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Abstract

Limbic hyperactivation and an impaired functional interplay between the amygdala and the prefrontal cortex are discussed
to go along with, or even cause, pathological anxiety. Within the multi-faceted group of anxiety disorders, the highly
prevalent social phobia (SP) is characterized by excessive fear of being negatively evaluated. Although there is widespread
evidence for amygdala hypersensitivity to emotional faces in SP, verbal material has rarely been used in imaging studies, in
particular with an eye on disorder-specificity. Using functional magnetic resonance imaging (fMRI) and a block design
consisting of (1) overall negative, (2) social-phobia related, (3) positive, and (4) neutral words, we studied 25 female patients
with social phobia and 25 healthy female control subjects (HC). Results demonstrated amygdala hyperactivation to disorder-
relevant but not to generally negative words in SP patients, with a positive correlation to symptom severity. A functional
connectivity analysis revealed a weaker coupling between the amygdala and the left middle frontal gyrus in patients.
Symptom severity was negatively related to connectivity strength between the amygdala and the ventromedial prefrontal
and orbitofrontal cortex (Brodmann Area 10 and 11). The findings clearly support the view of a hypersensitive threat-
detection system, combined with disorder-related alterations in amygdala-prefrontal cortex connectivity in pathological
anxiety.
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Introduction

Social phobia (SP), also referred to as social anxiety disorder, is
characterized by an exaggerated fear of being negatively evaluated
by others in social or performance situations (DSM IV-TR, [1]). It
is one of the most prevalent and burdening anxiety disorders [2—
4]. Within the last years, neuroimaging studies have provided
valuable information regarding the neural substrates of altered
emotion processing in SP, with a focus on the limbic system (e.g.
the amygdala as the most prominent structure), and on executive
regulative brain systems such as the prefrontal cortex. Theories
assume that the functional balance between these neural systems
may be impaired in pathological anxiety, possibly leading to a less
efficient top-down control of the ‘emotional’ amygdala [5-7].
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Regarding the limbic system, amygdala hyperactivation to
disorder-relevant stimuli is a well-established finding in SP. The
socially relevant stimuli are frequently operationalized as faces
with aversive expressions [8-16], for review see [7]. Studies
reporting correlations between amygdala activation and symptom
severity underlined the crucial role of this brain region [12,17-19].

Although words play an important role in research on biased
information processing in SP (e.g., modified emotional-Stroop
tasks [20,21]), and have several methodological advantages, only a
few fMRI-studies so far have used verbal material as emotional
stimuli. Schmidt and colleagues recently showed increased
amygdala activation in SP for disorder-specific words [22], yet
without comparing these stimuli to other emotional and especially
generally negative words. Similarly Blair and co-authors reported
increased amygdala activation to comments related to the patients
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themselves, or to other persons [23], and to descriptions of social
transgressions [24]. However, alterations of amygdala activation
have been found in many other anxiety disorders and symptoms,
such as specific phobia [25,26], generalized anxiety disorder [27],
and increased trait anxiety [28-30]. Thus, this neural correlate is
not specific for SP, and does not help clarifying the mechanisms
underlying this disorder per se.

In comparison to such limbic changes, less is known about
alterations on a cortical level and again, only little in response to
verbal stimuli. Some studies reported decreased frontal cortex
activation in SP [15,31,32], which is compatible with the idea of a
failure of prefrontal regions in down-regulating the amygdala.
Accordingly, using resting-state or task-related functional connec-
tivity (FC) analyses, several authors reported a decrease in
functional coupling between the amygdala and emotion-regula-
tion-related frontal brain in social phobia [33-35]. For example,
Goldin and colleagues studied corticolimbic activation and
coupling in response to individual autobiographical negative self-
beliefs, while patients and controls were instructed to either
perceive or down-regulate their feelings. For the reappraisal
condition they found a later onset of activity in emotion-regulation
related prefrontal brain structures, and fewer prefrontal regions
inversely coupled with the left amygdala in social phobia patients
[33]. Other findings indicated that not only corticolimbic but also
connectivity within the prefrontal cortex is reduced in SP [36]. On
the other hand, there are also contradicting results indicating
increased frontal activation in SP [22-24,37-39]. For example,
Briihl et al. studied brain activation during the anticipation of
generally emotional pictures and found increased medial prefron-
tal cortex and dorsolateral prefrontal cortex, but decreased
orbitofrontal cortex (OFC) activation during the anticipation of
negative versus neutral images in social phobia [18].

From a methodological point of view, the frequently used facial
stimuli have one important disadvantage: although it seems most
probable that SP subjects react alarmed to angry or contemptuous
faces due to their anxiety of being criticized, these faces are
negative stimuli in general, and disorder-specific biases cannot be
determined. This constitutes a problem, since increased amygdala
activation in SP occurs even for neutral faces [13] and for
generally negative stimuli [18,19]. Thus, it would be highly
advantageous to use not only disorder-relevant, but disorder-
specific material, and to compare this with generally negative
stimuli, to understand better the neural mechanisms underlying
the specific disorder. Verbal stimuli provide this opportunity, while
they have never been studied in detail using fMRI in social phobia
patients. Furthermore, up to now no study has analyzed the
association between disorder severity and corticolimbic coupling
while patients are confronted with emotional and disorder-specific
words.

Thus, the current study aimed to answer two questions. First, do
SP patients, as compared to HC, exhibit increased amygdala
activation, and a positive association with disorder severity, only to
disorder-specific words or also to generally negative emotional
stimuli, as was shown by [18,19]? Secondly, do differences exist
between patients and controls in the functional coupling between
amygdala and frontal cortex during word reading and, more
importantly, does the patients’ disorder severity correlate with this
connectivity?

Materials and Methods

Participants
Twenty-five patients with social phobia and 25 healthy controls
took part in this study.
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Due to the higher prevalence of social phobia in women [40]
and given that there are marked differences between men and
women in neural response patterns to emotional words [41], only
female participants were included in the current sample. All
participants responded to local newspaper ads and were screened
by an experienced clinical psychologist. All included patients
fulfilled the criteria of a current social phobia according to DSM-
IV [1], as confirmed with the SCID interview [42]. None had a
comorbid diagnosis of a current phase of a major depression or a
generalized anxiety disorder, nor a life-time diagnosis of psychotic
symptoms and substance abuse. Comorbid diagnoses in the
patients were currently remitted depressive disorder (n = 3),
currently remitted single major depressive episode (n=2),
currently remitted anorexia nervosa (n =1), and specific phobia
(n = 3). Only one patient received psychotropic medication (15 mg
Citalopram every second day, excluding this patient would not
alter the pattern of results) and # =10 patients had former or
current psychotherapeutic treatment such as cognitive behavioral
therapy (n =7) or other forms (n = 3). Healthy participants had no
life-time history of any psychiatric disorder or psychotropic
medication. Exclusion criteria for all participants were neurolog-
ical illnesses or a history of seizures or head trauma, intake of
benzodiazepines, head movements of >2 mm and/or 2° and the
general MRI-contraindications. All participants were German
native speakers, and had normal or corrected-to-normal vision.
Except for 6 persons in each group, all participants were right-
handed (according to a slightly adapted version of the handedness
questionnaire [43]).

Before scanning, all subjects filled in the German versions of the
Beck-Depression Inventory, BDI [44], the Trait- and State-version
of the State-Trait Anxiety Inventory, STAI [45] and the Social
Phobia Scale (SPS) and Social Interaction Anxiety Scale (SIAS).
The SPS assesses the fear of being scrutinized by others during
several activities (e.g., drinking, speaking) while the SIAS measures
fears of interacting with others [46]. See Table 1 for an overview
on the above and other sociodemographic and questionnaire data
of the two groups.

Ethics statement

All procedures were approved by the Ethics Committee of the
Medical Faculty of the University of Miinster. The ethical
standards of the Declaration of Helsinki were met. All participants
provided written informed consent and received financial com-
pensation for their participation. Patients were additionally offered
psychological consultation.

Task and procedures

A total of 96 German nouns, 24 negative (e.g., pain, victim),
social-phobia related (e.g., disgrace, audience), positive (c.g.
holidays, baby), and neutral ((e.g. pencil, arm), all examples
translated from actually used German words) was used in this
study. Negative, positive, and neutral words constituted a subset of
the stimuli from Kissler and colleagues [48], which have already
been shown to induce amygdala activation in healthy subjects
[30]. Social-phobia related nouns were taken from Schmidt et al.
[22], who demonstrated appropriate limbic and frontal activations
in response to these stimuli in 19 SP subjects. All word categories
were matched for word length (letters: M,,cq = 7.88, Mgp_re1, = 9.25,
Mpos=7.75, Moy = 8.17; all t<<1.69, all p>0.05) and frequency of
use in written German according to the CELEX database, [49]
(Mg = 28.88, Mgp_ret. = 50.92, Mo =55.25, M, = 52.75; all t<
1.46, all p>0.05). The words were furthermore rated by all
participants for valence, arousal and anxiety induction using a
nine-point-Likert scale (SAM, Self-Assessment Manikin, [50]),
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Table 1. Mean differences for patients with social phobia (SP) and healthy controls (HC) concerning age, verbal intelligence,
depression (BDI), Trait- and State anxiety (STAI-T and STAI-S) and social phobia symptoms (SPS/SIAS).

SP M+ SD HC M+ SD t-value p-value (2-tailed)
Age 29.76+8.26 29.36+9.82 —0.16 0.88
Education years 14.68+1.82 14.96+1.59 0.58 0.57
Verbal intelligence® 111.32%13.19 111.44+12.45 0.03 0.97
BDI 11.92+6.86 1.44+1.64 —743 <0.001**
STAI-T 53.12+9.35 30.56+4.43 —10.91 <0.001**
STAI-S 41.16+7.92 30.56+4.13 —5.93 <0.0071**
SPS 37.1616.24 2.64+2.78 —10.47 <0.0071**
SIAS 45.56+14.52 8.40+6.69 -11.62 <0.001**

version; SPS, Social Phobia Scale; SIAS, Social Interaction Anxiety Scale.
@Assessed with the Mehrfachwahl-Wortschatz-Intelligenztest [47].
doi:10.1371/journal.pone.0109949.t001

ranging from 1 = not pleasant/arousing/anxiety-inducing to 9 =
very pleasant/arousing/anxiety-inducing.

The fMRI-paradigm was programmed with Presentation
Software (Version 12.1, Neurobehavioral Systems, Inc., Albany,
CA, USA; www.neurobs.com). Words were presented in white
colour in the centre of a black screen in alternating 15 s blocks of
12 words per block. Presentation time was 1000 ms per word, with
a fixed interstimulus interval of 250 ms. The blocks of words were
presented in a pseudo-randomized order. A 10 s resting phase
(white fixation cross in the centre of a black screen) was following
each block of words. In all, the paradigm took 400 s (6:40 min),
and consisted of 8 word blocks (2 negative, 2 SP-related, 2 positive,
2 neutral). The stimuli were projected onto a screen at the rear end
of the MR tunnel, using a projector shielded against RIF
mterference. Each block was presented two times and the
participants were instructed to read the words attentively. No
further instruction was given.

Image acquisition

A 3 Tesla scanner (Gyroscan Intera T3.0, Philips Medical
Systems, Best, NL) equipped with Quasar Dual gradients
(maximal gradient strength 40 mT/m, maximal slew rate
200 mT/m/ms) was used to acquire MRI data. For spin
excitation and resonance signal acquisition, a circularly polarized
transmit/receive birdcage head coil with an HF reflecting screen
at the cranial end was used. T2* functional data were acquired
using a single-shot echo planar imaging (EPI) sequence (whole
brain coverage, TE =30 ms, TR =2.5 s, FA=90°, 40 slices, slice
thickness 3.6 mm, no gap, matrix 64 x64, FOV 230 mm, in-plane
resolution 3.6 mm x3.6 mm). The slices were tilted 25° from the
anterior commissure/posterior commissure line to minimize drop
out artefacts in the orbitofrontal and mediotemporal regions.

Data analysis

Behavioral rating data for valence-, arousal-, and anxiety
induction were analysed using 2 x4 repeated-measures analyses of
variance (ANOVA), with group (patients versus controls) as
between-subject factor and word category (negative, SP-related,
positive, neutral) as within-subject factor within the general linear
model (version 20, SPSS Inc., USA). The polarity of valence
ratings was reversed for the ANOVA analysis, resulting in a range
from 1= very pleasant to 9= very unpleasant.

Functional-imaging data were analysed using Statistical para-
metric mapping (SPMS8, http://www.filion.ucl.ac.uk/spm). Im-
ages were realigned and unwarped, spatially normalised to
standard MNI space (Montreal Neurological Institute), and
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M= Mean; SD = standard deviation. BDI, Beck Depression Inventory; STAI-T, State-Trait Anxiety Inventory, Trait version; STAI-S, State-Trait Anxiety Inventory, State

smoothed with a Gaussian kernel of 6 mm full width at half
maximum (FWHM). Onsets and durations of the different word
conditions were modelled with a canonical hemodynamic response
function based on the general linear model. For all subjects
individual fixed-effects first-level contrasts including the conditions
negative > neutral, SP-related > neutral, and positive > neutral
were calculated, and the resulting contrast images were entered in
the 2" level (group) random-effects analysis.

According to our main hypotheses, a region of interest (ROI)
analyses of the bilateral amygdala (defined according to the AAL
Atlas [51]) dilated by 1 mm in radius in order to avoid missing
relevant structures using the WFU pickatlas [52]) was performed
in addition to a whole-brain analysis to compare activations for
each word category as compared to the neutral words baseline.
For this purpose, the corresponding individual contrast maps were
entered into a (3x2) analysis of variance (ANCOVA), using the full
factorial model implemented in SPM8, with word category as the
within-subject factor and group as between-subject factor. Given
that anxiety induction ratings differed between patients and
controls for the neutral word category, which served as a baseline
condition for the analysis, each participant’s mean rating value
was entered as a covariate of no interest in the model, to ensure
that functional differences between patients and controls were not
due to group differences with respect to the perceived anxiety
induction by neutral words. The model was used to calculate the
main effects of group, word category, and the crucial group x word
category interaction. Following, according to our hypothesis, a
planned between-group comparison of amygdala activation for the
contrast of SP-related (> neutral) versus negative (> neutral)
words was conducted in addition to explorative post-hoc t-tests for
other within-group (effects of word condition) and between-group
comparisons.

A regression analysis was conducted for the hypothesis on the
relation between social phobia severity and amygdala activation.
To study the influence of the stimuli’s disorder-specificity, we
correlated both amygdala activation for the SP-related > negative
and negative > neutral word condition, respectively, with each
patient’s SPS- and SIAS-score using a voxel-wise region of interest
(ROI) approach.

Moreover, a functional connectivity (FC) analysis was conduct-
ed, reflecting the covariation of activity in a defined seed region
with one or more other brain areas during the time course of the
experiment [53]. Based on our a priori hypothesis about
corticolimbic interaction, volumes of interest (VOI) were extracted
from the left and right amygdala separately as seed region in
this analysis. For both, left and right amygdala seed separately,
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fixed-effects first-level models were conducted including the
experimental conditions as nuisance regressors. The resulting
contrast images of positive functional connectivity were entered in
two-sample t-tests to compare the strength of functional connec-
tivity between SP and HC. Furthermore, the patients’ individual
contrast maps were correlated with SPS- and SIAS-scores. A mask
of the whole frontal lobe (defined according to the WFU PickAtlas
[52]) including all prefrontal areas, was used for the FC analysis.
Again, an additional whole-brain analysis was conducted for the
group comparison of functional connectivity to ascertain that our
analysis would not miss relevant structures outside the frontal lobe
ROL

In order to control for multiple statistical testing, all group
results were calculated with a combined height and extend
threshold based on Monte-Carlo simulations, as implemented in
the AlphaSim procedure [54]. A corrected false-positive detection
rate for the amygdala region of interest analysis at $<<0.05 was
maintained, with a cluster extent (k) empirically determined by
computing 1000 simulations (yielding k=46 for the bilateral
amygdala). The functional connectivity analysis was conducted at
$<<0.001, using a mask of the whole frontal lobe [52] (yielding
k =29 voxels as the empirically determined cluster extent). For the
additional whole-brain group comparison of task-related activa-
tion and functional connectivity, a threshold of p<<0.001 was
chosen, resulting in an empirically determined cluster extent of
k =37 voxels. For post-hoc t-tests subsequent to significant main
or interaction effects in the group x word category ANCOVA, an
uncorrected threshold of p<<0.005 was selected, representing a
Bonferroni-corrected 0.05 probability.

Results

Rating data for verbal stimuli

The analyses of rating data for negative, SP-related, positive,
and neutral words revealed significant main effects for the
between-subject factor group (valence: F) 43=21.33, p<<0.001,
1, =0.31; anxiety induction: F) 44 = 24.76, p<<0.001, 1, = 0.34).
SP patients showed more negative valence (Mgp=25.27 wvs.
M =4.76) and higher anxiety induction ratings (Mgp=3.25
vs. My =2.09) than controls. Significant main effects were also
found for the within-subject factor word category (valence: F» 34,
113‘18:681.63, p<0001, 7]2}):0‘939 F2A52’
12076 = 141.25, p<0.001, n°,=0.75, anxiety induction: F gy
9s.04=116.36, p<<0.001, 112p=0.71). Post-hoc analyses revealed
that all word categories differed significantly from each other in
their valence (all £>5.99, all p<<0.001) and arousal (all £>3.38, all
$<0.05), except for arousal ratings for negative vs. SP-related, and
negative vs. positive words (all £<2.31, all p>0.15). There were
also significant differences between all word categories regarding
their anxiety induction (all £>3.49, all p<<0.05), except for negative
versus SP-related words (f=2.45, p=0.11). Most importantly,
there were significant group x word category interactions for all
three ratings (valence: Fs 345 77318 =15.06, p<<0.001, n2p20.24,
arousal: Fs 55 729.76 =11.97, p<<0.001, nzp =0.20, anxiety induc-
tion: Fs 4 9s.04=26.20, p<<0.001, 112p=O.35). Post-hoc ¢-tests
revealed that compared to HC, patients rated SP-related words as

arousal:

more negative, more arousing and more anxiety-inducing.
Additionally, patients rated neutral and positive words as more
anxiety-inducing than HC (see Table 2 for details). Correlational
analyses between clinical measures and rating data for negative,
SP-related, positive, and neutral words in the patients group can
be found in Table 3.
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Region of interest (ROI) analysis of the amygdala

The ANCOVA yielded no significant main effect of word
category or group within the amygdala. However, there was an
interaction between word category and group within the left
x=—18, y=0, z=—-24, Fy 143=28.16, $<0.001 corrected,
k=111 voxels) and right amygdala (x =28, y=—4, z=—12, Iy,
143 =6.23, $<0.001 corrected, k=155 voxels) (Figure 1). The
planned comparison of the main conditions of interest revealed
that patients as compared to controls showed a stronger activation
of the left and right amygdala in response to SP-related (> neutral)
versus negative (> neutral) words (left amygdala: x= —18, y=—2,
z=—20, 1143 = 3.72, p<<0.001 Bonferroni-corrected, k = 61 voxels;
right amygdala: x=28, y=—6, z=—14, f;4,3=3.43, p<<0.001
Bonferroni-corrected, k=106 voxels). There were no significant
clusters for this contrast when comparing controls to patients.
Please see Table 4 for results of the additional between- and
within-group post-hoc comparisons within the amygdala and
Table S1 for whole-brain results of the ANCOVA.

The regression analysis revealed that for the contrast SP-related
versus negative words, activation of the right amygdala was
positively associated with the patients’ SPS-scores (x =24, y=6,
z=—16, t53=2.80, p=0.038 corrected, k=49 voxels, r=0.50;
Figure 2a). There was no correlation between SIAS-scores and
amygdala activation. Correlating the patients’ amygdala activation
for the contrast of negative versus neutral words with the SPS and
SIAS revealed no significant results.

Functional connectivity analysis

Healthy controls demonstrated a stronger functional coupling
between the right amygdala and the left middle frontal gyrus
(x=—36, y=28, z=52, t43=4.30, p=0.018 corrected, k=35
voxels, Brodmann Area (BA) 8). There were no group differences
in amygdala-frontal coupling when using the left amygdala as seed
region. The additional whole-brain analysis revealed no other
significant group differences for the left or right amygdala seed.

Disorder severity of social phobia patients was negatively
associated with functional coupling between the left amygdala
and the orbital part of the medial frontal gyrus for the SPS (x =38,
y=42, z=—12, t53=4.92, p=0.006 corrected, k=42 voxels,
r=—0.72, BA 10, 11, see Figure 2b). For the SIAS, there was a
negative correlation between symptom severity and the coupling
between the left amygdala and the superior and middle frontal
gyrus (x=—24, y=50, z=14, {y3=6.41, p =<0.001 corrected,
k =146 voxels, r= —0.80, BA 10).

Discussion

The first aim of the current study was to replicate the observed
limbic correlates of an increased sensitivity in social phobia for
possibly threatening stimuli with overall negative and social-
phobia related verbal stimulus material. Secondly, with a
functional connectivity analysis, we wanted to provide additional
evidence regarding the impaired functional relation between
crucial emotion-processing subcortical regions (amygdala) and
prefrontal brain areas. A detailed regression analysis with the
patients’ symptom severity scores was carried out in order to better
understand the relation between illness severity and brain
processes.

Patients with social phobia showed increased amygdala
activation for SP-related (> neutral) versus overall negative (>
neutral) words. While activation to SP-related words was stronger
in patients than in HC, there were no group differences regarding
the activation to generally negative words. This effect remained
stable when group differences in anxiety-induction ratings for the
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neutral word baseline were taken into account. Additionally, there
was a positive association between illness severity and amygdala
activation in response to SP-related as compared to negative
words, but not to negative versus neutral words.

The finding of a hypersensitive amygdala in patients and a
positive association between amygdala activation and disorder
severity concur with several other studies [8,9,12,14,17,19,23,32].
In accordance with the results from Schmidt and colleagues [22],
our data underline the appropriateness of linguistic stimuli in
clinical research. Schmidt and colleagues also found amygdala
hyperactivation in the patient group for the disorder-relevant as
compared to neutral words. This only held for an indirect task of
deciding whether the presented word was a noun or not. Our
findings extend these results, by showing that their disorder-
relevant nouns also caused amygdala hyperactivation in a passive
viewing task. More important, the ROI and the correlation

Table 2. Results of post-scanning ratings of SP-related, negative, positive, and neutral words for valence, arousal, and anxiety
induction by social phobia patients (SP) and healthy controls (HC).
SP M+ SD HC M+ SD t-value p-value (2-tailed)
Valence
SP-related 6.10+0.88 4.60+0.65 6.87 <0.001**
Negative 7.78+0.45 7.62+0.63 1.01 0.32
Positive 2.42+0.75 2.13+0.73 1.42 0.16
Neutral 4.78+0.59 4.68+0.44 0.64 0.53
Arousal
SP-related 6.04£1.50 4.03+£1.49 4.75 <0.001**
Negative 555*+1.15 4.92+1.71 1.53 0.13
Positive 5.69+1.78 590*1.74 0.42 0.68
Neutral 1.99+0.67 1.98+0.99 0.08 0.93
Anxiety induction
SP-related 5.06*+1.61 2.01%+1.02 7.98 <0.001**
Negative 4.45+1.49 3.71*1.70 1.64 0.11
Positive 1.92+0.86 1.38+0.47 273 <0.05*
Neutral 1.57+0.47 1.24+0.38 2.69 <0.05*
M= Mean; SD = standard deviation; higher scores indicate word ratings as more negative, arousing, and anxiety-inducing.
doi:10.1371/journal.pone.0109949.t002

analysis showed that amygdala activation in social phobia is
altered for disorder-specific words only, but not for negative
emotional stimuli in general (as reported by [18,19]). However, it
cannot be ruled out that this finding resulted from the actual use of
both disorder-relevant and generally negative stimuli, contrary to
the paradigms of [18,19]. This might have led to a decreased
salience of the other word categories, which might also account for
the lack of significant differences between negative and positive
words in the patient group. These differences were however found
in HC and in the rating data, underlining the generally good
discrimination between the word categories. Moreover, patients
with social phobia exhibited a stronger activation than HC of the
left amygdala in response to positive (> neutral) words. Although
the processing of positive stimuli in social phobia was not the focus
of our study, this result is of certain interest. It is in accordance
with findings by Straube and colleagues [11], who reported
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Table 3. Correlations between the clinical measures and the behavioral rating data for negative, SP-related, positive, and neutral
words within the group of social phobia patients (Pearson’s correlation/p-value (2-tailed)).

SPS SIAS BDI STAI-T STAI-S
Valence
SP-related 0.41/0.04 0.67/<0.001 0.32/0.12 0.53/0.006 0.55/0.005
Negative 0.28/0.17 0.16/0.44 0.27/0.19 0.18/0.38 0.19/0.37
Positive 0.07/0.73 0.25/0.23 0.03/0.89 0.30/0.14 0.45/0.02
Neutral 0.33/0.11 0.14/0.51 —0.11/0.62 —0.02/0.93 0.38/0.06
Arousal
SP-related 0.43/0.03 0.69/<0.001 0.39/0.06 0.49/0.01 0.52/0.008
Negative 0.25/0.24 0.23/0.27 0.34/0.09 0.33/0.11 0.42/0.04
Positive —0.04/0.87 —0.01/0.96 0.08/0.72 0.12/0.57 0.08/0.69
Neutral 0.13/0.53 0.41/0.04 0.44/0.03 0.43/0.03 0.56/0.003
Anxiety induction
SP-related 0.38/0.06 0.65/<0.001 0.48/0.01 0.45/0.02 0.39/0.05
Negative 0.11/0.61 0.06/0.77 0.43/0.03 0.28/0.17 0.16/0.44
Positive 0.08/0.69 0.28/0.18 0.40/0.04 0.48/0.02 0.40/0.04
Neutral 0.23/0.26 0.39/0.06 0.32/0.12 0.41/0.04 0.49/0.01
SPS, Social Phobia Scale; SIAS, Social Interaction Anxiety Scale; BDI, Beck Depression Inventory; STAI-T, State-Trait Anxiety Inventory, Trait version; STAI-S, State-Trait
Anxiety Inventory, State version. Significant correlations are displayed in bold letters.
doi:10.1371/journal.pone.0109949.t003
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Figure 1. Region of interest analysis of the amygdala. Left: bar graphs depicting the mean contrast value for negative, SP-related, and positive
versus neutral words extracted from x=—18, y=0, z=—24. Error bars, SEM. Right: coronal view (y=0), depicting the significant group x word

category interaction in the bilateral amygdala.
doi:10.1371/journal.pone.0109949.g001

increased amygdala activation in SP to happy facial expressions.
Straube et al. concluded that the amygdala might also be
associated with the processing of safety signals in social phobia
under less demanding task conditions [11], which fits with the
passive viewing paradigm in the current study. On the other hand
it must be noted that a contradictory mechanism is also possible:
Since positive words sometimes have a social connotation, it
cannot be ruled out that they induced anxiety in patients to a
certain extent although we tried to minimize social connotations in
all word categories apart from the SP-related one. This
mechanism would also account for the higher anxiety induction
ratings for positive words in the SP group. However, future
research is necessary as results on positive-stimuli processing in
social phobia seem generally mixed so far with several other
studies that found no group differences for happy faces, or even
used positive stimuli as a baseline for social-anxiety inducing
paradigms (see [35]).

In accordance with the fMRI-results, the rating data showed
group differences in valence, arousal and anxiety-induction ratings
for SP-related but not for generally negative words. Interestingly,
patients also rated neutral and positive words as more anxiety-
inducing than HC, corroborating the view that anxiety patients
tend to interpret many stimuli as more threatening than healthy
persons [56]. As depicted in Table 3, higher negativity, arousal,
and anxiety-induction ratings of SP-related but not generally
negative words were strongly associated with higher symptom
severity scores in the SPS and SIAS. While there were some
positive associations between higher BDI, STAI-T, or STAI-S
scores and negatively biased ratings for several word categories,
social phobia severity seems to selectively influence ratings of SP-
related words only. With the exception of arousal ratings for
neutral words, this effect underlines the specificity of disorder-
related information processing biases.

The functional connectivity results reveal a weaker connectivity
in SP than in HC between the right amygdala and the left
Brodmann Area 8 as part of the middle frontal gyrus. This area
includes the frontal eye field (FEF), which is discussed to be related
to orientation towards visual stimuli, as part of the attentional
network (see e.g. [57]). Interestingly, this area has been reported to

PLOS ONE | www.plosone.org

be deactivated in SP when anticipating social speaking [32], a
result similar to ours.

Furthermore, more severely affected patients showed a weaker
functional connectivity between the left amygdala and the
ventromedial prefrontal (BA 10) as well as the orbitofrontal cortex
(OFC, BA 11). The latter result is in accordance with Hahn and
colleagues, who reported a negative association between state
anxiety and resting-state connectivity between the amygdalae and
the OFC in a sample of SP patients and HC [34]. The OFC is
strongly connected to subcortical regions, and is assumed to play a
crucial role in emotion regulation circuits [58,59]. Thus, increased
activation in the OFC or stronger connectivity between the
amygdala and the OFC have been related to successfully
decreasing the emotional impact of aversive pictures [60,61]. In
SP, decreased OFC activation was found in a social-speaking task
[62], and there is evidence suggesting abnormalities in white
matter tracts connecting the amygdala and the OFC [63-65]. The
ventromedial cortex has also been related to emotion regulation
[66]. Following [6], the BA 10 might be a higher-order executive
brain region maintaining the goal to down regulate emotions,
which is possibly carried out via OFC-amygdala connections.

Together, by using a paradigm consisting of emotional and
disorder-specific words for the first time in SP, our results add a
new piece of information to the existing knowledge on cortico-
limbic interaction patterns in SP. The disorder-dependent
negative associations between the amygdala and both BA 10
and BA 11 support the view of an inverse relation between the
prefrontal cortex and the amygdala that is disturbed in patholog-
ical anxiety (see [35,59] for comparison). This finding has several
clinical and methodological implications. First, a failure in
prefrontal regulation, possibly resulting in amygdala hypersensi-
tivity, might be a plausible neural correlate of the concentration on
internal and external signs of threat, as postulated in models of SP
(e.g. [67]). Second, there is evidence that altered prefrontal cortex
activation in anxiety disorders can normalize after cognitive
behavioral therapy [68], allowing us to understand better the
action mechanism of psychotherapy. Finally, there are promising
new therapeutic tools for anxiety disorders such as the repetitive
transcranial magnetic stimulation (r'TMS). As a future perspective,
the impaired balance between cortical and subcortical areas might
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Figure 2. Correlations with disorder severity. a) Left: Association of the patients’ SPS-scores with right amygdala responsiveness to SP-related
versus negative words, rendered on an anatomical template in MNI-space. Color bar, correlation coefficient r. Right: Scatter plot depicting the positive
correlation of the mean cluster activation values (left panel) and the SPS-scores. b) Left: Association of the patients’ SPS-scores and the functional
connectivity between the left amygdala and the right BA 10 and 11, rendered on an anatomical template in MNI-space. Color bar, correlation
coefficient —r. Right: Scatter plot depicting the negative correlation of the mean cluster activation values (left panel) and the SPS-scores.

doi:10.1371/journal.pone.0109949.g002

also be normalized via technically enhancing prefrontal activity
[69-71]. From a methodological point of view, our data show the
appropriateness of using verbal stimuli in fMRI research. As these
stimuli are far better for distinguishing between general emotional
or disorder-specific content than facial images, they provide new
opportunities to study corticolimbic interactions in more detail, for
example via psychophysiological interaction analysis or effective
connectivity approaches.

We should point out some limitations of the current study.
Although we included 25 persons per group, an even larger sample
would have allowed uncovering subgroups within patients and
controls, for example with respect to genetic factors. As in healthy
subjects [72] and other psychiatric disorders [73,74], for review see
[75], there is also evidence for genetic influences on amygdala
activation in social phobia [76,77]. Furthermore, only female
participants were included in the current sample. Although there
are some studies reporting a balanced lifetime-prevalence for
social phobia [78], the disorder is generally suggested to be more
prevalent in women [40]. Thus including only female participants
naturally limits the generalizability of our results, but it also reflects
the disorder’s gender distribution and avoids additional variance in
our data due to differences in brain activations between men and
women [41,79]. Moreover, there are findings indicating that brain

PLOS ONE | www.plosone.org

activation in crucial emotion-processing brain regions varies as a
function of menstrual cycle [80], a variable which we did not
account for. Finally, some participants were left-handed, which
may constitute a problem with respect to the neural processing of
verbal stimuli. Although the lateralization of limbic or frontal
activation was of no interest for the goals of this investigation, and
even though the number of left-handed participants was matched
between the groups, this must be considered a limitation of the
current study.

In sum, the current study emphasizes the important role of the
limbic system and the prefrontal cortex as well as their interplay in
social phobia. We used words as stimulus material to explicitly
evaluate effects of disorder-specificity, over and above effects of
general negativity of stimuli. With a functional connectivity
analysis, we corroborated the view of an impaired functional
coupling between the amygdala and prefrontal brain regions. Our
results provide first evidence of a direct association between
symptom severity and a weaker functional coupling between the
amygdala and the ventromedial and orbitofrontal cortex during
the confrontation with verbal emotional stimuli.

November 2014 | Volume 9 | Issue 11 | 109949



Supporting Information

Table S1 Significant whole-brain results for the group x word
category ANCOVA comparing activation to negative, SP-related,
and positive (> neutral) words between patients with social phobia
(SP) and healthy controls (HC).

(DOCX)

Acknowledgments

We would like to thank J. Kissler and S. Schmidt for allowing us to use
their linguistic stimulus material. We are furthermore very grateful to D.
Grotegerd and C. Heitmann for their valuable support.

References

1. American Psychiatric Association (2000) Diagnostic and Statistical Manual of

Mental Disorders, 4th ed., Text revision. Washington (DC): American
Psychiatric Press.

2. Kessler RC, Tat Chiu W, Demler O, Walters EE (2005) Prevalence, severity,
and comorbidity of 12-Month DSM-IV disorders in the national comorbidity
survey replication. Arch Gen Psychiatry 62: 617-627. doi:10.1001/archpsyc.
62.6.617.

3. Kessler RC (2003) The impairments caused by social phobia in the general
population: implications for intervention. Acta Psychiatr Scand Suppl 108: 19—
27. doi:10.1034/7.1600-0447.108.5417.2 x.

4. Pallant S, Pampaloni I, Rucci P, Maina G, Mauri M, et al. (2008) Quality of life
and clinical characteristics of patients with generalized and performance-focused
social anxiety disorder: an italian study. Int J Psych Clin Pract 12: 256-260.
doi:10.1080/13651500802007926.

. Wager TD, Davidson ML, Hughes BL, Lindquist MA, Ochsner KN (2008)
Prefrontal-subcortical pathways mediating successful emotion regulation.
Neuron 59: 1037-1050. doi:10.1016/j.neuron.2008.09.006.

6. Quirk GJ, Beer JS (2006) Prefrontal involvement in the regulation of emotion:
convergence of rat and human studies. Curr Opin Neurobiol 16: 723-727.
doi:10.1016/j.conb.2006.07.004.

7. Miskovic V, Schmidt LA (2012) Social fearfulness in the human brain. Neurosci
Biobehav Rev 36: 459-478. doi:10.1016/j.neubiorev.2011.08.002.

8. Birbaumer N, Grodd W, Diedrich O, Klose U, Erb M, et al. (1998) fMRI
reveals amygdala activation to human faces in social phobics. Neuroreport 9:
1223-1226. doi:10.1097/00001756-199804200-00048.

9. Stein MB, Goldin PR, Sareen J, Zorrilla LTE, Brown GG (2002) Increased
amygdala activation to angry and contemptuous faces in generalized social
phobia. Arch Gen Psychiatry 59: 1027-1034. doi:10.1001/archpsyc.59.11.1027.

o

10. Straube T, Kolassa I'T, Glauer M, Mentzel HJ, Miltner WHR (2004) Effect of

task conditions on brain responses to threatening faces in social phobics: an
event-related functional magnetic resonance imaging study. Biol Psychiatry 56:
921-930. doi:10.1016/j.biopsych.2004.09.024.

11. Straube T, Mentzel HJ, Miltner WHR (2005) Common and distinct brain
activation to threat and safety signals in social phobia. Neuropsychobiology 52:
163-168. doi:10.1159/000087987.

12. Phan KL, Fitzgerald DA, Nathan PJ, Tancer ME (2006) Association between
amygdala hyperactivity to harsh faces and severity of social anxiety in
generalized social phobia. Biol Psychiatry 59: 424-429. doi:10.1016/j.biopsych.
2005.08.012.

13. Cooney RE, Atlas LY, Joormann J, Eugéne F, Gotlib IH (2006) Amygdala
activation in the processing of neutral faces in social anxiety disorder: is neutral
really neutral? Psychiatry Res: Neuroimaging 148: 55-59. doi:10.1016/
Jj-pscychresns.2006.05.003.

14. Yoon KIL, Fitzgerald DA, Angstadt M, McCarron RA, Phan KL (2007)
Amygdala reactivity to emotional faces at high and low intensity in generalized
social phobia: a 4-Tesla functional MRI study. Psychiatry Res: Neuroimaging
154: 93-98. doi:10.1016/j.pscychresns.2006.05.004.

15. Gentili C, Gobbini MI, Ricciardi E, Vanello N, Pietrini P, et al. (2008)
Differential modulation of neural activity throughout the distributed neural
system for face perception in patients with social phobia and healthy subjects.
Brain Res Bull 77: 286-292. doi:10.1016/j.brainresbull.2008.08.003.

16. Blair KS, Shaywitz ], Smith BW, Rhodes R, Geraci M, et al. (2008) Response to
emotional expressions in generalized social phobia and generalized anxicty
disorder: evidence for separate disorders. Am J Psychiatry 165: 1193-1202.
doi:10.1176/appi.ajp.2008.07071060.

17. Goldin PR, Manber T, Hakimi S, Canli T, Gross JJ (2009) Neural bases of social
anxiety disorder: emotional reactivity and cognitive regulation during social and
physical threat. Arch Gen Psychiatry 66: 170-180. doi:10.1001/archgenpsy
chiatry.2008.525.

18. Brithl AB, Rufer M, Delsignore A, Kaffenberger T, Jiancke L, et al. (2011)
Neural correlates of altered general emotion processing in social anxiety
disorder. Brain Res 1378: 72-83. doi:10.1016/j.brainres.2010.12.084.

19. Shah SG, Klumpp H, Angstadt M, Nathan PJ, Phan KL (2009) Amygdala and
insula response to emotional images in patients with generalized social anxiety
disorder. J Psychiatry Neurosci 34: 296-302.

PLOS ONE | www.plosone.org

Corticolimbic Interactions in Social Phobia

Author Contributions

Conceived and designed the experiments: CD P. Zwitserlood P. Zwanzger
UD VA KK AE. Wrote the paper: IL UD P. Zwanzger. Was involved in
data collection and fMRI measures: BR HK. Analysed and interpreted
data: IL UD P. Zwanzger CD. Revised the manuscript and gave final
approval: CD BR HK KK AE VA P. Zwitserlood UD P. Zwanzger.

20. Becker E, Rinck M, Margraf J, Roth WT (2001) The emotional Stroop effect in
anxiety disorders: general emotional or disorder specificity? J Anxiety Disord 15:
147-159. doi:10.1016/S0887-6185(01)00055-X.

21. Maidenberg E, Chen E, Craske M, Bohn P, Bystritsky A (1996) Specificity of
attentional bias in panic disorder and social phobia. J Anxiety Disord 10: 529
541. doi:10.1016/50887-6185(96)00028-X.

22. Schmidt S, Mohr A, Milther WHR, Straube T (2010) Task-dependent neural
correlates of the processing of verbal threat-related stimuli in social phobia. Biol
Psychol 84: 304-312. doi:10.1016/j.biopsycho.2010.03.005.

23. Blair KS, Geraci M, Otero M, Majestic C, Odenheimer S, et al. (2011) Atypical
modulation of medial prefrontal cortex to self-referential comments in
generalized social phobia. Psychiatry Res: Neuroimaging 193: 38-45.
doi:10.1016/j.pscychresns.2010.12.016.

24. Blair KS, Geraci M, Hollon N, Otero M, Devido ], et al. (2010) Social norm
processing in adult social phobia: atypically increased ventromedial frontal
cortex responsiveness to unintentional (embarrassing) transgressions. Am J Psy-
chiatry 167: 1526-1532. doi:10.1176/appi.ajp.2010.09121797.

25. Straube T, Mentzel HJ, Miltner WHR (2006) Neural mechanisms of automatic
and direct processing of phobogenic stimuli in specific phobia. Biol Psychiatry
59: 162-170. doi:10.1016/j.biopsych.2005.06.013.

26. Schienle A, Schifer A, Walter B, Stark R, Vaitl D (2005) Brain activation of
spider phobics towards disorder-relevant, generally disgust- and fear-inducing
pictures. Neurosci Lett 388: 1-6. doi:10.1016/j.neulet.2005.06.025.

27. Monk CS, Telzer EH, Mogg K, Bradley BP, Mai X, et al. (2008) Amygdala and
ventrolateral prefrontal cortex activation to masked angry faces in children and
adolescents with generalized anxiety disorder. Arch Gen Psychiatry 65: 568—
576. doi:10.1001/archpsyc.65.5.568.

28. Etkin A, Klemenhagen KC, Dudman JT, Rogan MT, Hen R, et al. (2004)
Individual differences in trait anxiety predict the response of the basolateral
amygdala to unconsciously processed fearful faces. Neuron 44: 1043-1055.
doi:10.1016/j.neuron.2004.12.006.

29. Sehlmeyer C, Dannlowski U, Schéning S, Kugel H, Pyka M, et al. (2011) Neural
correlates of trait anxiety in fear extinction. Psychol Med 41: 789-798.
doi:10.1017/50033291710001248.

30. Laeger I, Dobel C, Dannlowski U, Kugel H, Grotegerd D, et al. (2012)
Amygdala responsiveness to emotional words is modulated by subclinical anxiety
and depression. Behav Brain Res 233: 508-516. doi:10.1016/j.bbr.2012.05.036.

31. Koric L, Volle E, Seassau M, Bernard FA, Mancini J, et al. (2012) How
cognitive performance-induced stress can influence right VLPFC activation: an
fMRI study in healthy subjects and in patients with social phobia. Hum Brain
Mapp 33: 1973-1986. doi:10.1002/hbm.21340.

32. Lorberbaum J, Kose S, Johnson R, Arana GW, Sullivan LK, et al. (2004) Neural
correlates of speech anticipatory anxiety in generalized social phobia.
Neuroreport 15: 2701-2705.

33. Goldin PR, Manber-Ball T, Werner K, Heimberg RG, Gross JJ (2009) Neural
mechanisms of cognitive reappraisal of negative self-beliefs in social anxiety
disorder. Biol Psychiatry 66: 1091-1099. doi:10.1016/j.biopsych.2009.07.014
apaame.

34. Hahn A, Stein P, Windischberger C, Weissenbacher A, Spindelegger C, et al.
(2011) Reduced resting-state functional connectivity between amygdala and
orbitofrontal cortex in social anxiety disorder. Neuroimage 56: 881-889.
doi:10.1016/j.neuroimage.2011.02.064.

35. Prater KE, Hosanagar A, Klumpp H, Angstadt M, Phan KL (2013) Aberrant
amygdala-frontal cortex connectivity during perception of fearful faces and at
rest in generalized social anxiety disorder. Depress Anxiety 30: 234-241.
doi:10.1002/da.22014.

36. DingJ, Chen H, Qiu C, Liao W, Warwick JM, et al. (2011) Disrupted functional
connectivity in social anxiety disorder: a resting-state fMRI study. Magn Reson
Imaging 29: 701-711. doi:10.1016/j.mri.2011.02.013.

37. Quadflieg S, Mohr A, Mentzel H-J, Miltner WHR, Straube T (2008)
Modulation of the neural network involved in the processing of anger prosody:
the role of task-relevance and social phobia. Biol Psychol 78: 129-137.
doi:10.1016/j.biopsycho.2008.01.014.

November 2014 | Volume 9 | Issue 11 | 109949



38.

39.

40.

41.

42,

46.

47.

48.

49.

50.

52.

53.

54.

56.

57.

58.

59.

60.

Veit R, Flor H, Erb M, Hermann C, Lotze M, et al. (2002) Brain circuits
involved in emotional learning in antisocial behavior and social phobia in
humans. Neurosci Lett 328: 233-236. doi:10.1016/50304-3940(02)00519-0.
Labuschagne I, Phan KL, Wood A, Angstadt M, Chua P, et al. (2012) Medial
frontal hyperactivity to sad faces in generalized social anxiety disorder and
modulation by oxytocin. Int J Neuropsychopharmacol: 1-14. doi:10.1017/
S1461145711001489.

Fehm L, Pelissolo A, Furmark T, Wittchen H-U (2005) Size and burden of social
phobia in Europe. Eur Neuropsychopharmacol 15: 453-462. doi:10.1016/
j-euroneuro.2005.04.002.

Hofer A, Siedentopf CM, Ischebeck A, Rettenbacher MA, Verius M, et al.
(2007) Sex differences in brain activation patterns during processing of positively
and negatively valenced emotional words. Psychol Med 37: 109-119.
doi:10.1017/50033291706008919.

Wittchen H, Wunderlich U, Gruschwitz S, Zaudig M (1997) SKID-I,
Strukturiertes Klinisches Interview fiir DSM-IV [SCID-I, Structured Clinical
Interview for DSM-1V]. Géttingen (GER): Hogrefe.

. Raczkowski D, Kalat JW, Nebes R (1974) Reliability and validity of some

handedness questionnaire items. Neuropsychologia 12: 43-47.

. Beck AT, Steer RA (1987) Beck Depression Inventory: Manual. San Antonio

(TX): Psychological Corporation Harcourt Brace Jovanovich.

Spielberger CD (1983) Manual for the State-Trait Anxiety Inventory. Palo Alto
(CA): Consulting Psychologists Press.

Mattick RP, Clarke JC (1998) Development and validation of measures of social
phobia scrutiny fear and social interaction anxiety. Behav Res Ther 36: 455—
470. doi:10.1016/50005-7967(97)10031-6.

Lehrl S (1995) Mehrfachwahl-Wortschatz-Intelligenztest MWT-B. Goéttingen
(GER): Hogrefe.

Kissler J, Herbert C, Peyk P, Junghofer M (2007) Buzzwords: early cortical
responses to emotional words during reading. Psychol Sci 18: 475-480.
doi:10.1111/7.1467-9280.2007.01924 x.

Baayen R, Piepenbrock R, Gulikers L (1995) The CELEX lexical database
(Release 2). Linguistic Data Consortium Philadelphia (PA): University of
Pennsylvania.

Bradley M, Lang PJ (1994) Measuring emotion: the self-assessment semantic
differential manikin and the semantic differential. J Behav Ther Exp Psychiatry
25: 49-59. doi:10.1016/0005-7916(94)90063-9.

. Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O, et al.

(2002) Automated anatomical labeling of activations in SPM using a
macroscopic anatomical parcellation of the MNI MRI single-subject brain.
Neuroimage 15: 273-289. doi:10.1006/nimg.2001.0978.

Maldjian JA, Laurienti PJ, Kraft RA, Burdette JH (2003) An automated method
for neuroanatomic and cytoarchitectonic atlas-based interrogation of fMRI data
sets. Neuroimage 19: 1233-1239. doi:10.1016/51053-8119(03)00169-1.
Friston KJ (1994) Functional and effective connectivity in neuroimaging: a
synthesis. Hum Brain Mapp 2: 56-78. doi:10.1002/hbm.460020107.

Forman SD, Cohen JD, Fitzgerald M, Eddy WF, Mintun MA, et al. (1995)
Improved assessment of significant activation in functional magnetic resonance
imaging (fMRI): use of a cluster-size threshold. Magn Reson Med 33: 636-647.
doi:10.1002/mrm.1910330508.

. Freitas-Ferrari MC, Hallak JEC, Trzesniak C, Filho AS, Machado-de-Sousa JP,

et al. (2010) Neuroimaging in social anxiety disorder: a systematic review of the
literature. Prog Neuropsychopharmacol Biol Psychiatry 34: 565-580.
doi:10.1016/].pnpbp.2010.02.028.

Ouimet AJ, Gawronski B, Dozois DJA (2009) Cognitive vulnerability to anxiety:
a review and an integrative model. Clin Psychol Rev 29: 459-470. doi:10.1016/
j-cpr.2009.05.004.

Fan J, McCandliss BD, Fossella J, Flombaum JI, Posner MI (2005) The
activation of attentional networks. Neuroimage 26: 471-479. doi:10.1016/
j-neuroimage.2005.02.004.

Kringelbach ML, Rolls ET (2004) The functional neuroanatomy of the human
orbitofrontal cortex: evidence from neuroimaging and neuropsychology. Prog
Neurobiol 72: 341-372. doi:10.1016/j.pneurobio.2004.03.006.

Milad MR, Rauch SL (2007) The role of the orbitofrontal cortex in anxiety
disorders. Ann N'Y Acad Sci 1121: 546-561. doi:10.1196/annals.1401.006.
Hariri AR, Mattay VS, Tessitore A, Fera F, Weinberger DR, et al. (2003)
Neocortical modulation of the amygdala response to fearful stimuli. Biol
Psychiatry 53: 494-501. doi:10.1016/S0006-3223(02)01786-9.

PLOS ONE | www.plosone.org

10

61.

62.

63.

64.

66.

67.

68.

69.

70.

71.

72.

77.

78.

79.

80.

Corticolimbic Interactions in Social Phobia

Banks SJ, Eddy KT, Angstadt M, Nathan PJ, Phan KL (2007) Amygdala-frontal
connectivity during emotion regulation. Soc Cogn Affect Neur 2: 303-312.
doi:10.1093/scan/nsm029.

Tillfors M, Furmark T, Marteinsdottir I, Fischer H, Pissiota A, et al. (2001)
Cerebral blood flow in subjects with social phobia during stressful speaking tasks:
a PET study. Am J Psychiatry 158: 1220-1226. doi:10.1176/appi.ajp.
158.8.1220.

Phan KL, Orlichenko A, Boyd E, Angstadt M, Coccaro EF, et al. (2009)
Preliminary evidence of white matter abnormality in the uncinate fasciculus in
generalized social anxiety disorder. Biol Psychiatry 66: 691-694. doi:10.1016/
j-biopsych.2009.02.028.

Baur V, Brithl AB, Herwig U, Eberle T, Rufer M, et al. (2013) Evidence of
frontotemporal structural hypoconnectivity in social anxiety disorder: a
quantitative fiber tractography study. Hum Brain Mapp 34: 437-446.
doi:10.1002/hbm.21447.

. Baur V, Hanggi J, Rufer M, Delsignore A, Jancke L, et al. (2011) White matter

alterations in social anxiety disorder. J Psychiatry Res 45: 1366-1372.
doi:10.1016/j.jpsychires.2011.05.007.

Urry HL, Van Reekum CM, Johnstone T, Kalin NH, Thurow ME, et al. (2006)
Amygdala and ventromedial prefrontal cortex are inversely coupled during
regulation of negative affect and predict the diurnal pattern of cortisol secretion
among older adults. J Neurosci 26: 4415-4425. doi:10.1523/JNEURO
SCI.3215-05.2006.

Rapee RM, Heimberg RG (1997) A cognitive-behavioral model of anxiety in
social phobia. Behav Res Ther 35: 741-756. doi:10.1016/S0005-
7967(97)00022-3.

Paquette V, Lévesque J, Mensour B, Leroux J-M, Beaudoin G, et al. (2003)
“Change the mind and you change the brain”: effects of cognitive-behavioral
therapy on the neural correlates of spider phobia. Neuroimage 18: 401-409.
doi:10.1016/51053-8119(02)00030-7.

Diemer J, Vennewald N, Domschke K, Zwanzger P (2010) Therapy-refractory
panic: current research areas as possible perspectives in the treatment of anxiety.
Eur Arch Psychiatry Clin Neurosci 260 Suppl: 127-131. doi:10.1007/s00406-
010-0143-9.

Zwanzger P, Fallgatter AJ, Zavorotnyy M, Padberg I (2009) Anxiolytic effects of
transcranial magnetic stimulation - an alternative treatment option in anxiety
disorders? J Neural Transm 116: 767-775. doi:10.1007/500702-008-0162-0.
Pallanti S, Bernardi S (2009) Neurobiology of repeated transcranial magnetic
stimulation in the treatment of anxiety: a critical review. Int Clin Psychophar-
macol 24: 163-173. doi:10.1097/YIC.0b013¢32832¢2639.

Dannlowski U, Konrad C, Kugel H, Zwitserlood P, Domschke K, et al. (2010)
Emotion specific modulation of automatic amygdala responses by 5-HTTLPR
genotype. Neuroimage 53: 893-898. doi:10.1016/j.neuroimage.2009.11.073.

. Dannlowski U, Ohrmann P, Bauer J, Deckert J, Hohoff C, et al. (2008) 5-

HTTLPR biases amygdala activity in response to masked facial expressions in
major depression. Neuropsychopharmacology 33: 418-424. doi:10.1038/
sj.npp.1301411.

. Dannlowski U, Ohrmann P, Bauer J, Kugel H, Baune BT, et al. (2007)

Serotonergic genes modulate amygdala activity in major depression. Genes

Brain Behav 6: 672-676. doi:10.1111/§.1601-183X.2006.00297 x.

. Domschke K, Dannlowski U (2010) Imaging genetics of anxiety disorders.

Neuroimage 53: 822-831. doi:10.1016/j.neuroimage.2009.11.042.

. Furmark T, Appel L, Henningsson S, Ahs F, Faria V, et al. (2008) A link

between serotonin-related gene polymorphisms, amygdala activity, and placebo-
induced relief from social anxiety. J Neurosci 28: 13066-13074. doi:10.1523/
JNEUROSCI.2534-08.2008.

Furmark T, Tillfors M, Garpenstrand H, Marteinsdottir I, Langstrom B, et al.
(2004) Serotonin transporter polymorphism related to amygdala excitability and
symptom severity in patients with social phobia. Neurosci Lett 362: 189-192.
doi:10.1016/j.neulet.2004.02.070.

McLean CP, Asnaani A, Litz BT, Hofmann SG (2011) Gender differences in
anxiety disorders: prevalence, course of illness, comorbidity and burden of
illness. J Psychiatr Res 45: 1027-1035. doi:10.1016/j.jpsychires.2011.03.006.
Killgore WD, Oki M, Yurgelun-Todd DA (2001) Sex-specific developmental
changes in amygdala responses to affective faces. Neuroreport 12: 427-433.
doi:10.1097/00001756-200102120-00047.

Goldstein JM, Jerram M, Poldrack R, Ahern T, Kennedy DN, et al. (2005)
Hormonal cycle modulates arousal circuitry in women using functional magnetic
resonance imaging. J Neurosci 25: 9309-9316. doi:10.1523/JNEURO
SCI.2239-05.2005.

November 2014 | Volume 9 | Issue 11 | 109949



