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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)

Thesis_Book .indb   75 1/4/2015   1:36:01 PM



76 | Activation Studies: Neuroticism and Worry

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)

Thesis_Book .indb   78 1/4/2015   1:36:02 PM



79

3

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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indicate whether they had succeeded in generating thoughts on the topic of the sentence.
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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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