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Abstract

Disorder-relevant but task-unrelated stimuli impair cognitive performance in social anxiety
disorder (SAD); however, time course and neural correlates of emotional interference are
unknown. The present study investigated time course and neural basis of emotional interfer-
ence in SAD using event-related functional magnetic resonance imaging (fMRI). Patients
with SAD and healthy controls performed an emotional stroop task which allowed examin-
ing interference effects on the current and the succeeding trial. Reaction time data showed
an emotional interference effect in the current trial, but not the succeeding trial, specifically
in SAD. FMRI data showed greater activation in the left amygdala, bilateral insula, medial
prefrontal cortex (MPFC), dorsal anterior cingulate cortex (ACC), and left opercular part of
the inferior frontal gyrus during emotional interference of the current trial in SAD patients.
Furthermore, we found a positive correlation between patients’ interference scores and acti-
vation in the mPFC, dorsal ACC and left angular/supramarginal gyrus. Taken together, re-
sults indicate a network of brain regions comprising amygdala, insula, mPFC, ACC, and
areas strongly involved in language processing during the processing of task-unrelated
threat in SAD. However, specifically the activation in mPFC, dorsal ACC, and left angular/
supramarginal gyrus is associated with the strength of the interference effect, suggesting a
cognitive network model of attentional bias in SAD. This probably comprises exceeded allo-
cation of attentional resources to disorder-related information of the presented stimuli and
increased self-referential and semantic processing of threat words in SAD.

Introduction

Individuals suffering from social anxiety disorder (SAD) showed biased processing of disorder-
related information (e.g. [1,2]). In this context, several studies have shown that SAD patients
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exhibit strong sensitivity towards disorder-related cues, such as socially-threatening words or
aversive facial expressions [3,4]. Along these lines, attentional bias, i.e. the capture of attention
and interference by threat-related information, has particularly been investigated in SAD pa-
tients [3]. This bias has been suggested to play a central role in the disorder’s development and
maintenance [5,6].

The emotional stroop task is often used to quantify attentional bias. In this task, the
emotional stroop interference is reflected by longer reaction times in ink color naming of disor-
der-related in comparison to neutral words. Fast and automatic allocation of attention to and
prioritized processing of disorder-related words has been suggested to interfere with the cogni-
tive task and thus to cause increased reaction times (e.g. [7,8]). In general, patients with anxiety
disorders show increased reaction times to disorder-relates cues in emotional stroop tasks (see
[8]). There is evidence for emotional stroop interference in SAD patients, too (e.g. [9-13]; but
see also [14-16]). However, during the processing of generally threatening in comparison to
neutral words subjects without an anxiety disorder also show an interference effect that seems
to be at least partly related to carry-over effects (e.g. [17]) or slow emotional stroop effects, re-
spectively (e.g. [18,19]). Such slow effects are evident in those trials that follow threat-related
trials. The relevance of fast and slow emotional interference effects in patients with anxiety dis-
orders is completely unknown.

Furthermore, there is a lack of studies on the neural correlates of emotional interference in
SAD. Generally, the amygdala, the insula, the anterior cingulate cortex (ACC), and other fron-
tal brain areas were shown to be activated during processing of threat-related information in
patients with SAD (e.g. [20-23]). Subcortical areas, such as the amygdala, have been proposed
to mediate automatic, bottom-up processing of emotional, and especially of threatening stimuli
[24]. With its interconnections to various cortical areas as well as the brain stem and the hypo-
thalamus, the amygdala plays a central role in alerting responses, the regulation of the auto-
nomic nervous system, and the modulation of the perceptual and emotional processing of
threatening and fearful stimuli [25-27]. Furthermore, elevated amygdala reactivity might be a
premorbid risk factor regarding stress-related disorders (see [28]). Areas that are involved in
the representation of bodily states such as the insula have been shown to be more related to ex-
plicit processing of threat and a person’s own bodily states (e.g. [21,29,30]).

Medial areas of the prefrontal cortex, including the ACC have been suggested to be involved
in cognitive-emotional interactions (e.g. [31]). These areas were considered to be relevant for
higher cognitive appraisal processes, including the experience but also the control and regula-
tion of emotional responses. Previous studies in healthy subjects showed that rostral and dorsal
parts of the ACC were activated during emotional interference tasks (e.g. [32-40]). This was
suggested to reflect demands in cognitive control and emotion regulation [41]. In patients with
anxiety disorders, difficulties in controlling emotional distraction or conflict have been pro-
posed, which might be related to insufficient down-regulation of amygdala hyperactivation
[42-44].

Emotional interference in distraction tasks in individuals with anxiety disorders should be
mainly caused by the fact that task-unrelated but disorder-relevant information capture atten-
tion and processing resources, thus interfering with the main task (e.g. [45]). In the emotional
stroop paradigm, the task-unrelated presence of threatening words should be associated with
increased emotional, perceptual, and semantic processing of this disorder-related information,
and thus with increased responses in amygdala, insula and medial prefrontal areas as well as
language areas that are implemented in word-processing. Emotional words have been shown
to increase activation in several left hemispheric word-processing areas, including the opercu-
lar part of the inferior frontal gyrus (IFG) which includes Broca’s area [46], fusiform gyrus
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(FG) [47], angular, and supramarginal gyrus, including Wernicke’s area and adjacent brain re-
gions [48].

The present study investigated the neural correlates of emotional interference during an
event-related emotional stroop task in patients with SAD and healthy subjects. The current
paradigm allowed the investigation of fast and slow interference effects, i.e. of the current trial
as well as the potential carry over effect to the succeeding trial. In particular, the present study
aimed to answer three main questions: 1) What is the time course of emotional interference in
patients with SAD? 2) Which brain areas are involved in the processing of threat during the
emotional stroop paradigm in SAD? 3) Which brain areas are specifically associated with the
interference effects?

Materials and Methods

Subjects

Seventeen patients with SAD and 16 healthy control subjects (HC) participated in the study. Due
to exceeding head movements (> 3 mm) in the scanner, one patient had to be excluded from
analyses. Therefore, final samples under study consist of 16 SAD and 16 HC subjects. All were
right-handed with normal or corrected-to-normal vision. Participants were recruited via public
announcement and all provided written informed consent to participate in the study. The study
was approved by the ethics committee of the University of Jena. SAD diagnoses were confirmed
by Structured Clinical Interview for DSM-IV Axis I and II disorders (SCID I and IT; [49,50]). Ex-
clusion criteria were any of the following: 1) a diagnosis of obsessive-compulsive disorder, psy-
chotic disorder or dementia, or current primary or secondary major depression; 2) a history of
seizures or head injury with loss of consciousness; 3) a severe uncontrollable medical condition;
or 4) the use of any psychotropic medication within the preceding six months. In the SAD
sample, comorbidities were agoraphobia with panic disorder (n = 2), affective disorder (major
depressive disorder, in full remission; n = 10), and bulimia nervosa (n = 1). Three patients previ-
ously suffered from alcohol and/or substance abuse. Additionally, criteria of DSM-IV-TR axis II
personality disorders were fulfilled by eight patients (six with avoidant and two with dependent
personality disorder). HC subjects were free of any psychopathology. SAD and HC individuals
were matched for age, education, and gender (see Table 1). After scanning, participants complet-
ed the LSAS [Liebowitz Social Anxiety Scale, German version; [51]) and the BDI (Beck Depres-
sion Inventory, German version; [52]) questionnaires. SAD patients scored significantly higher
on both LSAS and BDI questionnaires than HC subjects (Table 1).

Paradigm

Thirty-six disorder-related (e.g. “speech”, “to blush”, “awkward”) and 36 neutral words (e.g.
“garage”, “to size”, “movable”; a subset of words that were already used in one of our previous
studies; see [21]) matched with respect to the number of syllables and word frequency in Ger-
man language (COSMAS II; version 3.6.1, Institute for German language, Mannheim, Ger-
many) were used.

Two functional magnetic resonance imaging (fMRI) runs followed an anatomical scan.
During the fMRI runs, all words were shown once and in a pseudo random order (no more
than three succeeding words of the same category) on an overhead mirror for 1 s with an inter
trial interval of 3.5 to 5.5 s in which a white fixation cross on a black background was presented.
Words were printed in green, red, blue, or yellow color on a black background. Participants
were requested to name the ink color of the words as fast as possible by pressing one of four
buttons with either the index or middle finger of the right or left hand. Subjects’ responses
were recorded with an optic response box. The order of the two runs, the four ink colors, and
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Table 1. Demographic and questionnaire characteristics for patients with social anxiety disorder (SAD) and healthy control subjects (HC) con-

cerning gender, age, education, symptom severity (LSAS), and depression (BDI).

sex, No.
female
male
age, y
(range)
education, y
(range)
LSAS
(range)
BDI
(range)

*p <.05;y=years

SAD HC t-value/y2-value
14

6 5

10 11

29.06 + 9.84 30.81 +8.83 53

(19-54) (19-47)

11.25 + 1.00 11.33 +. 98 24

(10-12) (10-12)

83.69 + 19.73 19.38 + 9.59 11.73*

(59-118) (3-35)

10.28 + 5.45 4.50 + 4.26 3.35%

(2-18) (0-16)

Mean * standard deviation; range displayed in parentheses

doi:10.1371/journal.pone.0128608.1001

the assignment of the response buttons to the four fingers was counterbalanced across individ-
uals. The pseudo randomization of stimulus order was used to secure an equal number of stim-
ulus pairs (neutral words with a preceding neutral word [NN]; neutral words with a preceding
social word [SN]; social words with a preceding neutral word [NS]; and social words with a
preceding social word [SS]). This special randomization allowed analyses of the effect of the ac-
tual trial—without being confounded by the preceding word (NS vs. NN)—and the effect of
the preceding trial (SN vs. NN), separately. Only correct trials were included in the analysis.
There were no effects of Condition or Group on accuracy (all main effects and interactions:
p > .05; see Table 2 for descriptive scores).

After scanning, participants rated all words using a nine-point Likert scale (SAM, Self As-
sessment Manikin; [53]) to assess valence (1 = very pleasant to 9 = very unpleasant, whereas
5 = neutral), arousal (1 = not arousing to 9 = very arousing), and threat (1 = not threatening to
9 = very threatening). Behavioral data were analyzed by repeated measures analysis of variance
(ANOVA) and t-tests using the software SPSS (Version 18.0.2; SPSS, INC.). A probability level
of p < .05 was considered statistically significant.

FMRI

MRI data were recorded with a 3 Tesla magnetic resonance scanner (“Magnetom TIM TRIO”,
Siemens, Medical Solutions, Erlangen, Germany). Scanning consisted of a T1-weighted

Table 2. Reaction times (in ms) and accuracy (in %) scores of the four stimulus pairs (NN: neutral — neutral; NS: neutral — social; SN:
social — neutral; SS: social — social) in patients with social anxiety disorder (SAD) and healthy control (HC) subjects (standard deviation are dis-

played in parentheses).

SAD HC
NN NS SN SS NN NS SN SS
reaction times 862.96 905.44 882.15 874.22 741.59 749.84 760.73 754.11
(181.03) (225.86) (239.13) (178.34) (133.95) (146.35) (179.72) (168.77)
accuracy 97.71 95.94 97.88 95.77 98.60 97.54 97.19 98.06
(3.71) (3.85) (3.51) (4.23) (1.77) (3.38) (3.56) (2.66)

doi:10.1371/journal.pone.0128608.1002
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anatomical scan and two runs using T2*-weighted echo-planar sequence. Each run comprised
135 volumes (TEecho time = 30 ms, flip angle = 90°, matrix = 64 x 64, FOV 4 of view = 192 mm,
TR epetition time = 3 8). Volumes consisted of 40 axial slices (thickness = 3 mm, gap = 0 mm, in
plane resolution = 3 x 3 mm, slice order = ascending). The first four volumes of each run were
skipped to secure steady-state tissue magnetization.

The software package BrainVoyager QX software (Version 1.10.4; Brain Innovation, Maas-
tricht, The Netherlands) was used for data preprocessing and analyzing. To minimize artifacts
due to participants’ head movements during scanning, all volumes of each run were realigned
to the first volume. Then a slice time correction was conducted. Further, data was spatially fil-
tered (8 mm full-width half-maximum isotropic Gaussian kernel) and temporally smoothed
(high pass filter: 5 cycles per run; low pass filter: 2.8 s; linear trend removal). Finally, the ana-
tomical and functional images were co-registered and normalized to the Talairach space [54].

For statistical analyses, a multiple linear regression modelling the signal time course at each
voxel was calculated. The expected BOLD (blood oxygen level-dependent) signal change for
each predictor was modeled with a canonical hemodynamic response function. Predictors of
interest were the four stimulus pairs NN, NS, SN, and SS. Motion correction parameters were
defined as events of no interest. Statistical comparisons were conducted using a mixed effect
analysis, which considers inter-subject variance and permits population-level inferences.
Voxel-wise statistical maps were generated and the predictor estimates (beta-weights) were
computed for each individual. Two ANOV As (repeated measures)—one for fast stroop effect
(NN vs. NS) and one for slow stroop effect (NN vs. SN)—with NN vs. NS/ NN vs. SN as
within-subject factors and with group (SAD vs. HC) as between subject factor were conducted.
Analyses were performed for specific regions of interest (ROIs). Following the approach
recommended by Eickhoff et al. [55], we extracted the amygdala ROI consisting of three
bilateral amygdala maximum probability maps (laterobasal, centromedial, and superficial;
9,077 mm?® in total) of the anatomy toolbox [56]. ROIs for the bilateral insula (32,822 mm?>),
ACC (60,595 mm?®), left opercular IFG (9,585 mm?®), left FG (21,038 mm®), left angular gyrus
(10,406 mm?>), and left supramarginal gyrus (11,383 mm?) were extracted from the AAL atlas
included in WFU PickAtlas software [57-59]. Using MATLAB (Version 7.8; The MathWorks,
Inc) all maps were transformed into BV-compatible Talairach coordinates via ICBM2tal [60].
The ROI for mPFC (28,392 mm?) was designed by using the BrainVoyager software and creat-
ing a cube of 26 mm diameter around x = +/-5; y = 46; z = 18 Talairach coordinates (see
[61,62]). Finally, correlation analyses were conducted between brain activation within the ROIs
and patients’ reaction time differences.

Statistical parametric maps resulting from voxel-wise analyses were considered statistically
significant for clusters that survived cluster-based correction for multiple comparisons (as im-
plemented in BrainVoyager; see [63]; and that was based on a 3D extension of the randomiza-
tion procedure described by Forman et al. [64]). For this purpose, the voxel-level threshold was
set at p < .005 (uncorrected). Then, the threshold maps were submitted to a ROI-based correc-
tion for multiple comparisons. The cluster threshold criterion was based on the estimate of
map’s spatial smoothness [64] and on an iterative procedure (Monte Carlo simulation). The
Monte Carlo simulation used 1,000 iterations to estimate the minimum cluster size threshold.
A cluster-level false-positive rate of 5% was used.

Results
Behavioral data

Reaction times. We analyzed reaction time differences in response to social vs. neutral sti-
muli, which were preceded by trials with neutral stimuli (NS - NN; interference effect of actual
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threat), and to neutral stimuli with preceding social vs. neutral words (SN - NN; carry-over ef-
fect of interference). A significant interference effect is given when the difference between trial
types is significantly greater than 0. The only significant interference effect was found for pa-
tients with SAD in the actual threat condition (¢[15] = 2.19, p < .05¢orr. for multiple comparisons
stepwise Bonferroni correction; [65]). This effect did not occur in HCs (¢[15] =.76, p > .05.4,1)-
Carry-over effects were found neither in the SAD nor in the HC group (SAD: #[15] = 1.02,p >
.05cors HC: £[15] = 1.23, p > .05.r,). The Group x Condition interaction failed to reach statisti-
cal significance (F[1,30] = 1.88, p =.18). Fig 1 indicates the pattern of results (for descriptive
scores see Table 2).

Rating data. Analyses of post-scanning rating data showed that both SAD patients and HC
subjects rated social relative to neutral words as more unpleasant (F[1,31] = 50.69, p < .05), more
arousing (F[1,31] = 73.65, p < .05), and more threatening (F[1,31] = 65.19, p < .05). There was
also a significant Word category by Group interaction (unpleasantness: F[1,31] = 6.52, p < .05;
arousal: F[1,31] = 8.20, p < .05; threatening sentiments: F[1,31] = 20.64, p < .05). Subsequent t-
tests showed that SAD patients rated social words as more unpleasant (¢[15] = 3.68, p < .05),
more arousing (t[15] = 3.16, p < .05), and more threatening (t[15] = 4.79, p < .05) than HCs.

70

60

50

40

30 - oSAD
BHC

20

reaction time difference in ms

10 -

fast effect slow effect
(NS - NN) (SN - NN)

Fig 1. Reaction time differences. Reaction time differences for fast (NS — NN) and slow stroop effect (SN — NN) in patients with social anxiety disorder
(SAD) and healthy control subject (HC). * indicates significant differences.

doi:10.1371/journal.pone.0128608.g001
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Table 3. Post scanning rating data of unpleasantness, arousal, and threat to neutral and social words by patients with social anxiety disorder
(SAD) and healthy control (HC) subjects (standard deviation are displayed in parentheses).

rating of

unpleasantness

arousal

threat

doi:10.1371/journal.pone.0128608.t003

SAD HC
neutral social neutral social
3.90 6.73 4.00 5.33
(1.36) (1.20) (1.51) (0.94)
1.88 5.88 1.85 3.85
(0.93) (1.88) (1.20) (1.75)
1.70 5.84 1.68 2.83
(0.83) (1.99) (1.21) (1.53)

Ratings of neutral words did not differ between the two groups (unpleasantness: [15] =.19, p >
.05; arousal: {[15] = .09, p > .05; threat: {[15] = .07, p > .05). Table 3 summarizes these results.

FMRI-data

Effect of the actual trial. Analyses of the fast stroop effect (NS - NN) revealed an in-
creased activation in the left amygdala (peak voxel Talairach coordinates: x =-24;y=-7;z =
-16; size = 174 mm?>; t[29] = 3.13; p < .05.0.r; probability = 70%), the right and left insula
(right: peak voxel Talairach coordinates: x = 43; y = 8; z = -5; size = 814 mm’; t[29] = 3.71,

P < 05c0rr; left: peak voxel Talairach coordinates: x = -26; y = 15; z = -7; size = 273 mm?; 1[29] =
3.09, p < .05.0:r), MPFC (peak voxel Talairach coordinates: x = -6; y = 53; z = 25; size = 369
mm?>; 129] = 3.16, p < .05.o,) and the dorsal part of the ACC (peak voxel Talairach coordi-
nates: X = -5; y = 8; z = 28; size = 834 mm?; 1[29] = 4.30, p < .05.0,r) in SAD patients as com-
pared to HC subjects. Furthermore, a cluster in the left opercular part of the IFG (peak voxel
Talairach coordinates: x = -47; y = 12; z = 11; size = 1336 mm?>; t{29] = 3.79, P < .05.0r) Was
significantly stronger activated. There was also a cluster of activated voxels that spread into the
left angular gyrus. But the number of activated voxels in the angular gyrus (29 mm”) was
smaller than the minimal cluster size for activations in the angular gyrus (86 mm?) revealed by
Monte Carlo simulation. The majority of activated voxels in this cluster was located inferior to
angular gyrus. Fig 2 demonstrates significant differences between SAD and HC subjects in re-
sponse to the actual socially threatening vs. neutral stimuli.

Effect of the preceding trial. Similar to behavioral data, analysis of the effects on the pre-
ceding trial (SN - NN) revealed no significant activation difference between the two groups.

Correlation analyses. Correlation analyses of the fast stroop interference effect as mea-
sured by reaction time differences of NS - NN with BOLD activation showed a positive associa-
tion of reaction time differences with activation in mPFC (peak voxel Talairach coordinates:

X = 15;y = 44; z = 22; size = 1071 mm’; r = .74; p < .05.0,; see Fig 3A) and dorsal ACC (peak
voxel Talairach coordinates: x = -6; y = 9; z = 41; size = 147 mm?>; 7 = .56; p < .05 see Fig
3B). There was also a cluster of correlated voxels which spread the border of left angular and
supramarginal gyrus (total size = 779 mm?) with center of gravity (size and peak voxel) in

the left supramarginal gyrus (peak voxel Talairach coordinates: x = -56; y = -54 z = 26;

size = 423 mm’; r = .63; P < .05.0.1; see Fig 3C). These correlations did not reflect a correlation
with reaction time difference regardless of the interference effect, since there was no significant
association between differential reaction times and brain activation in HCs (same peak voxel
Talairach coordinates as in SAD patients; mPFC: r = -.38, p > .05; dorsal ACC: r =-.08, p >
.05; left angular/supramarginal gyrus: r = -.15, p > .05).

PLOS ONE | DOI:10.1371/journal.pone.0128608 June 4, 2015 7/15



@'PLOS ‘ ONE

Neural Correlates of Emotional Interference in SAD

-
wv

left amygdala (a)

oy

(NS -NN)
o
wv

BOLD-response

o

=
wv

insula
right (b) left (¢)

’:l

(NS -NN)

v
v
c
5]
-3
w
o
i

(]
-

[e]

]

mPFC (d) dACC (e)

O

BOLD-response

1.5 - left opercular IFG (f)

1

(NS -NN)
©
wv

BOLD-response
=)

©
wv

Fig 2. Brain activation differences to the actual trial (NS > NN). Patients with social anxiety disorder (SAD) display an enhanced activation in the left
amygdala (a), right (b) and left insula (c), medial prefrontal cortex [MPFC; (d)], dorsal anterior cingulate cortex [ACC; (e)], and left opercular inferior frontal
gyrus [IFG; (f)] as compared to healthy control subjects (HC). Statistical parametric maps are overlaid on an averaged T1 scan (radiological convention:
left = right). The plots at the right side display contrasts of parameter estimates (mean * standard error for maximally activated voxel).

doi:10.1371/journal.pone.0128608.9002

Discussion

The present study investigated the time course of emotional interference and its neural corre-
lates in SAD patients using a modified emotional stroop task. Behavioral data indicate that
SAD patients solely showed emotional stroop interference to current disorder-related words
without transmission to the succeeding trial. FMRI analyses revealed stronger activation of sev-
eral emotion-associated brain regions, such as left amygdala, bilateral insula, mPFC, and dorsal
ACC to current social vs. neutral words in SAD vs. HC subjects. Additionally, a brain region
that crucially is involved in language processing, the operular IFG containing Broca’s area, was
also hyperactivated in SAD patients as compared to healthy subjects. Correlational analyses
showed that the strength of the fast interference effect was positively associated with the activa-
tion in mPFC, dorsal ACC, and left angular gyrus in SAD patients.

Behavioral results are in accordance with previous studies showing emotional stroop inter-
ference in SAD patients (e.g. [9-11,66,67]). Here, we provide evidence that the interference ef-
fect in a typical event-related experimental design occurs in the current trial only, and that
there is no significant carry over phenomenon or slow effect as has been discussed for
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T T T 1

100 150 200 250
fast stroop effectin ms (NS - NN)

dorsal ACC
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left angular/supramarginal gyrus

r=.60

100 150 200
fast stroop effectin ms (NS - NN)

Fig 3. Correlation analyses of brain activation and reaction time differences. The amount of fast stroop effect as measured by reaction time difference
(NS — NN) was positively correlated with brain activation in (a) medial prefrontal cortex (mPFC), (b) dorsal ACC, and (c) left angular/supramerginal gyrus in
patients with social anxiety disorder. Statistical parametric maps are overlaid on an averaged T1 scan. The scatter plots at the right side display the
relationship between contrasts of parameter estimates (NS — NN) and means of reaction time differences (NS — NN).

doi:10.1371/journal.pone.0128608.9003

emotional stroop tasks [17,18]. The computational model of Wyble and colleagues [68] pro-
poses fast as well as slow stroop interference effects in anxious subjects. However, carry over ef-
fects are typically found in designs with very brief inter stimulus intervals. Furthermore, it is
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conceivable that patients with SAD do not display a slow effect because of avoiding (the emo-
tional meaning of) disorder-related words after initial hypervigilance (e.g. [69,70]).

FMRI data showed that the processing of threat-related words is associated with an in-
creased activation in the left amygdala in individuals with SAD. In SAD patients, an automatic
increased amygdala activation to threatening cues, especially to emotionally aversive facial ex-
pressions (e.g. [20,70-74]), but also to socially threatening words was found [21]. Furthermore,
our finding is in accordance with the assumption of a threat processing system that directs at-
tention automatically to information of potential harm [75,76]. This increased attention to-
wards threatening stimuli has been proposed to lead to the observed extended reaction times in
emotional stroop (for an overview see [8]) and other interference tasks. However, we found no
evidence for a direct link between amygdala activation and the strength of emotional interfer-
ence. Instead, for words, regions involved in semantic processing and executive areas seem to
be associated with this effect, as discussed below.

Moreover, a cluster in the left and right insula was more activated during the color-naming
of disorder-related vs. neutral words in SAD patients. The insular cortex was proposed to be
generally involved in anxiety disorders [22,30,77]. Based on theories that proposed insular in-
volvement in the representation of visceral and autonomic responses to emotional stimuli (e.g.
[78,79]), increased activation might indicate exaggerated processing of bodily sensations in pa-
tients with SAD [6,80], which is in accordance with previous studies that showed insula hyper-
activation in SAD [21,22].

There was also a significant activation difference in the opercular part of the IFG including
Broca’s area which is an important anterior language area. This is in accordance with previous
studies yielding opercular IFG hyperactivation to negative vs. neutral word processing [81,82].
Furthermore, activation of the left angular/supramarginal gyrus was positively correlated with
reaction time differences of fast stroop effect in SAD but not in HC subjects. This region was
shown to be involved in semantic processing and reading comprehension of words (e.g. [83]),
suggesting enhanced semantic analysis of threat-related words [48] during enhanced emotional
interference. Our results indicate that the semantic meaning of disorder-related words, al-
though not attended to, seems to be processed in more detail by the SAD patients.

Prefrontal areas were also involved during the processing of threat words. SAD patients
showed a hyperactivation of the dorsal ACC. Additionally, dorsal ACC activation was positive-
ly correlated with reaction time differences of emotional stroop interference in SAD patients.
This region was suggested to be important in tasks requiring selective attention [31,84]. Dorsal
ACC activation seems to reflect cognitive and executive demand [37,85,86], but also general
arousal regulation [87]. As in previous studies with healthy participants [37-39], interference
was associated with activation in dorsal ACC, which may indicate heightened conflict monitor-
ing (see [85]) and task effort [88] due to competing emotional distractors.

There was also hyperactivation of the mPFC to disorder-related vs. neutral words in SAD as
compared to HC subjects. Furthermore, mPFC activation was positively correlated with emo-
tional stroop interference in SAD patients. The pregenual area of the mPFC is associated with
self-referential [61,89-91] and higher evaluation processes, and also with attentional and emo-
tional control functions [20,32,38,92,93]. The detected association of mPFC activation and re-
action time differences suggest that the extent of evaluative and self-referential processes in
response to threatening words in SAD patients predicts the strength of emotional interference
on the color detection task. Thus, these outcomes do not support the hypothesis of a negative
association between interference scores and brain responses in prefrontal cortex as proposed
by theories suggesting decreased prefrontal control as a main source of emotional distractibility
in anxiety (e.g. [32,93]). Results thus might depend strongly on the applied paradigm. At least
for a word-based emotional stroop paradigm as used in the present study, interference effects
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might be associated with generally increased processing demand in several cortical as well as
subcortical structures.

There are some limitations of our study that we would like to note. The study aimed the in-
vestigation of the discrete effect of fast as well as slow emotional stroop effects. Nevertheless,
with the present study we are not able to answer the question whether slow emotional stroop
effects were not observed due to the experimental paradigm that was used. Future studies
should investigate the effect of different durations of inter stimulus intervals. Moreover, sample
size (sixteen patients) is a further limitation of the present study. Future studies should investi-
gate neural correlates of emotional interference in SAD and generally in anxiety disorders with
increased sample size.

Conclusions

To conclude, the present findings show that threat-related words induce emotional interfer-
ence in patients with SAD during the current but not the subsequent trial in an emotional
stroop task. The processing of disorder-related words was associated with activation in amyg-
dala, insula, prefrontal areas, and brain regions that are essential in language processing. Specif-
ically, activation in mPFC, dorsal ACC, and left angular/supramarginal gyrus was correlated
with the strength of emotional interference. Thus, our findings suggest a cognitive network
model involving different brain regions that cause increased interference by disorder-related
information in SAD. This fast interference seems to be caused by exceeded self-referential as
well as semantic processing of social linguistic threat, although semantic information of the sti-
muli was not task-relevant. Attentional bias has been shown to be associated with the mainte-
nance of anxiety disorders and targeting attentional bias in psychotherapeutic interventions
seems to be a promising therapeutic tool in the treatment of anxiety disorders (e.g. [94]). Fu-
ture studies should investigate whether fast interference effects in emotional stroop like designs
are predictive for therapeutic success, altered by psychotherapy and what kind of attentional
bias training is most effective as a therapeutic tool for the treatment of SAD.
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