et al., 2011) processing during 
criticism, requiring increased cognitive control of frontal circuits as a compensatory mechanism 
(Ochsner and Gross, 2005). In conclusion, during criticism, individuals scoring higher on 
neuroticism may need greater regulatory efforts in order to gain cognitive control over negative 
emotions than individuals scoring lower, possibly explaining their sensitivity to negative social-
evaluation (Watson et al., 1994). 

A recent study on self-criticism in relation to neuroticism is in line with our results (Doerig 
et al., 2013). The authors found higher activation in several brain regions during the processing 
of self-critical adjectives (compared to neutral words and non-self-referential adjectives) that 
converged with regions we selected as seed regions in our study, that is, the amygdala-hippocampal 
complex, anterior insula, default mode brain regions and an extended network of bilateral frontal 
brain regions (incl. the lateral prefrontal cortex). This latter network was suggested, by the authors, 
to be involved in top-down emotion regulation through the cognitive reappraisal or suppression 
of negative emotional stimuli, such as negative images of the self. Furthermore, they found higher 
activation in a brain region part of this network (i.e. right superior frontal cortex) in association 
with neuroticism, indicating that high compared to low neurotic individuals require more frontal 
activation to achieve the same amount of cognitive control. For future research, it would be 
interesting to investigate the relationship between criticism, self-criticism and neuroticism in 
daily life, using ambulatory experience sampling methods (Suls and Martin, 2005) to examine 
i) contexts in which high neurotic individuals feel criticized or criticize themselves, ii) the 
feelings they experience during such situations and for how long and iii) the kind of regulation 
strategies they apply. Moreover, as proposed in Chapter 5, it would be of interest to investigate 
how connectivity dynamically changes (see the section Future research for a more extended 
description) when individuals receive criticism to examine interactions between brain networks 
involved in emotion processing and cognitive control, and how long changes in connectivity last 
and differences herein in relation to neuroticism.

Besides investigating differences in brain functioning during certain cognitive-emotional 
processes, we were interested in investigating the underlying functional network organization in 
association with neuroticism. Findings from structural connectivity studies sparked this interest 
by demonstrating decreased white-matter integrity in multiple fiber tracts interconnecting 
various brain regions (Bjørnebekk et al., 2013; Xu and Potenza, 2012). Hence, the aim of the study 
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in Chapter 6 was to investigate whether there is also evidence for an alteration of whole-brain 
functional connectivity in association with neuroticism. We found that the functional network 
organization of high compared to low neurotic individuals is organized less optimally with regard 
to efficient information processing and shows signs of functional disconnectivity. Furthermore, 
we demonstrated that subnetworks related to emotion and salience processing play a more 
prominent role in the network organization of high neurotic individuals, while subnetworks 
related to sensory(-motor) functions and cognitive control play a less prominent role. These 
findings may indicate that the ‘neurotic brain’ processes information less cost-efficiently (Achard 
and Bullmore, 2007) and is less cognitively controlled (Doucet et al., 2011; Kinnison et al., 
2012; Laird et al., 2011). In conclusion, during rest (i.e. when the brain is in default mode), high 
compared to low neurotic individuals may process information on salient emotional stimuli 
more efficiently, while they process information less efficiently in subnetworks that cognitively 
control the impact of such stimuli. This may impose constraints on and bias cognitive-emotional 
processing during task performance and social interaction (Menon, 2011), which may lead to 
emotional instability in individuals with higher levels of neuroticism (Ormel et al., 2013a).

One other graph theory study has been performed on neuroticism (Gao et al., 2013) as 
described in Chapter 1. Two network measures in this study were also calculated in our study, that 
is, global and local efficiency (both were calculated on the whole-brain for binary graphs by Gao 
et al.). We found a positive correlation between neuroticism and global efficiency, and a negative 
correlation between neuroticism and local efficiency. However, this was not found by Gao et al. 
(2013) (for a description of their results, see Chapter 1, section Resting-state imaging). There 
can be a number of reasons for this discrepancy, specifically a difference in gender distribution 
of the sample (women only versus men and women), age range of the sample (18-25 yrs versus 
17-36 yrs), ethnicity of the sample (Dutch versus Chinese), applied neuroticism questionnaire 
(NEO-PI-R versus EPQ-R), scan duration (10 min versus 8.5 min) and several aspects of the 
analysis method (e.g. seed regions from Power et al., 2011 versus AAL seed regions). Hence, more 
studies should be performed to replicate and further validate our results. Additionally, for future 
research, it would be interesting to investigate the relationship between structural and functional 
connectivity and between network measures and behavioral vulnerabilities (e.g. maladaptive 
forms of emotion processing and emotion regulation) in association with neuroticism (see the 
section Future research for a more extended description).

 Finally, we performed two genetic imaging studies. In the first study in Chapter 7, 
we investigated the alleged association between the serotonin transporter polymorphism 
(5-HTTLPR) and amygdala activation. Prior research has shown that carrying the S-allele 
compared to carrying two copies of the L-allele is associated with reduced transcriptional efficacy 
of the serotonin transporter (5-HTT) gene and explains inherited variance in neuroticism 
and other anxiety-related traits (Lesch et al., 1996). Higher amygdala activation in response to 
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negative emotional stimuli (e.g. fearful facial expressions) was proposed as an underlying neural 
mechanism for the latter. A recent meta-analysis on the association between 5-HTTLPR and 
amygdala activation revealed a significant result (Hedge g = + 0.35, p = 0.03) (Murphy et al., 
2013). However, this meta-analytic association was no longer significant (g = + 0.20, p = 0.06), 
when unpublished studies were included and the meta-analysis was updated with our relatively 
high-powered sample (n=120). In conclusion, the association between 5-HTTLPR and amygdala 
activation is either much smaller than previously thought or conditional on other factors, such 
as the experience of adverse life events (Caspi et al., 2010). This study underlines the importance 
of repeatedly updating meta-analyses. This holds especially for the quantitative integration of 
published findings regarding ‘hot topics’, wherein positive findings are largely based on studies 
with small sample sizes and publication bias cannot be ruled out.

In the second study in Chapter 8, we investigated the triadic interplay between 5-HTTLPR/
COMT, functional brain network organization and neuroticism. It has been shown that 
neuroticism is moderately heritable, that is, approximately 50% of the variance can be explained 
by genetic factors (Boomsma et al., 2000; Canli, 2008; Distel et al., 2009; Flint, 2004; Hansell et al., 
2012; Riese et al., 2009). Two polymorphisms that have been related to neuroticism and emotion 
processing are the 5-HTTLPR and COMT (for reviews, see Bevilacqua and Goldman, 2011; 
Canli, 2008; Domschke and Dannlowski, 2010; Hariri and Holmes, 2006; for a meta-analysis on 
COMT, see Mier et al., 2010). Previous studies have typically investigated associations between 
neuroticism-related traits (e.g. phobic proneness), specific genes (e.g. 5-HTTLPR) and brain 
activation in limbic areas during the processing of fearful stimuli (for a review, see Domschke 
and Dannlowski, 2010). However, recently, it was proposed that psychopathology probably does 
not arise from dysfunctional activation in a few specific brain regions during a particular task, 
but from alterations in the functional integration and segregation of neural circuits (i.e. disrupted 
connectivity) (for reviews, see Buckholtz and Meyer-Lindenberg, 2012; Fornito and Bullmore, 
2012; Meyer-Lindenberg, 2012; Tost et al., 2012; for a research article, see Fornito et al., 2011). 
In the current study, we indeed found an altered functional network organization in genetic risk 
carriers (5-HTTLPR: S/S, Lg/Lg, S/Lg, S/La, Lg/La; COMT rs4680: Val/Val and rs165599: Met/
Met) compared to genetic non-risk carriers (5-HTTLPR: La/La; COMT rs4680: Met/Met and 
Val/Met, and rs165599: Val/Val and Val/Met) for both polymorphisms. Specifically, the findings 
showed that subnetworks related to salience and visual processing play a more prominent role in 
the functional network organization of genetic risk carriers, than subnetworks related to cognitive 
control. As a consequence, genetic risk carriers compared to non-risk carriers may perceive the 
world as more threatening and express heighted emotional reactivity to negative events, due to 
reduced cognitive control (for a review, see Jonassen and Landro, 2014 and Ormel et al., 2013a). 
Furthermore, COMT (not 5-HTTLPR) moderated the association between neuroticism and 
the functional network organization. In the genetic risk group, neuroticism was associated with 
lower efficiency coefficients in salience and sensory(-motor) subnetworks and relatively more 
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connections between the fronto-parietal control subnetwork and other functional subnetworks. 
This effect was not observed in the genetic non-risk group. In the genetic risk group, these findings 
may indicate that high compared to low neurotic individuals show impairments in the prediction 
and anticipation of salient events, requiring increased cognitive control to process the sensory 
overload (Gradin et al., 2011; for a review, see Palaniyappan and Liddle, 2012). In conclusion, the 
findings of altered topology of specific functional subnetworks may help explain why risk carriers 
of the 5-HTTLPR and COMT (scoring higher on neuroticism) experience difficulties in emotion 
processing and are more prone to develop psychopathology.

This study is an illustration of the added value of using connectomic measures in genetic 
imaging research, because more is learned about the underlying neural mechanisms and the way 
information is integrated and segregated. This in contrast to the investigation of genetic effects 
on brain activation in specific regions during a particular task. However, the results should be 
replicated and further validated, since this is the first study to investigate the triadic interplay 
between 5-HTTLPR/COMT, functional brain network organization and neuroticism. For future 
research, it would be of interest to investigate the relationship between connectomic measures 
and genetics using a multivariate approach to concomitantly examine their overall effect (i.e. 
explained variance) on the network organization in association with neuroticism (see the section 
Future research for an extended description).

9.3 Integration of the findings

In this section of the discussion, I propose an attempt to integrate abovementioned 
findings and conclusions to guide future research. In Figure 1, I show a tentative hierarchical 
model (i.e. arrows indicate consequence) of the different cognitive-emotional processes and 
their corresponding neural correlates found in the studies of the current thesis. Herein, I 
assume that i) altered processes and brain connectivity during rest (i.e. when the brain is in 
default mode) impose constraints on and bias processes and brain activation/connectivity 
during task performance (Menon, 2011), ii) during task performance, alterations in processes 
and activation/connectivity patterns may lead to alterations in other processes and activation/
connectivity patterns. During rest, we observed that affective and salience subnetworks have a 
more prominent role in the network organization of individuals scoring higher on neuroticism 
compared to individuals scoring lower (Chapter 6). I propose that this may underlie and cause 
the expression of negative biases in information processing (Chan et al., 2007) and a more active 
fear learning system in high neurotic individuals, leading to difficulties in adaptive associative 
learning (Suls and Martin, 2005) (for a model including these processes, see the meta-analysis in 
Chapter 2). It is possible that due to this, high neurotic individuals perceive their environment as 
more threatening and distressing than low neurotic individuals (Suls and Martin, 2005; Watson 
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et al., 1994). Hence, individuals scoring higher on neuroticism may experience problems with 
the prediction and anticipation of aversive stimuli, giving rise to increased levels of stress and 
feelings of uncertainty (McEvoy and Mahoney, 2012; Suls and Martin, 2005) (for a model, see the 
meta-analysis in Chapter 2). High neurotic individuals may use worry as a coping mechanism 
(Chapter 3) in order to gain cognitive control over these feelings of uncertainty, since it is often 
applied to i) prevent future negative outcomes, ii) prepare for the worst and iii) solve problems 
related to upcoming negative events (Borkovec et al., 2004). Genetic variation in the COMT 
(rs4680-rs165599) polymorphism may partially explain these difficulties in the anticipation of 
aversive stimuli, as we observed less efficient processing in subnetworks related to this process 
and dopamine functioning (Bromberg-Martin et al., 2010; Hauser et al., 2014; Winton-Brown 
et al., 2014) in high compared to low neurotic individuals in the genetic risk group (Chapter 
8). Furthermore, we observed that individuals scoring higher on neuroticism compared to 
individuals scoring lower show i) less efficient processing in cognitive control subnetworks during 
rest (Chapter 6), ii) increased activation in brain regions related to emotion regulation during 
emotional tasks (Chapter 2) and iii) increased connections between the fronto-parietal control 
subnetwork and other functional subnetworks during rest, moderated by genetic variation in 
the COMT (rs4680-rs165599) polymorphism (Chapter 8). This specific pattern - e.g. lower 
functioning of the fronto-parietal control subnetwork and higher activation in brain regions that 
are part of this subnetwork during emotional tasks - has also been observed in association with 
trait anxiety (for a review, see Sylvester et al., 2012). The authors of this review proposed that 
individuals with high trait anxiety may need additional cognitive control in order to regulate 
emotions compared to individuals with low trait anxiety (Sylvester et al., 2012). Therefore, the 
findings in the current thesis may indicate that individuals scoring higher on neuroticism show 
less efficient cognitive control over (negative) emotions than individuals scoring lower. This has 
also been proposed in the review of Ormel et al. (2013a) on the biological and psychological basis 
of neuroticism. As a consequence, high compared to low neurotic individuals may experience 
more negative emotions that potentially spill over into the next time period (e.g. next three 
hours), due to poor emotion regulation (Suls and Martin, 2005). In addition, these findings may 
explain why high neurotic individuals often apply maladaptive coping strategies, such as worry 
(Chapter 3) or escape-avoidance strategies (Lee-Baggley et al., 2005; Watson and Hubbard, 
1996), as their regulatory capacity is limited. Indeed, worry has been argued to be a consequence 
of the ineffective processing and regulation of emotions (Blair and Blair, 2012; Mennin et al., 
2005). Moreover, I propose that these difficulties in emotion processing and regulation may be 
an explanation for the decreased reward responsiveness during the acceptance of unfair offers 
(Chapter 4) and increased sensitivity to criticism by others (Chapter 5) in high compared to 
low scoring individuals on neuroticism. Results from Chapter 7 are not included in the model in 
Figure 1, since neuroticism was not investigated in that study. 

To come back, the aim of the current thesis was to investigate the neural mechanisms 
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underlying neuroticism to gain insight into why individuals scoring high on this personality trait 
are more vulnerable to develop psychopathology. In the current thesis, we found that affective, 
salience, default mode and fronto-parietal control subnetworks show altered information 
processing in high compared to low neurotic individuals. Notably, these functional subnetworks 
have also been found to be disrupted in, for example, depression, anxiety disorders, autism, 
schizophrenia and dementia (for a review, see Menon, 2011). Sylvester et al. (2012) proposed 
that different patterns of between- and within-network connectivity lead to different clinical 
symptoms. The findings of the current thesis - that is, higher functioning of the affective and 
salience subnetwork and lower functioning of the default mode and fronto-parietal subnetwork 
in association with neuroticism (Chapter 6) - are in line with findings from studies on high 
trait anxiety and anxiety disorders, as briefly mentioned in the previous paragraph with regard 
to the fronto-parietal control subnetwork (for a review, see Sylvester et al., 2012). This is also 
consistent with our meta-analytic findings that show a more active fear learning system, impaired 
anticipation of aversive stimuli and less efficient emotion processing/regulation in high compared 
to low neurotic individuals (Chapter 2). In conclusion, alterations in the topology of the whole-
brain and specific functional subnetworks in association with neuroticism may underlie and 
cause a cascade of problems in higher cognitive functions important for adaptive behavior. The 
findings show the greatest resemblance to findings obtained from anxiety research. However, I 
would like to emphasize that it is not my intention to equate neuroticism to fear/anxiety, rather 
I propose that heightened emotional reactivity and emotional instability are the core elements 
of neuroticism. Yet, feelings of fear/anxiety may play a causal role in relation to these latter two 
elements and explain a large part of the variance. Abovementioned findings may elucidate why 
high neurotic individuals are more vulnerable to develop psychopathology, specifically affective 
disorders.
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Figure 1 A model integrating the findings and conclusions from Chapters 2-8. In this model, I assume that 
alterations in processes and neural correlates during resting-state have an influence on processes and neural 
correlates during task performance, which themselves have an influence on other processes and neural 
correlates during task performance. Arrows indicate consequence. ACC = anterior cingulate cortex; COMT 
= catechol-O-methyltransferase; fMRI = functional magnetic resonance imaging; PCC = posterior cingulate 
cortex; rs-fMRI = resting-state functional magnetic resonance imaging. More efficient  = higher efficiency 
coefficients; more connections = more connections with other functional subnetworks (higher participation 
coefficients); less efficient = lower efficiency coefficients; upright arrow = more (efficient); down right arrow 
= less (efficient).

9.4 Future research

In this section of the general discussion, I give some suggestions for future research. First, 
it would be of interest to investigate the assumptions made in the former section, namely that 
alterations in processes and neural correlates during resting-state have an influence on processes 
and neural correlates during task performance, which themselves have an influence on other 
processes and neural correlates during task performance (see Figure 1). One can investigate 
whether graph measures (e.g. efficiency) calculated on the whole-brain or specific functional 
subnetworks during resting-state explain variance in behavioral results and brain functioning of i) 
the whole-brain (e.g. graph measures), ii) specific functional subnetworks (e.g. graph measures) or 
iii) regions that are part of a subnetwork (e.g. activation, connectivity or graph measures) during 
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task performance.

Second, structural connectivity studies on neuroticism, using diffusion tensor imaging 
(DTI), have shown extensive decreases in white matter integrity in multiple fiber tracts 
interconnecting different brain regions (Bjørnebekk et al., 2013; Xu and Potenza, 2012). In 
line with this, we showed an altered functional network organization and signs of functional 
disconnectivity in individuals scoring higher on neuroticism (Chapter 6). An interesting idea 
would be to investigate the relationship between structural and functional connectivity in the same 
sample, to examine whether a loss of white matter integrity underlies the observed alterations in 
functional connectivity associated with neuroticism. Indeed, studies have shown that resting-state 
functional connectivity is strongly related to the underlying structural connectivity architecture 
(van den Heuvel et al., 2009) and that the strength of structural connections predicts the strength 
of functional connections derived from rs-fMRI (Honey et al., 2009). 

Third, we calculated network measures on rs-fMRI data in the current thesis. For future 
research, it would be interesting to study the relationship between network measures calculated 
on the whole-brain and different functional subnetworks, such as efficiency, and behavioral 
vulnerabilities, such as maladaptive forms of emotion processing and emotion regulation (Bullmore 
and Sporns, 2012), during tasks. For instance, the worry (Chapter 3) and criticism (Chapter 5) 
task, that we applied in the current thesis, would be suitable for this purpose. 

Fourth, we investigated the functional network organization on the basis of the whole 
resting-state scan (10 min) in the current thesis. However, it is also important to investigate 
smaller time spans, since it has been shown that both the strength and the directionality of 
functional connections changes over the course of minutes or even seconds. This is called ‘dynamic 
connectivity’ (for a review, see Hutchison et al., 2013). As the human brain is built hierarchically 
and functional subnetworks can be segregated in smaller functional subnetworks (e.g. the anterior 
and posterior part of the default mode subnetwork, Allen et al., 2014), it would be interesting 
to investigate how functional connectivity changes between these smaller subnetworks and with 
that, cooperation between them over time in different contexts (e.g. receiving criticism, Chapter 
5) (Park and Friston, 2013). Prior research has shown that these dynamic cooperations follow a 
reliably recurring pattern of functional connectivity over time and hence, can be separated in a 
number of stable states (Allen et al., 2014). In future research, during rest as well as emotional 
tasks, one can investigate in which states individuals scoring higher on neuroticism dwell more 
and for how long. For instance, it may be possible that high compared to low neurotic individuals 
switch less between states and dwell longer in states wherein emotion and salience subnetworks 
play a more prominent role, than cognitive control subnetworks. Furthermore, transitions between 
states can be investigated and differences herein in relation to neuroticism.

Fifth, in the current thesis, we used a univariate approach for our graph analyses. However, 
it is known that univariate analyses do not capture the full complexity of brain networks (Simpson 
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et al., 2013). Multivariate approaches are currently being developed to investigate the complex 
dependence structure of networks and the effects of multiple network measures on the network 
organization (Simpson et al., 2013). Extensions are even developed to investigate dynamic or 
longitudinal networks in a multivariate way, called ‘doubly multivariate’ (Simpson et al., 2013). 
Besides investigating network measures, one can also include several important behavioral (e.g. 
task performance), psychological (e.g. questionnaire or experience sampling data) and genetic 
(e.g. genome-wide association (GWA) data) variables in multivariate analyses to concomitantly 
investigate their overall effect (i.e. explained variance) on the network organization in association 
with neuroticism (for a survey, see Simpson et al., 2013). Furthermore, network measures can 
be calculated on multimodal imaging data (e.g. MRI, fMRI, DTI, electroencephalography; EEG, 
magnetoencephalograpy; MEG) and included in multivariate analyses (Sui et al., 2013).

A specific class of multivariate statistical techniques is classification techniques (McIntosh 
and Misic, 2013). Network measures, such as efficiency and modularity, can be used as features in a 
machine learning classification method to discriminate individuals scoring higher on neuroticism 
from individuals scoring lower (Guo et al., 2012). Specifically, network measures calculated for 
both high and low neurotic individuals can be used as input for classifiers (i.e. classification 
algorithms) that ‘learn’ which network measures are important for distinguishing both groups. 
Subsequently, a classifier can be applied on data from an independent test sample to assess its 
performance in distinguishing high from low neurotic individuals based on ‘knowledge learned’ 
from the training sample. When the classification accuracy is high (i.e. significantly above chance 
level), one can examine which network measures have contributed to the discrimination between 
high and low neurotic individuals to learn more about the underlying neural mechanisms of 
neuroticism (for reviews on the method and its application, see Pereira et al., 2009 and Orrù et 
al., 2012, respectively). Furthermore, it would specifically be of interest to use this approach in a 
longitudinal study to predict the transition to a psychiatric disorder by using data of individuals 
scoring high on neuroticism at baseline who made or made not the transition to a disorder at 
follow-up (Orrù et al., 2012). This may better answer the question which neural mechanisms 
underlying high neuroticism make individuals more vulnerable to develop psychopathology.

Besides new analysis techniques, I suggest that our results should be replicated in a 
sample selected from the general population. Studies in the current thesis have been limited to 
high functioning students with a relatively high IQ that, possibly due to that reason, were able 
to compensate for (a part of) their difficulties in cognitive-emotional functioning related to 
neuroticism. However, by selecting a homogenous sample, we controlled for several important 
confounders, such as gender, age, education level and ethnicity, which increased our power.
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9.5 Clinical implications

In this section of the discussion, I make some suggestions for clinical implications of research 
on neuroticism. Previous research has shown that it is difficult to accomplish a reduction of 
neuroticism levels, presumably because it is a stable trait and moderately heritable (Ormel et al., 
2013a). However, there is evidence that neuroticism scores can change due to (life) experiences 
and are malleable (for a review, see Barlow et al., 2014 and Ormel et al., 2012; for a research article, 
see Jeronimus et al., 2013 and Riese et al., 2014). In the current thesis, we found that individuals 
scoring higher on neuroticism show alterations in emotion processing, salience processing and 
cognitive control compared to individuals scoring lower (Chapter 6 and Figure 1). These neural 
alterations may impose constraints on and bias information processing in high neurotic individuals, 
possibly leading to cognitive-emotional problems in daily life (e.g. Chapter 2, 3, 4, and 5) that 
need to be counterbalanced or attuned. There are two possible ways in which neuroticism can 
be clinically relevant. First, high neuroticism may be used as a risk marker to prevent individuals 
of making a transition from a healthy state to a clinical state. Specifically, the 5%-10% highest 
scorers on neuroticism have a high risk of developing psychopathology, that is, 45%-61% of these 
individuals develop a psychiatric disorder at one-year follow-up (Cuijpers et al., 2010). Preventive 
treatments may focus on increasing resilience in individuals scoring high on neuroticism to help 
them cope with negative experiences and protect themselves from developing clinical symptoms 
(Skodol, 2010). Resilience is associated with a well-differentiated and integrated sense of self 
(e.g. self-esteem, self-confidence, self-efficacy, a positive future orientation), strong reciprocal 
interpersonal relationships (e.g. sociability, emotional expressiveness and empathy), and adaptive 
coping strategies (e.g. problem-focused coping) (for a description on the resilient personality, 
see Skodol, 2010). Interventions that increase resilience may protect individuals scoring higher 
on neuroticism from developing a psychiatric disorder by increasing their abilities to cognitively 
control negative emotions (Skodol, 2010). 

Second, it may make sense to try to reduce neuroticism levels in individuals with affective 
disorders (e.g. depression and anxiety disorders) to target putative and fundamental processes 
underlying these disorders (for a review, see Barlow et al., 2014). Prior studies have shown that 
i) affective disorders have a number of commonalities, due to high rates of comorbidity, broad 
treatment response across comorbid disorders and shared neurobiological mechanisms and that 
ii) a latent structure, called ‘neuroticism’, underlies the development of these disorders (Barlow 
et al., 2014). With the emergence of the DSM-III (1980), this latent structure was classified in a 
number of specific depressive and anxiety disorders (Barlow et al., 2014). According to Brown 
and Barlow (1995), a problem with this specificity is that current treatments are effective in 
reducing disorder specific symptoms, but do not lead to a reduction of general personality-related 
liabilities, such as neuroticism, that leaves patients vulnerable for relapse or the development of 
comorbid disorders. To this end, Barlow et al. (2011) have developed the unified protocol (UP) 
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for transdiagnostic treatment of affective disorders to alter negative reactivity patterns to emotions 
and subsequent avoidant coping, characteristic of high neurotic individuals. The first results seem 
promising in reducing neuroticism and disorder specific symptoms, but more research is required 
(Barlow et al., 2014). It is possible that UP decreases the observed biases in emotion and salience 
processing in high compared to low neurotic individuals, possibly leading to more adaptive coping 
styles (Barlow et al., 2014). It would be of interest to investigate graph measures calculated on the 
different functional subnetworks, such as local efficiency and the participation coefficient (as in 
Chapter 6), in individuals scoring high on neuroticism before and after resilience or UP treatment.

9.6 Conclusion

The aim of the current thesis was to investigate the neural mechanisms underlying neuroticism 
to gain insight into why individuals scoring high on this personality trait are more vulnerable to 
develop psychopathology. To this end, we conducted a series of meta-analytic, neuroimaging and 
genetic imaging studies. During rest (i.e. when the brain is in default mode), we found that the 
network organization of high compared to low neurotic individuals is organized less optimally 
with regard to efficient information processing and shows signs of functional disconnectivity. 
In addition, we demonstrated that subnetworks related to emotion and salience processing 
play a more prominent role in the network organization of high neurotic individuals, while 
subnetworks related to sensory(-motor) functions and cognitive control play a less prominent 
role (Chapter 6). This may impose constraints on and bias subsequent information processing 
during task performance (Menon, 2011), possibly leading to a range of problems in cognitive-
emotional processing (e.g. Chapter 2, 3, 4, and 5). Furthermore, we found that genetic markers, 
namely 5-HTTLPR and COMT, have an impact on the functional network organization, also in 
interaction with neuroticism (Chapter 8). In short, possible answers to why high compared low 
neurotic individuals are emotionally more reactive to negative events or experience more negative 
emotions, may already be found in the basic network organization of the brain. Specifically, 
alterations in processes and neural correlates during resting-state may set in motion a chain of 
reactions, affecting other processes and neural correlates during task performance. Indeed, in the 
current thesis, connectivity and connectomic analyses have particularly been fruitful and should 
be further explored in future research. The findings may help explain why high compared to low 
neurotic individuals have an increased risk of developing psychopathology and may increase the 
knowledge for developing treatments that will prevent these individuals from transiting from a 
healthy state to a clinical state.
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Nederlandse samenvatting
Er zijn verschillen in de manier waarop mensen omgaan met emoties die het gevolg zijn 

van gebeurtenissen in het dagelijkse leven. Sommigen blijven koel en onbewogen wanneer ze 
iets vervelends meemaken, zoals afgewezen worden na een sollicitatiegesprek, terwijl anderen 
overmand raken door emoties voor een langere periode. Dergelijke emotionele responspatronen 
zijn een onderdeel van iemands persoonlijkheid, welke kan worden omschreven door een 
aantal persoonlijkheidstrekken. In dit proefschrift focussen wij op de persoonlijkheidstrek 
neuroticisme. Iemand die hoog scoort op een vragenlijst, die deze persoonlijkheidstrek meet, is 
gepredispositioneerd om i) meer negatieve emoties te ervaren, zoals angst en somberheid, en ii) 
emotioneler te reageren op negatieve gebeurtenissen. Mensen met hogere scores op neuroticisme 
hebben de neiging om het glas eerder half leeg te zien dan half vol, van een mug een olifant te maken 
en na regen geen zonneschijn te verwachten, maar nog meer regen. Deze manier van naar de wereld 
kijken, brengt stress met zich mee en kan leiden tot het ontwikkelen van een verscheidenheid aan 
psychiatrische stoornissen, zoals angst- en depressiestoornissen. Het doel van dit proefschrift is 
het onderzoeken van de neurale mechanismen, die ten grondslag liggen aan neuroticisme, om 
beter te begrijpen waarom mensen met hogere scores op deze persoonlijkheidstrek kwetsbaarder 
zijn om psychiatrische stoornissen te ontwikkelen. Om dit doel te bereiken, hebben we verschillen 
in het functioneren van het brein onderzocht gerelateerd aan neuroticisme door middel van fMRI 
(functional magnetic resonance imaging) tijdens rust en emotionele verwerkingstaken. Verder 
hebben eerdere studies laten zien dat neuroticisme voor ongeveer de helft genetisch bepaald is. 
Om deze reden hebben we onderzocht of genen, waarvan is aangetoond dat ze eventueel relevant 
kunnen zijn, van invloed zijn op de relatie tussen neuroticisme en het functioneren van het brein.
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Begrippenlijst

Adaptief     goed aangepast aan de omstandigheden
Autobiografisch geheugen  een type geheugen die persoonlijke relevante   
    herinneringen betreft
Arousal    toestand van mentale alertheid
Cognitieve controle   mentale processen die leiden tot doelgericht gedrag
Copingsmechanisme of -strategie een stijl of manier van omgaan met problemen
DNA    structuur die informatie voor erfelijke    
    eigenschappen bezit in de cel
Emotieregulatie   mentale processen die (over het algemeen) leiden   
    tot het verminderen van negatieve gevoelens
Emotioneel-cognitieve processen  informatieverwerkingsprocessen gerelateerd
    aan kennis en emoties 
Externaliserend   naar buiten gericht gedrag
Geagiteerd   geïrriteerd, geprikkeld
Gepredispositioneerd zijn  aanleg hebben voor, vatbaar zijn voor
Integreren   samenvoegen
Integriteit van anatomische verbindingen de kwaliteit van de geleiding van zenuwimpulsen
Internaliserend    naar binnen gericht gedrag
Maladaptief   slecht aangepast aan de omstandigheden
Neurale correlaten   hersengebied dat samenhangt met een bepaald   
    proces
Publicatie bias   de vertekening die optreedt wanneer studies met   
    positieve bevindingen wel worden gepubliceerd,   
    maar studies met negatieve bevindingen niet
Random    willekeurig
Saillant    belangrijk, in het oog springend
Segregeren   opsplitsen
Significante resultaten  resultaten, die statistisch gezien, waarschijnlijk niet op   
    toeval berusten
Somatoform    het ervaren van lichamelijk klachten die een psychische   
    oorzaak hebben
Subnetwerk   cluster van hersengebieden met dezelfde soort functies
Zelfreflectie   nadenken over jouw eigen gedachten, gevoelens en   
    handelingen

Thesis_Book .indb   265 1/4/2015   1:36:26 PM



266 | Nederlandse Samenvatting (Dutch Summary)

Neuroticisme

Meting en beschrijving

Neuroticisme is een robuuste persoonlijkheidstrek, welke een fundamenteel onderdeel is 
van een aantal wijdverbreide persoonlijkheidstheorieën. Neuroticisme wordt doorgaans gemeten 
door middel van zelfrapportagevragenlijsten, maar ook vragenlijsten die worden ingevuld door 
ouders, leraren of vrienden van de desbetreffende persoon. Eerder onderzoek heeft aangetoond 
dat vrouwen, jongere mensen en mensen met een lagere sociaal-economische status respectievelijk 
hoger scoren op neuroticisme dan mannen, oudere mensen en mensen met een hogere sociaal-
economische status. Mensen met hogere scores op neuroticisme rapporteren dat ze meer 
gevoelens van angst, depressie en boosheid ervaren, zoals bangheid, gespannenheid, somberheid, 
hopeloosheid, geïrriteerdheid en frustratie. Verder ervaren deze mensen meer schuldgevoelens 
en nemen ze het zichzelf sneller kwalijk als ze een fout maken of falen bij het uitvoeren van een 
bepaalde taak. Dit komt mede doordat deze mensen kritischer zijn ten opzichte van zichzelf. 
Ook zijn ze gevoeliger voor het ontvangen van kritiek van anderen. Bovendien zien mensen, die 
hoger scoren op neuroticisme, de wereld als meer bedreigend in vergelijking met mensen die 
lager scoren. Het is voorgesteld dat dit kan leiden tot hogere stressniveaus in deze mensen, die 
vervolgens ook langzamer terugkeren naar hun oorspronkelijke niveau. Dit kan tot gevolg hebben 
dat mensen voor een langere periode een negatieve stemming ervaren, mede doordat ze geen 
adaptieve strategieën hanteren om hiermee om te gaan (v.b. piekeren, vermijding en ontkenning). 
Tenslotte ervaren mensen met hogere scores op neuroticisme meer stressvolle gebeurtenissen, 
voornamelijk interpersoonlijke problemen omdat ze ook hier niet op een adaptieve manier mee 
omgaan (v.b. vijandig reageren en de confrontatie opzoeken). Daarentegen zijn mensen met lagere 
scores op neuroticisme emotioneel gezien stabieler, nuchterder, kalmer en meer in balans dan 
mensen met hogere scores. 

Mentale en somatische risicofactor

Een hoge score op neuroticisme is een belangrijke risicofactor voor het ontwikkelen van 
een verscheidenheid aan zowel psychiatrische als somatische stoornissen. Allereerst bestaat er 
een sterke relatie tussen neuroticisme en het ontwikkelen van internaliserende stoornissen, zoals 
depressie, gegeneraliseerde angststoornis en sociale fobie. Echter, neuroticisme is ook gerelateerd 
aan persoonlijkheidsstoornissen, schizofrenie, eetstoornissen en somatoforme stoornissen, 
en in mindere mate aan externaliserende stoornissen en specifieke fobieën. Ten tweede is 
neuroticisme geassocieerd met het hebben van medisch onverklaarbare klachten en algemene 
gezondheidsproblemen, zoals het disfunctioneren van het hart en immuunsysteem. Bovendien is 
aangetoond dat neuroticisme de levensduur in de algemene populatie voorspelt, ziekte en sterfte 
binnen chronische ziektes (v.b. kanker) en het risico op het plegen van zelfmoord. Naast dat 
neuroticisme een risicofactor is voor het bovenstaande, is het ook gerelateerd aan het tegelijkertijd 
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aanwezig zijn van meerdere psychiatrische stoornissen en psychiatrische en somatische stoornissen 
(genaamd comorbiditeit). Dit is van belang omdat mensen met comorbide stoornissen een meer 
chronisch ziekteverloop laten zien en meer gebruikmaken van kostbare gezondheidszorgdiensten. 
Een onderzoek binnen de Nederlandse bevolking in 2007 heeft aangetoond dat onder de 5% 
hoogst scorende mensen op neuroticisme, 60% aan een psychiatrische stoornis leed, 40% aan een 
angst- of depressiestoornis en 67% aan een somatische stoornis in vergelijking met respectievelijk 
5%, 13%, en 40% in de rest van de bevolking. Verder had onder de 5% hoogst scorende mensen op 
neuroticisme, 18% drie of meer psychiatrische stoornissen tegelijkertijd in vergelijking met 1% in 
de rest van de bevolking.

Effecten op de maatschappij

In bovengenoemd onderzoek binnen de Nederlandse bevolking is aangetoond dat 
neuroticisme een substantieel effect heeft op de gezondheidszorg. De economische kosten, die 
samenhangen met neuroticisme (v.b. gezondheidszorgkosten en kosten door productieverlies), 
zijn hoger dan die van veel voorkomende psychiatrische stoornissen en somatische stoornissen. 
Om precies te zijn, laten de resultaten zien dat de kosten gerelateerd aan neuroticisme van de 25% 
hoogst scorende mensen (≈ $1,4 miljard) 2,5 keer zo hoog zijn dan de kosten gerelateerd aan veel 
voorkomende psychiatrische stoornissen (≈ $600 miljoen) en ongeveer even hoog zijn als twee 
derde van de kosten gerelateerd aan somatische stoornissen (≈ $2 miljard). Naast dat neuroticisme 
een last is voor het individu en zijn/haar omgeving, kan er geconcludeerd worden dat neuroticisme 
ook een last is voor de maatschappij door de aanzienlijke economische kosten die het met zich 
meebrengt.

Functional magnetic resonance imaging (fMRI)

In eerdere persoonlijkheidstheorieën werd al voorgesteld dat verschillen in het functioneren 
van het brein waarschijnlijk ten grondslag liggen aan neuroticisme. Zoals hierboven beschreven, 
is neuroticisme een belangrijk klinisch concept en is het van belang om de onderliggende neurale 
mechanismen hiervan te identificeren. Door de neurale basis van neuroticisme te onderzoeken, 
zijn we wellicht in staat om i) meer licht te werpen op de relatie tussen deze persoonlijkheidstrek 
en psychiatrische stoornissen en ii) eventueel meer toegespitste behandelingen te ontwikkelen die 
voorkomen dat mensen, die hoog scoren op neuroticisme, ziek worden.

Om dit doel te bereiken, hebben wij fMRI toegepast in dit project, wat kan worden gebruikt 
om het brein op een non-invasieve manier te onderzoeken. Deze methode maakt gebruik van het 
feit dat hemoglobine, een eiwit die zich bindt aan zuurstof in het bloed, magnetische eigenschappen 
heeft. Het is bekend dat zuurstofarm bloed gevoeliger is voor het magnetische veld dan zuurstofrijk 
bloed. De verhouding tussen zuurstofarme en zuurstofrijke hemoglobine wordt ook wel het blood 
oxygen-level dependent (BOLD) effect genoemd en neemt toe wanneer breingebieden meer 
actief worden. Het brein wordt opgedeeld in kleine kubussen van ongeveer 3 mm3 (genaamd 
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voxels), waarin het MRI apparaat het BOLD effect meet door middel van een magnetisch veld en 
radiopulsen. Het resultaat is dat er ongeveer elke twee seconden een beeld wordt geconstrueerd 
van de geactiveerde gebieden in het brein.

Samenvatting van de onderzoeksresultaten

In dit gedeelte van de Nederlandse samenvatting zullen we de bevindingen in hoofstukken 
2-8 samenvatten per studietype. 

Meta-analyse

In 2001 is de eerste neuroimaging studie naar neuroticisme uitgevoerd door Canli en collega’s 
om te onderzoeken of neuroticisme geassocieerd is met hersenactivatie in respons op emotionele 
stimuli (v.b. afbeeldingen met voorstellingen die emoties oproepen). Vervolgens zijn er veel meer 
studies uitgevoerd die verschillende emotioneel-cognitieve processen hebben onderzocht in relatie 
tot neuroticisme. Echter, de resultaten van deze studies waren grotendeels inconsistent en nog 
nauwelijks geïntegreerd in een model, die de onderliggende neurale mechanismen van neuroticisme 
beschrijft. Om deze resultaten samen te vatten, kan een meta-analyse worden uitgevoerd. Dit is 
een onderzoeksmethode om resultaten van vergelijkbare studies op een kwantitatieve manier 
samen te vatten, m.a.w. hiermee kan je een algehele schatting maken van het onderzochte effect. 
In hoofdstuk 2 hebben wij een meta-analyse uitgevoerd om te onderzoeken welke hersengebieden 
consistent geactiveerd zijn in relatie tot neuroticisme tijdens emotionele verwerkingstaken. Wij 
vonden alleen significante resultaten met betrekking tot negatieve emotionele stimuli, maar niet 
positieve emotionele stimuli (b.v. negatieve/positieve gezichtsuitdrukkingen versus neutrale 
gezichtsuitdrukkingen). Mensen met hogere scores op neuroticisme hadden meer activatie in 
hersengebieden betrokken bij het leren van prikkels in de omgeving die gevaar voorspellen (o.a. 
hippocampus) en het verwerken en reguleren van emoties (o.a. frontale en cingulate gebieden). 
Verder hadden ze minder activatie in hersengebieden betrokken bij het anticiperen op negatieve 
stimuli (o.a. anterieure cingulate cortex en striatum). Deze bevindingen hebben we geïntegreerd in 
een model over emotieverwerking binnen neuroticisme. Het is al eerder aangetoond dat mensen, 
die hoger scoren op neuroticisme, een negatievere kijk hebben op het leven. In ons model stellen 
wij voor dat deze negatieve kijk op het leven, tezamen met een actiever ‘gevaarsignaleringssysteem’, 
leidt tot niet valide verwachtingspatronen waarin mensen de tendens hebben dreiging te 
verwachten. Dit zou vervolgens kunnen leiden tot gevoelens van onzekerheid over wat er in de 
(nabije) toekomst te wachten staat, wat wellicht meer cognitieve controle/emotieregulatie vereist. 
Er zou geconcludeerd kunnen worden dat bovengenoemde emotioneel-cognitieve processen en 
bijbehorende hersengebieden bijdragen aan de verhoogde negatieve emotionaliteit en emotionele 
reactiviteit, kenmerkend voor mensen die hoger scoren op neuroticisme.
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Activatiestudies

Zoals hierboven beschreven, is het grootste gedeelte van het onderzoek naar neuroticisme 
gefocust op processen gerelateerd aan het leren voorspellen van gevaar, het anticiperen op 
negatieve gebeurtenissen en het verwerken/reguleren van emoties. In dit proefschrift hebben 
wij ons gefocust op drie andere belangrijke emotioneel-cognitieve processen met betrekking tot 
neuroticisme, namelijk i) het gebruik van piekeren als een copingsmechanisme, ii) emotionele 
reactiviteit op sociale norm overschrijdingen en iii) gevoeligheid voor kritiek. 

Ten eerste heeft eerder onderzoek aangetoond dat het toepassen van maladaptieve 
copingsstrategieën één van de redenen is dat hoog scorende mensen op neuroticisme emotioneel 
reactiever zijn en meer negatieve emoties ervaren dan laag scorende mensen. Excessief piekeren 
is zo’n strategie en het is aangetoond dat neuroticisme hieraan gerelateerd is. Desondanks is deze 
relatie nog niet uitvoerig onderzocht en vooral niet met fMRI. Om deze reden hebben we in 
hoofdstuk 3 de neurale correlaten onderzocht van piekeren in associatie met neuroticisme. We 
vonden dat mensen met hogere scores op neuroticisme meer piekeren gebaseerd op vragenlijst-, 
taak- en neuroimaging resultaten. De vragenlijstresultaten lieten zien dat hoog scorende mensen 
op neuroticisme hun piekerepisodes als meer excessief en oncontroleerbaar beoordeelden dan 
laag scorende mensen. Deze tendens zagen we ook terug in onze taakresultaten, namelijk hoog 
scorende mensen op neuroticisme gaven aan meer gepiekerd te hebben na de presentatie van een 
piekerinducerende zin (b.v. ‘Pieker over de kans dat je een dierbare verlies’ of ‘Pieker over wat jou 
zorgen baart over jouw gezondheid’). De neuroimaging resultaten lieten vervolgens verminderde 
activatie zien in hersengebieden betrokken bij autobiografisch geheugen (retrospleniale cingulate 
cortex) en visuele inbeelding (visuele cortex) tijdens piekeren. In eerdere literatuur zijn deze twee 
processen gerelateerd aan de cognitieve vermijdingsfunctie van piekeren. Dit houdt in dat tijdens 
piekeren, mensen minder specifieke herinneringen ophalen en levendige, visuele inbeeldingen 
hebben van emotionele gebeurtenissen om stress te vermijden. Dit komt doordat piekeren een 
verbaal (woordelijk) karakter heeft. Er zou geconcludeerd kunnen worden dat neuroticisme 
geassocieerd is met het gebruik van piekeren als copingsmechanisme om controle uit te oefenen 
en tijdelijk stress los te laten. Echter, op de lange termijn kan het gebruik van deze maladaptieve 
manier van emotieregulatie, hoog scorende mensen op neuroticisme kwetsbaarder maken voor 
het ontwikkelen van psychiatrische stoornissen.

Ten tweede hebben eerdere studies aangetoond dat mensen met hogere scores op 
neuroticisme meer interpersoonlijke conflicten rapporteren, wat kan leiden tot verhoogde 
stressniveaus. Het is voorgesteld dat hoog scorende mensen op neuroticisme hier emotioneler op 
reageren, omdat ze i) de tendens hebben om maladaptieve copingsmechanismen toe te passen, ii) 
meer vermijding en wraakacties laten zien in respons op sociale overschrijdingen en iii) minder 
vergevingsgezind zijn. Deze bevindingen geven aan dat hoog scorende mensen op neuroticisme 
meer problemen ervaren tijdens interpersoonlijke conflicten en dat dit een impact kan hebben 
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op het maken van keuzes gedurende zo’n situatie. Om deze reden hebben we in hoofdstuk 4 de 
associatie tussen neuroticisme en hersenactivatie onderzocht tijdens het maken van keuzes na een 
overschrijding van sociale normen. Dit werd onderzocht door middel van de Ultimatum Game 
(UG); een spel waarin mensen eerlijke (€5 voor mij, €5 voor jou) en oneerlijke (v.b. €9 voor mij, €1 
voor jou) verdelingen van geld krijgen aangeboden. Deze biedingen kunnen worden geaccepteerd, 
in dit geval krijgen beide spelers het bedrag dat is voorgesteld in het bod, of afgewezen, in dit 
geval krijgen beide spelers geen geld. Wij vonden dat hoog scorende mensen op neuroticisme 
niet meer oneerlijke geldboden afwezen dan laag scorende mensen, tevens was er geen verschil 
in hersenactivatie tijdens de presentatie van een oneerlijk geldbod. Echter, tijdens het accepteren 
van een oneerlijk geldbod, lieten mensen met hogere scores op neuroticisme minder activatie 
zien in het dorsale striatum. Dit hersengebied was in eerdere studies betrokken bij het vormen 
van associaties tussen stimuli, acties en beloningen en motivatie/arousal. Er zou geconcludeerd 
kunnen worden dat zowel hoog als laag scorende mensen op neuroticisme oneerlijke geldboden 
als sociale norm overschrijdingen zien, maar dat tijdens het accepteren van een dergelijk bod hoog 
scorende mensen wellicht minder gemotiveerd zijn of minder gevoelens van beloning ervaren. Dit 
zou kunnen komen, doordat ze maladaptieve copingsmechanismen toepassen.

Connectiviteitsstudies

Ten derde heeft eerder onderzoek aangetoond dat hoog scorende mensen op neuroticisme 
meer kritisch zijn ten opzichte van zichzelf en dat ze gevoeliger zijn voor kritiek van anderen. 
De relatie tussen neuroticisme en gevoeligheid voor kritiek is nog niet uitgebreid onderzocht en 
vooral niet met fMRI. Om deze reden hebben we in hoofdstuk 5 het effect van kritiek op de 
functionele connectiviteit in de hersenen onderzocht in associatie met neuroticisme. Functionele 
connectiviteit geeft de sterkte van verbindingen aan tussen hersengebieden tijdens rust of het 
uitvoeren van een taak, m.a.w. hoe sterk hersengebieden met elkaar samenwerken. Dit is iets 
anders dan structurele connectiviteit, wat de sterkte van anatomische verbindingen aangeeft. Je 
kunt structurele connectiviteit zien als het wegennet en functionele connectiviteit als het verkeer. 
Het kan bijvoorbeeld zo zijn dat er een ‘weg’ bestaat tussen A en B (structurele connectiviteit), 
maar dat er geen ‘verkeer’ overheen gaat tijdens rust of het uitvoeren van een bepaalde taak 
(functionele connectiviteit). In deze studie hebben we onderzocht over welke ‘wegen’ ‘verkeer’ 
rijdt in de hersenen tijdens het ontvangen van kritiek en hoe dit verloopt in mensen met hogere 
scores op neuroticisme.

Om deze vraag te onderzoeken, hebben we mensen kritiek gegeven, terwijl ze in de MRI 
scanner lagen. We gaven drie keer aan dat ze niet stil genoeg lagen op een steeds meer geagiteerde 
toon, voordat de scan begon (onafhankelijk van of ze stil lagen of niet). Stilliggen tijdens een 
fMRI scan is erg belangrijk voor het maken van een scherp beeld en dit is de deelnemers van te 
voren ook uitgelegd. Ook was ze verteld dat we ze konden zien door middel van een camera in 
de scannerruimte. Tijdens het geven van kritiek vonden we dat mensen met hogere scores op 
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neuroticisme meer connectiviteit lieten zien tussen bepaalde frontale hersengebieden betrokken 
bij cognitieve controle/emotieregulatie en het herwaarderen van negatieve emoties. Een voorbeeld 
van een herwaardering zou kunnen zijn: ‘Ik voel me er rot over dat ik niet stil genoeg lig tijdens 
de scan, maar meer dan mijn best kan ik niet doen’. Verder vonden we dat deze hoog scorende 
mensen op neuroticisme minder connectiviteit lieten zien tussen hersengebieden betrokken bij 
zelfreflectie en het verwerken van emoties. Er zou geconcludeerd kunnen worden dat mensen 
met hogere scores op neuroticisme meer inspanningen moeten leveren om cognitieve controle te 
krijgen over negatieve emoties, wat zou kunnen verklaren waarom deze mensen gevoeliger zijn 
voor het ontvangen van kritiek.

Naast het onderzoeken van verschillen in het functioneren van de hersenen tijdens bepaalde 
emotioneel-cognitieve processen, waren we ook geïnteresseerd in het onderzoeken van de 
onderliggende functionele netwerkorganisatie in relatie tot neuroticisme. Met de functionele 
netwerkorganisatie wordt het gehele netwerk van verbindingen tussen hersengebieden tijdens 
rust of het uitvoeren van een bepaalde taak bedoeld, m.a.w. de samenwerkingsverbanden tussen 
hersengebieden. Dit idee is ontstaan naar aanleiding van studies die de structurele connectiviteit 
hebben onderzocht in associatie met neuroticisme. Deze studies toonden aan dat anatomische 
verbindingen minder integriteit vertonen in mensen die hoger scoren op neuroticisme. Om deze 
reden hebben we in hoofdstuk 6 onderzocht of we ook bewijs konden vinden voor verminderde 
functionele connectiviteit in relatie tot neuroticisme in de hersenen tijdens rust. Wij hebben dit 
onderzocht door middel van het uitvoeren van een netwerkanalyse. In een dergelijke analyse wordt 
allereerst een netwerk geconstrueerd, waarin hersengebieden als knopen worden gedefinieerd 
en connecties tussen hersengebieden als verbindingen. Vervolgens kunnen er maten worden 
berekend op dit netwerk, die iets zeggen over de manier waarop informatie wordt gesegregeerd 
en geïntegreerd in het brein. Het is namelijk van belang dat verschillende soorten informatie (b.v. 
visueel, sensorisch-motorisch, emotioneel, cognitief) zoveel mogelijk op een gescheiden manier 
worden verwerkt om informatieverwerkingsfouten te voorkomen. Echter, het is tegelijkertijd 
ook van belang dat ze uiteindelijk kunnen worden gecombineerd om één bepaalde taak uit te 
voeren. Dit heeft er toe geleid dat het brein uit een aantal clusters van hersengebieden bestaat, 
die allemaal een eigen functie hebben en waarbinnen gebieden sterk met elkaar verbonden zijn 
(segregatie), maar dat er ook communicatie plaatsvindt tussen deze clusters via een beperkt aantal 
lange verbindingen, zodat informatie kan worden samengevoegd (integratie). Het aantal lange 
verbindingen is beperkt, omdat ze erg ‘duur’ zijn qua energie. Doordat het breinnetwerk op deze 
manier is geconstrueerd, kunnen ‘kosten’ worden gereduceerd terwijl dit niet ten koste gaat van 
het efficiënt verwerken van informatie. 

Wij vonden dat de verbindingen tussen hersengebieden in het breinnetwerk van mensen met 
hogere scores op neuroticisme meer random zijn gestructureerd dan die van mensen met lagere 
scores. Dit houdt in dat de balans tussen ‘kosten’ en het efficiënt verwerken van informatie wellicht 
verstoord is. Ook hebben we in deze mensen gevonden dat de verbindingen zelf ook minder 
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sterk zijn, wat de effectiviteit van informatieverwerking mogelijkerwijs nog verder belemmert. 
Verder kon worden aangetoond in mensen met hogere scores op neuroticisme dat het subnetwerk 
gerelateerd aan het identificeren en interpreteren van emoties op een efficiëntere manier informatie 
verwerkt, dan subnetwerken gerelateerd aan aandacht, geheugen, zelfreflectie, emotieregulatie, 
probleemoplossing en planning. Tenslotte had het subnetwerk dat betrokken is bij het ervaren van 
gevoelens en het detecteren van saillante (emotionele) informatie, meer verbindingen met andere 
subnetwerken in het brein van hoog scorende mensen op neuroticisme. Er zou geconcludeerd 
kunnen worden dat mensen, die hoger scoren op neuroticisme, al tijdens rust meer de neiging 
hebben om emotionele stimuli efficiënter te verwerken; dit in tegenstelling tot het verwerken van 
informatie binnen subnetwerken die de impact van dergelijke stimuli reguleren. Dit zou kunnen 
leiden tot de emotionele instabiliteit die we zien in hoog scorende mensen op neuroticisme.

Genetic imaging studies

Tenslotte hebben we ook twee ‘genetic imaging’ studies uitgevoerd. In dit soort studies 
worden verschillen in het functioneren van de hersenen onderzocht tussen mensen, die drager zijn 
van een risicoallel op het DNA voor een bepaalde stoornis of trek, in vergelijking met mensen die 
geen drager zijn. Allelen komen in paren voor en vormen een onderdeel van een gen, wat codeert 
voor een bepaalde eigenschap (b.v. de kleur van jouw ogen). In de volgende twee studies hebben we 
de serotoninetransporter (SERT) gen en catechol-O-methyl transferase (COMT) gen onderzocht. 
Beide genen zijn uitgebreid onderzocht in relatie tot neuroticisme en emotieverwerking, maar de 
relatie met neuroticisme is nog niet onderzocht met fMRI. Het is voorgesteld dat fMRI hier een goed 
middel voor is, omdat het tussen het genotype (SERT en COMT gen) en fenotype (neuroticisme) 
in ligt. Om deze reden wordt het ook wel een endofenotype genoemd (endo betekent ‘binnenin’). 
De endofenotype aanpak suggereert dat de kloof tussen genotypes en fenotypes te groot is om 
er direct een relatie tussen te leggen en dat er vele paden bestaan tussen beide niveaus. Daarom 
adviseren aanhangers van deze aanpak om een tussenliggend middel hiervoor te gebruiken, zoals 
het onderzoeken van hersenactivatie. 

In de eerste studie in hoofdstuk 7 hebben we de bekende associatie tussen SERT en amygdala 
activatie onderzocht. Eerder onderzoek heeft laten zien dat mensen met de korte allel van dit gen i) 
minder aanmaken van een eiwit dat ervoor zorgt dat de stof serotonine (betrokken bij stemmingen, 
pijnonderdrukking, eten en slapen) na zijn taak weer wordt opgenomen in de hersencellen, ii) 
hoger scoren op neuroticisme en andere angst-gerelateerde persoonlijkheidstrekken en iii) hogere 
amygdala (een hersengebied betrokken bij het signaleren van gevaar) activatie laten zien in respons 
op negatieve stimuli, in vergelijking met mensen met twee lange allelen. Bovenstaande punten zijn 
ook gevonden in onderzoek naar depressie en angststoornissen. Een recente meta-analyse over 
de associatie tussen SERT en amygdala activatie liet een significant resultaat zien, namelijk dat 
mensen met het korte allel van dit gen meer activatie hadden in dit gebied dan mensen met twee 
lange allelen. Echter, het resultaat was niet langer meer significant, wanneer niet gepubliceerde 
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artikelen op dit gebied en onze studie hierover (met een relatief grote steekproef; 120 vrouwelijke 
studenten) werden meegnomen in de analyse. Dit geeft aan dat de associatie tussen SERT en 
amygdala activatie veel kleiner is dan eerder gedacht of afhankelijk is van andere factoren. Deze 
studie onderstreept het belang van het herhaaldelijk uitvoeren van meta-analyses, met name als 
het wetenschappelijk populaire onderwerpen betreft. De reden hiervoor is dat onderzoek over 
dergelijke onderwerpen veelal bestaat uit studies met positieve bevindingen gebaseerd op kleine 
steekproeven, en dat er sprake kan zijn van publicatiebias.

In de tweede studie in hoofdstuk 8 hebben we de relatie tussen het SERT/COMT gen, 
de functionele netwerkorganisatie en neuroticisme onderzocht. Eerdere studies hebben veelal 
associaties tussen aan neuroticisme gerelateerde trekken, specifieke genen en hersenactivatie 
onderzocht in gebieden betrokken bij emotieverwerking tijdens het verwerken van negatieve 
stimuli. Echter, het is recentelijk voorgesteld dat psychiatrische stoornissen niet voortkomen uit 
verhoogde/verlaagde hersenactivatie in een paar specifieke gebieden tijdens een bepaalde taak, 
maar door veranderingen in de functionele integratie en segregatie van neurale subnetwerken 
(m.a.w. verstoorde connectiviteit). 

In onze studie hebben we gevonden dat mensen met een risicoallel (SERT en COMT gen) 
een andere functionele netwerkorganisatie hebben dan mensen zonder een risicoallel. Om precies 
te zijn, laten de resultaten zien dat subnetwerken gerelateerd aan het ervaren van gevoelens en 
detecteren van saillante (emotionele) informatie een prominentere rol spelen binnen het netwerk 
van risicoallel dragers, dan subnetwerken gerelateerd aan aandacht, geheugen, zelfreflectie, 
emotieregulatie, probleemoplossing en planning. Het gevolg kan zijn dat mensen met een riscoallel 
de wereld als meer bedreigend ervaren en emotioneler reageren op negatieve gebeurtenissen 
dan mensen zonder risicoallel. Dit zou kunnen komen doordat ze minder cognitieve controle/
emotieregulatie uitoefenen. Met betrekking tot het COMT gen vonden we dat er binnen de 
risicoallelgroep een relatie bestaat tussen neuroticisme en i) het minder efficiënt verwerken van 
informatie in subnetwerken gerelateerd aan het ervaren van gevoelens en detecteren van saillante 
(emotionele) informatie en ii) het bestaan van meer connecties tussen het subnetwerk gerelateerd 
aan aandacht, probleemoplossing en planning en de overige netwerken. Deze relaties werden niet 
gevonden binnen de niet-risicoallelgroep. Dit zou kunnen betekenen dat mensen met het risicoallel, 
die hoger scoren op neuroticisme, minder goed saillante (emotionele) gebeurtenissen kunnen 
voorspellen en daarop kunnen anticiperen, wat meer cognitieve controle/emotieregulatie vereist. 
Deze resultaten komen overeen met onze bevindingen in de meta-analyse. Er zou geconcludeerd 
kunnen worden dat verschillen in de functionele netwerkorganisatie kunnen verklaren waarom 
mensen, die een risicoallel dragen (en hoger scoren op neuroticisme), moeilijkheden ervaren met 
het verwerken van emoties en meer kans maken op het ontwikkelen van psychiatrische stoornissen.
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Conclusie

Het doel van dit proefschrift is het onderzoeken van de neurale mechanismen, die ten 
grondslag liggen aan neuroticisme, om beter te begrijpen waarom mensen met hogere scores 
op deze persoonlijkheidstrek kwetsbaarder zijn om psychiatrische stoornissen te ontwikkelen. 
Om dit doel te bereiken hebben we meta-analytische, neuroimaging en genetic imaging studies 
uitgevoerd. Tijdens rust zagen we al dat de hersenen van hoog scorende mensen op neuroticisme 
een andere functionele netwerkorganisatie hebben dan die van laag scorende mensen. Om 
precies te zijn, laten we zien dat subnetwerken gerelateerd aan het verwerken van emoties een 
prominentere rol spelen binnen het netwerk van deze hoog scorende mensen, dan subnetwerken 
die deze emoties juist moeten reguleren en cognitief controleren. Dit zien we ook terug in de 
resultaten van de meta-analyse en de taken die wij hebben onderzocht. Verder vonden we ook dat 
genen wellicht een effect hebben op de functionele netwerkorganisatie, tevens in associatie met 
neuroticisme. Kortom, er zou kunnen worden geconcludeerd dat antwoorden op de vraag waarom 
hoog scorende mensen op neuroticisme emotioneel sensitiever zijn, al kunnen worden gevonden 
in de basale netwerkorganisatie van de hersenen tijdens rust. Wanneer deze mensen vervolgens 
interacteren met hun omgeving, zijn ze geneigd om emotionele informatie eerder (en makkelijker) 
te verwerken. De bevindingen van dit proefschrift laten zien dat met name studies, waarin de 
connectiviteit en netwerkorganisatie werden onderzocht in relatie tot neuroticisme, hebben geleid 
tot veel nieuwe inzichten. Deze technieken kunnen verder worden uitgewerkt en toegepast in 
de toekomst. Samenvattend, de bevindingen van dit proefschrift kunnen mogelijkerwijs meer 
licht werpen op de relatie tussen neuroticisme en psychiatrische stoornissen, en helpen bij het 
ontwikkelen van meer toegespitste behandelingen die kunnen voorkomen dat hoog scorende 
mensen op neuroticisme ziek worden.
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Vandaag is de dag dat ik mijn dankwoord mag schrijven. Wat een reis is het geweest…  

Wanneer je begint aan een PhD traject, heb je eigenlijk geen idee waar je aan begint en wat je 
te wachten staat. Naast dat je leert een onderzoek zelfstandig op te zetten en uit te voeren, is het 
promotietraject ook een persoonlijke ontdekkingsreis. Je moet van alle markten thuis zijn als PhD; 
je moet een goede onderzoeker zijn, schrijver, planner, verkoper, ICT-er, programmeur, analyst en 
tekstverwerker. Echter, daarmee ben je er nog niet, andere vaardigheden zijn ook nog van belang, 
zoals doorzettingsvermogen, emotioneel intelligent zijn, goede stressregulatie en voor jezelf 
opkomen. Een PhD traject is een aardige onderneming en daarom ben ik ook zo ontzettend blij dat 
ik de volgende reisgenoten heb gehad, die voor mij klaar hebben gestaan en mij hebben geholpen.

Allereerst, mijn promotor André Aleman. Bedankt dat je in mij geloofde en dat je mij 
deze baan hebt gegeven. Wat ik altijd erg heb gewaardeerd, is dat je mij hebt vrijgelaten om te 
onderzoeken wat ik graag wilde. Ik denk dat dat erg goed is geweest voor mijn ontwikkeling als 
onderzoeker en op die manier voelde het ook echt als mijn eigen project. Je bent natuurlijk iemand, 
die het altijd erg druk heeft, maar je stond altijd voor mij klaar als ik je nodig had en heb veel van 
je geleerd. Wat ik ook erg leuk vond, is dat ik vele congressen heb mogen bezoeken van jou, soms 
op verre plaatsen (Canada, China, Amerika). Ik heb daar altijd veel van geleerd en kwam dan met 
goede moed en veel ideeën weer terug. Ik ben altijd met veel plezier naar mijn werk gegaan. Dit 
kwam mede door de leuke onderzoeksgroep, die jij hebt samengesteld, waarin iedereen altijd voor 
elkaar klaar staat en elkaar helpt. 

Mijn tweede promotor Hans Ormel. Als ik jou voor me zie, dan zie ik een vriendelijke 
man met een grote glimlach en pretogen. Je had altijd scherpe opmerkingen, waardoor ik mijn 
onderzoek opeens vanuit een ander perspectief zag of realiseerde dat ik iets belangrijks over het 
hoofd had gezien. Ik ben blij dat ik nog één van jouw laatste PhD-studenten heb mogen zijn en 
heb kunnen profiteren van jouw jarenlange ervaring als onderzoeker. Naast dat we goed over 
onderzoek konden praten, vond ik het ook altijd erg leuk om met jou over reizen te praten. Ook 
jij hebt door de jaren heen een fantastische onderzoeksgroep opgezet, waarvan ik blij was een 
onderdeel te mogen zijn.

Mijn copromotor Harriëtte Riese. Naast deze twee soms zakelijke mannen, is het ook wel 
erg fijn om een vrouw aan je zijde te hebben die beaamt dat het soms inderdaad allemaal niet erg 
makkelijk is. Bedankt voor jouw complimenten door de jaren heen en jouw oprechte interesse 
in mij als persoon, maar ook in mijn leven naast dat als onderzoeker. Dit deed mij erg goed. We 
hadden soms andere zienswijzen of meningen, maar dit leverde dan discussies op waarvan ik veel 
heb geleerd als onderzoeker en waardoor ik dingen vanuit een ander perspectief ben gaan zien. 
Echter, meestal waren we het met elkaar eens en deelden we samen het enthousiasme over de 
nieuwe onderzoeksresultaten of de plannen die we hadden bedacht tijdens afspraken of lunches. Ik 
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vind je gewoon een erg leuk en vooral gezellig persoon en ben blij dat we nog steeds samenwerken.

De leden van de beoordelingscomissie: Prof. dr. K. Domschke, Prof. dr. ir. N.M. Maurits en 
Prof. dr. D.J. Veltman. Bedankt voor het lezen en beoordelen van mijn proefschrift.

Remco en Jan-Bernard. Ik kan oprecht zeggen dat zonder jullie hulp de analyses in dit 
proefschrift heel wat minder elegant zouden zijn geweest. Jullie hebben altijd voor mij klaar gestaan; 
geen analytisch probleem was te groot! En ik moet zeggen dat ik jullie liefde voor de methodologie 
ben gaan delen, wat mij door de jaren heen aardig wat ‘nerd points’ heeft opgeleverd. Maar Remco, 
ik vraag mij nog steeds af: waar kan ik ze nou inleveren voor leuke nerd gadgets? Alle gekheid op 
een stokje, Remco, ik wil zeggen dat ik heel veel van jou heb geleerd tijdens mijn PhD. We hebben 
samen de meest mooie analyses opgezet, de moeilijkste problemen aangepakt en de beste rebuttals 
geschreven. Ik heb genoten van onze samenwerking waarin we stevige discussies hebben gehad, 
maar ook erg hebben gelachen. Jan-Bernard, ik ben blij dat je Remco op een gegeven moment 
bent gaan versterken. Ook wij hebben samen heel wat uurtjes achter de computer doorgebracht 
om analyses op te zetten en uit te voeren. Ik heb groot respect voor het gemak waarmee jij scripten 
programmeert en de hoeveelheid methodologische kennis die jij bezit. Daarbuiten kon ik ook 
altijd even langskomen om een praatje te maken of grapjes over het een en ander. Verder kon je mij 
weer een hart onder riem steken als het even tegen zat.

Mijn paranimfen en ‘roomies’: Jorien en Claire. Jorien, wij hebben deze reis echt samen 
gemaakt en ik had mij geen betere reisgenoot kunnen wensen dan jij. Ik kon altijd bij je terecht 
voor oprecht advies en je was altijd bereid om mij te helpen. Ik weet nog dat ik een keer op 
vakantie was en dat jij er samen met Anita was achtergekomen dat een scan van mij niet goed 
was overgestuurd, en dat jullie samen hebben geregeld dat deze scan weer opnieuw werd gemaakt. 
Ik vond dat zo ontzettend aardig, maar zo ben jij als persoon! Je bent mijn bestie binnen het 
NiC en daarbuiten zijn wij ook goede vriendinnen geworden. Ook hebben we samen twee mooie 
meta-analyses gepubliceerd in een toptijdschrift. Ik ben blij dat ik met jou lief en leed heb kunnen 
delen en op congresreisjes kon naar Canada en China. Claire, jij werd later aangenomen als PhD 
en ik zag jou op jouw eerste dag zoekend door de hal lopen op het NiC. Ik dacht, die moet ik als 
kamergenootje confisqueren, want ik wist dat je een leuk en grappig persoon was. Dat heb je ook 
meer dan waargemaakt. Verder was je ook altijd een luistered oor voor de issues die je in het laatste 
jaar als PhD-student hebt. Naast het werk, deden we ook veel leuke dingen, vooral terrasjes pakken 
in de zon met een wijntje en een hapje erbij was onze specialiteit. 

Nicky, jij hoort eigenlijk ook een beetje bij dit kopje als mijn semiparanimf. Ik vind je een hele 
leuke toevoeging aan de onderzoeksgroep en ben blij dat ik met jou het promotiefeest van Jorien 
mag voorbereiden. Ik vond het ook heel leuk dat we nog samen op congresreis naar Hamburg zijn 
geweest. Je bent gewoon awesome.

Mijn onderzoeksgroep de ‘Cognies’. Ik had mij geen betere onderzoeksgroep kunnen 
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wensen. Je zou ons ook een vriendinnen/vriendengroep kunnen noemen. We staan altijd voor 
elkaar klaar en helpen elkaar waar nodig. Naast het werk, hebben we ook veel leuke tijden gehad op 
congresreisjes, feestjes, quizen en borrels. Ik moet hierbij vooral denken aan de HBM clubnights, 
de Brain Train avond en de quiche and cocktail evening. Bedankt: Annemarie, Annerieke, Bertus, 
Brani, Claire, Daouia, Edith, Esther, Gemma, Hui, Jorien, Leonie, Lisette, Liwen, Manon, Marie-
José, Marte, Mechteld, Nicky, Nynke, Pengfei, Ramona, Ruud, Sander, Sima en Shankar. Katharina, 
bedankt voor jouw begeleiding tijdens mijn masterproject. Ik vond het leuk dat we zo nauw 
samenwerkten, soms zelfs letterlijk als we met z’n tweeën aan jouw bureau zaten te werken. Ik 
heb toen veel geleerd over EEG, onderzoek doen en schrijven. Naast het werk hebben we ook veel 
leuke dingen gedaan, zoals drankjes drinken, poolen en naar de kermis. Eline, jou ken ik al sinds 
de opleiding, en ik heb het altijd erg leuk gevonden dat we samen een PhD traject zijn begonnen 
bij het NiC.

De overige collega’s op het NiC. Ik wil jullie ook erg bedanken voor de gezelligheid tijdens 
congressen, feestjes, borrels en lunches en jullie hulp tijdens mijn traject. Bedankt: Barbara, 
Charlotte, Chris, Dave, Doety, Elouise, Funda, Gert, Hans, Heleen, Jelmer, Leonardo, Léon, Liselore, 
Luca, Marc, Mirjan, Nicolas, Sandra, Sjoerd, Stefan en Tharcilla. Emi, bedankt voor de leuke tijden 
tijdens borrels en HBM. Hanneke, ik vind het heel leuk en gezellig dat wij nu samenwerken. Jelle, 
bedankt voor jouw hulp met R de laatste tijd. Linda, bedankt voor de fijne en leuke samenwerking. 
Het ging als vanzelf en er zijn mooie artikelen uit voortgekomen waar ik trots op ben. Ik heb veel 
respect voor jouw programmeervaardigheden en methodologische kennis. 

Mijn collega’s op het ICPE. Ik heb het heel leuk gevonden dat ik ook een onderdeel was 
van jullie fantastische onderzoeksgroep, en dat jullie mij zo nu en dan uitnodigden voor uitjes 
of etentjes. Vooral het tripje naar de dierentuin was gezellig. Bedankt: Anne-Roos, Charlotte, 
Elise, Maaike, Nicolaos, Nynke, Odilia, Piotr en Sanne. Bertus, jij was mijn mede-neuroticisme-
onderzoeker. Bedankt voor de gezellige tijden, leuke gesprekken en jouw hulp tijdens mijn project. 
Je bent een lopende encyclopedie en helemaal jezelf, dat vind ik leuk aan je. Jojanneke, we hebben 
blijkbaar dezelfde interesses, want het lot heeft ons al meerdere keren bij elkaar gebracht om samen 
te werken. Ik vind je een integere onderzoeker en een hele goede schrijfster. Ik vind het 5-HTTLPR 
paper een mooi artikel geworden met een belangrijke boodschap.

Anita, ik had je een ereplek in het dankwoord beloofd met een gouden lijst er omheen. Ik 
hoop dat dit er ook mee door kan. Ik wil je bedanken voor jouw hulp en de gezellige tijden tijdens 
het scannen met teveel snoepjes en cola. Ook bedankt dat je mij hebt leren scannen en dat je 
altijd voor mij klaar stond. Hedwig (mevr. van Oosten), bedankt voor jouw hulp met afspraken en 
andere zaken die geregeld moesten worden. Maar ook voor het regelen van leuke uitjes en borrels, 
de gesprekjes tussendoor en jouw dansjes. Judith, Betty en Gerry, jullie ook erg bedankt voor al 
jullie hulp!

Mensen met wie ik fijn heb samengewerkt tijdens mijn PhD-traject en daarbuiten. Bedankt: 
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Arie, Ilja, Johan, Jojanneke, Jorien, Linda, Paul, Renske en Sergi.

Janneke en Astrid van het laboratorium Geneeskunde. Bedankt voor het helpen met de 
genotypering.

Zonder proefpersonen geen onderzoek. Bedankt voor jullie deelname!

In mijn laatste jaar heb ik een klinische stage gelopen op het UCP om ervaring op te doen met 
werken binnen de kliniek. Ik heb veel geleerd en ik weet nu pas echt wat bepaalde onderwerpen, 
waarover ik heb geschreven in dit proefschrift, inhouden. Bedankt dat jullie mij hebben begeleid 
en welkom hebben laten voelen: Bonnie, Carol, Coby, Date, Dick, Ellen en Esther.

De DELTA neuroimaging groep. Ik ben heel blij dat ik met jullie samenwerk en dat iedereen 
zo enthousiast is over het onderzoek. Stuk voor stuk zijn we allemaal erg geïnteresseerd in de 
dagboek-fMRI koppeling en ieder heeft zijn eigen expertise hierin. Ik ben benieuwd waar het 
project naar toe zal leiden in de toekomst. Bedankt: Eric, Harriëtte, Jan-Bernard, Jojanneke, 
Marieke, Remco, Robert en de DELTA neuroimaging groep in Amsterdam.

Mijn vriendinnen ‘de chicks’. Ik wil jullie bedanken voor alle belevenissen, vakanties, uitjes 
naar de club en etentjes. Jullie zijn mijn besties, zonder jullie zou mijn leven heel saai zijn. Bedankt: 
Chawan, Deborah, Kim en Margaretha. Peter, je bent mijn beste vriend. We kennen elkaar al heel 
lang en we hebben echt awesome tijden samen beleefd. Bedankt voor jouw vriendschap en muziek. 
Edmée en Tamara, bedankt voor jullie vriendschap! Ik wil hier ook alle vrienden bedanken die ik 
via bovenstaande vrienden heb leren kennen en die ik samen met Raymond heb leren kennen.

Mijn schoonfamilie. Bedankt voor alle gezellige feestjes en etentjes, en dat jullie mij hebben 
welkom geheten in de familie. Bedankt: Harma, Jace, Jacob, Jan, Jeffrey, oma Stegeman en Stella.

Mijn dansgroep. Bedankt voor de leuke tijden. Ik voel me altijd blijer en actiever als ik bij 
jullie weg kom, hoe druk mijn dag ook was. Claudia, ik vind het heel leuk dat we nog steeds samen 
sporten na al die jaren.

Mijn lieve familie: Hanna, Marc en Ruud. Woorden schieten hier tekort. Bedankt voor jullie 
onvoorwaardelijke liefde en steun, en al jullie gekkigheden. Ook wil ik de rest van mijn familie 
bedanken, met name Jaap Deen (opa) en Thea Servaas (oma). Dit proefschrift is ook een beetje 
voor jullie.

Raymond, we kennen elkaar al heel lang en ik ben blij dat we nu samenwonen. Je hebt een 
hart van goud en ik moet altijd om je lachen. Bedankt dat je altijd in mij hebt geloofd. Ik hoop dat 
we samen nog de hele wereld over gaan reizen.
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