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The brain’s default mode network has a central role in the processing of information concerning oneself. Dysfunction in this self-
referential processing represents a key component of multiple mental health conditions, particularly social anxiety disorder (SAD).
This case-control study aimed to clarify alterations to network dynamics present during self-appraisal in SAD participants. A total of
38 adolescents and young adults with SAD and 72 healthy control participants underwent a self-referential processing fMRI task.
The task involved two primary conditions of interest: direct self-appraisal (thinking about oneself) and reflected self-appraisal
(thinking about how others might think about oneself). Dynamic causal modeling and parametric empirical Bayes were then used
to explore differences in the effective connectivity of the default mode network between groups. We observed connectivity
differences between SAD and healthy control participants in the reflected self-appraisal but not the direct self-appraisal condition.
Specifically, SAD participants exhibited greater excitatory connectivity from the posterior cingulate cortex (PCC) to medial prefrontal
cortex (MPFC) and greater inhibitory connectivity from the inferior parietal lobule (IPL) to MPFC. In contrast, SAD participants
exhibited reduced intrinsic connectivity in the absence of task modulation. This was illustrated by reduced excitatory connectivity
from the PCC to MPFC and reduced inhibitory connectivity from the IPL to MPFC. As such, participants with SAD showed changes to
afferent connections to the MPFC which occurred during both reflected self-appraisal as well as intrinsically. The presence of

connectivity differences in reflected and not direct self-appraisal is consistent with the characteristic fear of negative social

evaluation that is experienced by people with SAD.
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INTRODUCTION

Social anxiety disorder (SAD) is one of the most common mental
illnesses, with a lifetime prevalence of 11% [1]. Adolescence is
frequently identified as the primary period for the development of
SAD, with a median age of onset in early adolescence [2, 3] and a
peak prevalence in later adolescence [4]. People with SAD often
experience significant distress during social encounters [5], and in
turn, make considerable efforts to avoid them. As a result of these
factors, SAD has a dramatic effect on social and educational
functioning throughout a critical period of development [6] and
often results in reduced quality of life [7]. Despite this, only a
minority of people with anxiety disorders receive adequate
treatment [8]. Current guidelines emphasize the use of selective
serotonin and noradrenalin reuptake inhibitors, in addition to
psychological treatments including cognitive behavioral therapy
(CBT) as first-line interventions [9, 10]. Notably, both psychological
and pharmacological treatments have demonstrated small to
moderate effect sizes for those with anxiety disorders [11].

An essential characteristic of SAD is a consistent fear of negative
evaluation, which can result in excessively focusing on themselves
during social interactions. Their self-representations are influenced
by how they imagine their appearance and behavior are perceived
by others, with fears that they are viewed as socially inept, gauche,
and awkward [12]. This disturbance in self-appraisal processes is

associated with marked anxiety, and is one of the features of SAD
that is targeted by CBT [13].

Functional MRI studies of participants with SAD often show
alterations in brain regions that support self-appraisal processes.
The medial prefrontal cortex (MPFC) and posterior cingulate
cortex (PCC) are core regions of the default mode network (DMN),
a collection of brain regions which are highly active during self-
appraisal [14, 15]. SAD associated alterations have been observed
in both of these regions, with the MPFC showing increased
activation during self-appraisal processes [16, 17] and the PCC
showing increased activation in response to facial stimuli [18, 19].
Those with SAD have also been shown to demonstrate increased
recruitment across DMN regions during reappraising compared
with accepting negative self-beliefs [20]. Similarly, altered func-
tional connectivity between the MPFC and PCC has been
illustrated in SAD participants [21-24], although the directionality
of these effects appears inconsistent. Alterations between DMN
regions have also been observed in other anxiety disorders
[25-27], as well as being associated with trait [28] and state
anxiety symptom levels [29, 30]. Together this evidence indicates
that alterations to the DMN likely generalize beyond SAD.

In addition to these midline regions, self-appraisal is associated
with increased activity and connectivity with a third component of
the DMN, the inferior parietal lobule (IPL). Using effective
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connectivity (the directional effect that activity in one region has
on the activity of another), we have previously shown that the PCC
exerts a positive influence on the IPL and MPFC during self-
appraisal, with the latter in turn exerting negative feedback on the
PCC [15]. In a more recent study, we compared direct self-
appraisal (where the participant assessed whether personality
adjectives described them) with reflected self-appraisal (where the
participant assessed whether other people would think personality
adjectives described them) in healthy participants [31]. The latter
task component showed similar patterns of activity and directed
connectivity, although with greater activation of the PCC and IPL,
and a distinct pattern of negative influence of the IPL on PCC.

The examination of reflected self-appraisal is likely to be
particularly pertinent for people with SAD, considering the marked
anxiety associated with their fear of negative appraisal by others
inherent to the condition. Our aim was to examine brain
connectivity in participants with SAD as they engaged in a task
that examined direct and reflected self-appraisal processes. As in
our previous studies, we used dynamic causal modeling to
examine effective connectivity, comparing participants with SAD
with control participants across the two conditions. We hypothe-
sized that connectivity differences would be more apparent for
SAD participants performing reflected self-appraisal than direct
self-appraisal. Consistent with our previous work [32], we propose
that these differences will likely occur in the modulation from the
MPFC to PCC.

METHODS AND MATERIALS

Participants

Forty-two unmedicated SAD participants were recruited from outpatient
mental health clinics in the western and northern suburbs of Melbourne,
Australia. These participants had a primary diagnosis of SAD, as assessed
with the Structured Clinical Interview for DSM-5 Axis | disorders (SCID-5-RV)
[33]. SAD participants’ symptoms were in the moderate to severe range on
the Liebowitz Social Anxiety Scale (LSAS) [34]. Imaging data from 4 SAD
participants were excluded due to excessive head motion (N=1), and
suboptimal performance of the external attention component of the task
(N = 3; see below), leaving a total sample of 38 SAD participants.

We recruited 122 healthy controls with no current or past diagnoses of
mental illness (assessed with the SCID-5 non-patient interview) [33], which
we have reported on previously [31]. Exclusion due to excessive head
motion (N =3), inadequate task performance (N=28), and insufficient
subject level activation for DCM (N = 7), resulted in 104 participants with
adequate data. To ensure that participants did not differ in key covariates,
we conducted variable ratio matching using age and gender with the
Matchlt package in R [35] (see Supplementary Materials for full details). This
resulted in a subsample of 72 matched controls being included in these
analyses.

All participants met the following inclusion criteria: they were aged
between 16 and 25 years, were competent English speakers, had no
current treatment with psychoactive medications, had no dependence on
alcohol or other drugs, showed no incidental neurological findings on MR,
and had no further contraindications to MRI. Written informed consent was
obtained from each participant following a complete description of the
study protocol. For participants under 18 years, both participant assent and
parent consent were obtained. The study protocol was approved by The
University of Melbourne Human Research Ethics Committee and was
carried out in accordance with the Declaration of Helsinki.

Task design

Participants completed an fMRI task comprised of 4 experimental
conditions: direct self-appraisal, reflected self-appraisal, external attention,
and rest-fixation - the same task design described by Delahoy and
colleagues [31]. In 3 of the conditions, participants were presented with
words drawn from a list of frequently used trait adjectives [36]. To heighten
self-reflection, words were selected to be neither extremely favorable nor
unfavorable. As such, selected adjectives were from the subset of words
rated as most ‘meaningful’ and were distributed around the median rating
for ‘likeableness’. Words were presented in blocks (6 blocks per condition,
5 words per block) and the word order was randomized for each
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participant. In the direct self-appraisal condition, they were asked to
respond to the question “Would you use this word to describe you?”. In the
reflected self-appraisal condition, they were asked “Would others use this
word to describe you?”, and in the external attention condition they
responded to the question “Does this word have four or more vowels?”. To
each stimulus, they responded “Yes” or “No” by pressing one of two
allocated buttons on a curved 4-button fiber-optic response pad
(Cambridge Research Systems Ltd.). The 3 lists of 30 words that formed
these conditions were matched on valence and number of vowels and
were counterbalanced across participants (Supplementary Table S1). Each
27-second block (2 s of instruction followed by 5 words presented for 5 s
each) was interspersed with a 10-second rest-fixation block in which
participants were asked to fixate on a centrally presented crosshair.

Image acquisition

A 3-T General Electric Discovery MR750 system equipped with an
8-channel phased-array head coil was used in combination with ASSET
parallel imaging. Blood oxygenation level-dependent imaging was under-
taken using a single-shot gradient-recalled echo planar imaging sequence
in the steady state (repetition time, 2000 ms; echo time, 33 ms; pulse angle,
90°) in a 23cm field of view, with a 64 x 64 pixel matrix and a slice
thickness of 3.5 mm (no gap). Thirty-six interleaved slices were acquired
parallel to the anterior-posterior commissure line with a 20° anterior tilt to
better cover ventral prefrontal cortical regions. The total sequence time
was 11 min 24 s, corresponding to 342 whole-brain echo-planar imaging
volumes. A T1-weighted high-resolution anatomical image was acquired
for each participant to assist with functional time-series co-registration
(140 contiguous slices; repetition time, 8.2 ms; echo time, 3.2 ms; flip angle,
13°% in a 25.6 cm field-of-view, with a 256 x 256 pixel matrix and a slice
thickness of 1 mm). To assist with noise reduction and head immobility,
participants were fitted with insert-ear protection and their heads were
supported with foam-padding inserts.

Image preprocessing

Imaging data were transferred to a Unix-based platform that ran MATLAB
version 9.3 (The MathWorks Inc., Natick, USA) and Statistical Parametric
Mapping Version 12 v7771 (SPM12; Wellcome Trust Centre for Neuroima-
ging, UK). Each participant’s time-series were aligned to the first image
using least-squares minimization and a 6-parameter rigid-body spatial
transformation. Motion Fingerprint toolbox (Wilke, 2012) was used to
characterize scan-to-scan head motion for each participant. Participants’
data were excluded if scan-to-scan displacement exceeded 2.5 mm or total
displacement exceeded 3 mm (~1 native voxel). Realigned and slice time
corrected functional images were then co-registered to each participant’s
respective T1 anatomical scans, which were segmented and spatially
normalized to the International Consortium of Brain Mapping template
using the unified segmentation approach. The functional images were
transformed to 2 mm isotropic resolution and were smoothed with an
8 mm full-width-at-half-maximum Gaussian filter.

General linear modeling

Following preprocessing, first-level general linear model (GLM) analyses
were conducted for each participant in SPM12. To predict the activity of a
given voxel as a function of time, regressors of interest were generated by
specifying the durations and onsets of each block for the direct self-
appraisal, reflected self-appraisal, rest-fixation, external attention, and
instruction conditions. These were then convolved with a canonical
hemodynamic response function. The external attention condition was
considered an appropriate baseline as it was matched with the self-
appraisal conditions on stimulus features yet required specific attentional
demands to minimize the intrusion of task-independent thought. A high-
pass filter (1/128s) accounted for low-frequency drifts. GLM with local
autocorrelation correction was used to calculate parameter estimates at
each voxel. Primary contrast images from each participant were carried
forward to second-level analyses using the summary statistics approach to
random-effects analyses. Independent sample t-tests were used for
between-groups analyses, with a whole brain threshold family-wise error
rate (FWE) corrected threshold of P < 0.05, K¢ > 20 voxels.

Following Delahoy and colleagues [31], we then applied conjunction
(null) analyses to identify “core-self DMN" regions across groups: those
that were commonly activated by both self-appraisal conditions as well as
rest-fixation, but that showed further distinct activation during the self-
appraisal conditions relative to rest-fixation. The coordinates of these
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core-self regions were used to extract volumes of interest (VOIs) for further
analysis with DCM. Results are reported in Montreal Neurological
Institute space.

Dynamic causal modeling

DCM is a method for estimating the directional interactions between brain
regions from observed neuroimaging data [37]. For tasks, this estimation is
demarcated into invariant connectivity in the absence of task modulation
(intrinsic connectivity) and connectivity that is modulated by experimental
stimuli [38]. For interactions between regions, the strength of this
relationship is measured in hertz (Hz) and positive values indicate
excitation while negative values indicate inhibition. In contrast, self-
connections are unitless log scaling parameters for which positive values
indicate greater inhibition whereas negative values indicate reduced
inhibition.

As DCM is a hypothesis-driven method requiring selection of a priori
regions of interest, we restricted our analysis to “core-self DMN regions” as
defined in our previous studies [15, 31]. These regions included the MPFC,
PCC, and left IPL and were selected due to their strong association with
self-related processing [39-41]. To localize and identify peak coordinates of
these regions, we used the aforementioned conjunction analysis. The time-
series for our chosen VOIs were then extracted at a single subject level
using the first eigenvariate of voxels within 5 mm of the subject-specific
maxima that showed significant activation for the rest-fixation and direct
and reflected self-appraisal > external attention contrast (P<0.05). If a
given VOI had inadequate activation, the threshold was incrementally
relaxed up to P < 0.5 [38]. Specific coordinates for all three regions were
personalized to each subject’s specific local maximum, which were
required to occur within 8 mm of the group level peaks identified in the
conjunction analysis (see Supplementary Fig. S1). A full model was
specified with intrinsic bidirectional connections between the MPFC, PCC,
and left IPL (Supplementary Fig. S2) and modulation for both the direct
and reflected self-appraisal conditions occurring for all connections. Direct
input into the network was modeled using the overall ‘broad self’
(direct + reflected + rest) into the PCC and the input matrix was not mean
centered. As such, the intrinsic connectivity represents the connectivity
when there is driving input present and task modulation is absent (e.g.,
connectivity during the rest fixation). Full models were estimated
separately for each subject.

We deployed Parametric Empirical Bayes (PEB) to examine differences in
connectivity parameters between healthy controls and SAD participants

A.J. Jamieson et al.

[42]. PEB enables the inclusion of the estimated variance of connectivity
parameters when investigating between-group effects, thereby allowing
for more reliable parameter estimates than using classical frequentist tests.
While Bayesian statistics has no concept of statistical significancy,
thresholding can be used to identify effects which are likely of interest.
As such, we used a posterior probability (PP) threshold of greater than 0.95
[43]. The regressors included in this analysis represented 1) the average
connectivity across all participants, 2) the effect of SAD, and 3) the effect of
age. An automatic search over nested PEB models was conducted
following the estimation of a group level PEB model [44, 45]. After the
final iteration, Bayesian model averaging was performed to determine the
strength of connections in the last Occam’s window of 256 models.

Leave-one-out cross-validation

To assess the predictive validity of parameters which demonstrated
between group differences we used leave-one-out cross-validation
(LOOCV) across both groups. In the PEB framework, LOOCV aims to
determine whether the size of between-group effects on parameters is
sufficiently large to predict a variable of interest [43], in this case, anxiety
symptom severity. This does so by estimating a group-level PEB model
while excluding one subject, then using this PEB model to predict the left-
out subject’s anxiety symptom severity. This predicted anxiety score is then
correlated with the observed anxiety symptom severity. A significant
correlation between the expected and observed values demonstrates that
the effect size was sufficiently large to predict the left-out subjects’ anxiety
symptom severity above chance (see [43] for further details). Anxiety
symptom severity was assessed through the LSAS (social anxiety
symptoms), as well as the State-Trait Anxiety Inventory (STAI) [46] general
and present subscales (trait and state anxiety symptoms respectively).

RESULTS

Clinical and demographic characteristics

Comparison of clinical characteristics revealed that SAD partici-
pants had significantly higher LSAS (t(56.26) = —13.65, P < 0.001),
STAI General (£(108) = —13.52, P < 0.001) and STAI Present scores
(t(108) = —9.49, P < 0.001) compared with healthy controls (Table
1). For distribution of anxiety severity scores across groups see
Supplementary Fig. S3. No significant differences were observed
between groups for age, gender, or IQ (Table 1).

SAD participants (N = 38)

Table 1. Demographic and behavioral differences between healthy controls and social anxiety disorder participants.
Healthy controls (N =72)

Characteristics N or Percentage or SD
Mean

Female 45 62.5

Comorbid MDD - -

Age (years) 20.5 1.8

Standardized 1Q 111.9 8.4

Liebowitz Social Anxiety Scale score 232 171

State-Trait Anxiety Inventory General 33.1 8.9

Score

State-Trait Anxiety Inventory Present 28.9 7.1

Score

RT for external attention (seconds) 2.1 0.47

Accuracy for external attention (%) 94.4 5.8

Reaction time for direct self-appraisal 1.8 0.31

(seconds)

Reaction time for reflected self- 1.7 0.30

appraisal (seconds)

Proportion of adjectives affirmed 45.6 10.8

during direct self-appraisal (%)

Proportion of adjectives affirmed 427 12.2

during reflected self-appraisal (%)

Translational Psychiatry (2023)13:344

N or Percentage or SD Cramer’s V or P
Mean Hedges' g

23 60.5 0.03 0.826
25 65.8 - -
19.8 23 0.35 0.166
110.3 134 0.15 0.816
84.5 24.7 3.06 <0.001
574 9.1 9.04 <0.001
43.5 8.5 7.71 <0.001
2.1 0.43 0.03 0.826
94.0 5.7 0.07 0.868
1.8 0.31 0.23 0.816
1.9 0.32 0.64 0.068
51.8 12.7 0.53 0.008
47.9 143 0.40 0.050
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Direct Self-Appraisal > External Attention

A) Healthy Controls

N

B) Social Anxiety Disorder Participants

Fig. 1 Regions of significant activation during direct self-appraisal compared with external attention. Within-group one-sample t-test for
(A) healthy control participants and (B) social anxiety disorder participants. Results are thresholded at Prye < 0.05, K, = 20. C Between-groups
independent samples t-test comparison of healthy controls and SAD participants, thresholded at P < 0.001, uncorrected, K. = 20. Color bars

represent t-statistics.

Task performance

There was a statistically significant difference in the RT between the
three condition types (F(1.28 138.43) = 34.01, P < 0.001) across groups.
Post hoc testing revealed significantly slower RTs during the external
attention condition compared with both the direct (P<0.001) and
reflected self-appraisal conditions (P < 0.001), as well as a small but
significantly slower RT for reflected compared with direct self-
appraisal (P = 0.019). There was no significant main effect of diagnosis
on RT (F(1,108) = 1.21, P=10.274), nor a significant interaction effect
between diagnostic status and RT (F(1.28 138.43) = 1.64, P = 0.204).
Mean accuracy for the external attention task was 94.4% for controls
and 94.0% for SAD participants, with no significant difference
between groups (P=0.868; Table 1). SAD participants were more
likely to answer “Yes” to the question “Does this word describe you?”
(t(108) = —2.68, P = 0.008). While there were no significant differences
between groups in the percentage of “Yes” responses to the question
“Would others use this word to describe you?”, it should be noted that
this effect was on the boundary of the statistical significance
threshold (t(108) = —1.98, P =0.05).

Mapping common and distinct activations across self-
appraisal and rest

Across both healthy controls and SAD participants, direct and
reflected self-appraisal conditions produced significant and
broadly similar activation patterns which encompassed core
regions of the DMN (Fig. 1A/B and Fig. 2A/B, respectively): namely
the anterior medial wall cortex (including frontopolar MPFC),
posteromedial cortex (incorporating the PCC and precuneus), and
left IPL.

SPRINGER NATURE

The three-way conjunction analysis across participants to
identify core-self regions revealed three significant regional
clusters: MPFC (peak coordinate, x=—10, y =54, z=10; cluster
size = 630; peak t-value =7.15), PCC (peak coordinate, x = —6,
y = —50, z=26; cluster size = 158; peak t-value =7.24), and left
IPL (peak coordinate, x = —48, y = —60, z = 24; cluster size = 184;
peak t-value = 6.63; Supplementary Fig. S1).

Overall, SAD participants and healthy controls demonstrated
similar activation patterns during the direct and reflected self-
appraisal conditions. At a whole-brain level, between-groups
comparisons revealed no significant differences in regional
activation for the main contrasts of interest (Prwe < 0.05). At a
more lenient threshold (P < 0.001, uncorrected), differences were
observed for both the direct self-appraisal > external attention and
reflected self-appraisal > external attention contrasts. During
direct self-appraisal, SAD participants demonstrated decreased
activation in the left pars triangularis of the inferior frontal gyrus,
left premotor cortex, and ventral frontal eye fields compared with
healthy control participants (Fig. 1C; Supplementary Table S2).
During reflected self-appraisal SAD participants illustrated
decreased activity in the right pars opercularis of the inferior
frontal gyrus, left pars triangularis of the inferior frontal gyrus, and
left premotor cortex (Fig. 2C; Supplementary Table S2).

Connectivity differences between social anxiety disorder
participants and healthy controls

SAD participants had reduced intrinsic excitatory connectivity
from the PCC to MPFC (expected value = —0.09 Hz, PP = 1.00) and
reduced intrinsic inhibitory connectivity from the left IPL to MPFC

Translational Psychiatry (2023)13:344
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Reflected Self-Appraisal > External Attention

A) Healthy Controls

Fig. 2 Regions of significant activation during reflected self-appraisal compared with external attention. Within-group one sample t-test
for (A) healthy control participants and (B) social anxiety disorder participants. Results are thresholded at Prye < 0.05, K. = 20. C Between-
groups independent samples t-test comparing healthy controls and SAD participants, thresholded at P < 0.001, uncorrected, K, = 20. Color

bars represent t-statistics.

(expected value =0.08 Hz, PP =1.00) in comparison to healthy
control participants (Fig. 3A).

During reflected self-appraisal, SAD participants had greater
excitatory connectivity from the PCC to MPFC (expected
value = 0.05Hz, PP =0.95) and greater inhibition from the left
IPL to MPFC (expected value = —0.06 Hz, PP = 0.97) in comparison
with healthy control participants (Fig. 3C). No such differences
between groups were observed for direct self-appraisal modula-
tion. The expected values and PP for all parameter estimates are
reported in Supplementary Tables S3-5.

Leave-one-out cross-validation

Using those parameters which demonstrated between group
differences, we performed a LOOCV analysis in the PEB framework
to determine whether the size of this effect on these parameters
could significantly predict anxiety symptom severity. Using the
intrinsic connectivity from the left IPL to MPFC and from the PCC
to MPFC resulted in a significant out-of-samples correlation
between the predicted and observed STAl general scores
(r=0.25, P=0.004; Fig. 4A). No significant correlations were
found for these intrinsic parameters and LSAS or STAI present
scores (Fig. 4B, C). For the full list of individual parameter
correlations see Supplementary Table S6.

DISCUSSION
The current study investigated a brain model of the network
dynamics present during self-referential processing in young

Translational Psychiatry (2023)13:344

people with SAD. We observed DMN connectivity differences in
SAD participants compared with healthy controls during reflected,
but not direct self-appraisal. Specifically, during reflected self-
appraisal SAD participants illustrated greater excitatory connec-
tivity from the PCC to MPFC and greater inhibitory connectivity
from the left IPL to MPFC. The specificity of this finding for the
reflected self-appraisal condition is consistent with the nature of
SAD, whereby those with SAD show acute, anxiety-inducing
preoccupation with the views that others hold of them.

The PCC has been highlighted as a key region in coordinating
the function of the DMN during social processes [47]. Our previous
work hypothesized that representations of the narrative self, the
aspect underlying direct and reflected self-appraisal, are primarily
generated by the PCC [40]. In contrast to direct self-appraisal,
however, reflected self-appraisal appears to be marked by greater
regulatory feedback from the left IPL due to its greater
dependence on perspective taking and episodic memory retrieval
[31]. The role of the MPFC has been suggested to gate these
representations of the self into conscious awareness [15, 48] and
to be more broadly involved in evaluative processes [49, 50].

While SAD participants have demonstrated both hyper- and
hypoconnectivity of the DMN across studies, more recent work
has shown reduced resting-state connectivity within the DMN
[51, 52]. Broadly, these observations and our own are consistent
with the Topography of the Anxious Self model proposed by
Angeletti and colleagues [53]. In short, this model suggests that
abnormal resting-state connectivity within the DMN and
between the DMN and salience network may contribute to trait

SPRINGER NATURE
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Intrinsic Direct appraisal Reflected appraisal
A) . B) . Q) .
connectivity modulation modulation
L R I R L R
4 MPFC MPFC MPFC
4 A
IPL - IPL IPL
PCC PCC PCC
— | eeee—e—e—————— P 2200 eessccssscscsss B _—

Greater inhibitory connectivity

Reduced inhibitory connectivity

Reduced excitatory connectivity ~ Greater excitatory connectivity

Fig. 3 Differences between social anxiety disorder participants and healthy controls in the directional interactions of default mode
network regions during self-referential processing. Meaningful differences observed in the (A) intrinsic connectivity, as well as connectivity
modulation during (B) direct self-appraisal self-appraisal and (C) reflected self-appraisal (PP >0.95). Image created with BioRender

(www.biorender.com).

features of anxiety; these baseline alterations, in turn, increase
the sensitivity of these same regions to task associated
hyperactivity and increases the likelihood that specific stimuli
induce state anxiety symptoms. This interpretation is addition-
ally supported by our intrinsic connectivity parameters predict-
ing trait anxiety symptoms. Interestingly, we did not observe
effective connectivity alterations during direct self-appraisal in
this sample, in contrast to previous findings [32]. Notably,
however, in the research by Davey and colleagues [32], this
effect was identified in major depressive disorder participants
with any comorbid anxiety disorder, not just social anxiety.
Therefore, it may be that alterations to resting-state connectivity
are consistent across anxiety disorders whereas abnormalities in
task related modulation are more specific to the disorder and
stimuli under consideration. Examining these relationships in a
larger and more heterogeneous anxiety sample would allow for
direct testing of this hypothesis.

Cognitive models of social anxiety have proposed that
increased self-focused attention is a core feature in the develop-
ment and maintenance of this disorder [54]. A heightened level of
self-focused attention has been shown to correlate with the
activity of the MPFC and PCC in participants who are highly
socially anxious [55]. During reflected self-appraisal, the increased
modulation from the left IPL and PCC to MPFC may indicate a
heightened focus on how the self is perceived to be represented
by others in those with SAD. Interestingly, in SAD participants the
connectivity from the PCC to MPFC during reflected self-appraisal
also appears more similar to the modulation present during direct
self-appraisal. This supports the idea that for SAD participants
reflected self-appraisal is more dependent on their constructed
narrative self, in contrast to how this process functions in healthy
participants [31]. Notably, CBT has been shown to reduce self-
focused negative thoughts and beliefs [13], with decreased
frequency of negatively biased thinking being associated with
reduced social anxiety [56]. Thus, the activity and connectivity of
DMN regions may provide insight into which participants will
respond optimally to psychotherapy. Previous research has
demonstrated that anterior components of the DMN, including

SPRINGER NATURE

the ACC and MPFC, are associated with treatment response for
those with anxiety disorders. Pretreatment activity of the ACC,
both at rest [57] and during an implicit regulation task [58], has
been associated with improved outcomes to CBT. Work by Yuan
et al. [59] has additionally shown that baseline connectivity
between the dorsal MPFC and amygdala are both predictive of
response to CBT and is normalized following treatment. As such,
examining whether DMN effective connectivity is predictive of
treatment response to CBT as has been demonstrated in major
depressive disorder [60], and whether successful treatment
normalizes this altered connectivity, may be of interest for future
research.

This study provides insight into SAD associated alterations to
the directional interactions of the DMN, however, there are several
limitations which should be considered. The block design of the
task and the selection of trait adjectives distributed around the
median rating for ‘likeableness’ meant that we were unable to
disentangle if the observed effects may have been different for
positive and negatively valence adjectives. While recent work has
illustrated no significant differences in DMN activity between
positive and negative direct self-referential processing [61], there
may be differences present during reflected self-referential
processing. While the intrinsic connectivity generated during this
task has been compared to findings from resting-state studies,
these forms of connectivity are not directly comparable. This
highlights that future studies should directly investigate resting
state effective connectivity in SAD participants to examine
whether these effects are observed in “true” resting states. The
SAD sample used in this study was also relatively small, which
makes replication in a larger sample of adolescents and young
adults with SAD critical.

CONCLUSIONS

Our study has provided a novel brain model of DMN dysfunction
present in SAD participants during self-referential processing.
We observed SAD associated reductions in the intrinsic
connectivity to the MPFC as well as greater modulation to the
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MPFC specifically during reflected self-referential processing.
These observations highlight anxiety associated alterations to
connectivity which occur during reflected self-appraisal. We also
demonstrated that the effect size of these alterations in the
intrinsic connectivity were associated with trait anxiety symp-
toms. Further investigations into how psychological treatments
which specifically target this appraisal process, such as CBT,
alters this dysfunction may provide key insight into the
neurobiology of SAD.

DATA AVAILABILITY

The code for the effective connectivity analyses is available within the SPM12
software package (https://www fil.ion.ucl.ac.uk/spm). Effective connectivity data and
the code used to generate the results presented here are available at https://
github.com/alecJamieson/SAD_DCM_paper.

REFERENCES

1.

Kessler RC, Petukhova M, Sampson NA, Zaslavsky AM, Wittchen HU. Twelve-
month and lifetime prevalence and lifetime morbid risk of anxiety and mood
disorders in the United States. Int J Meth Psych Res. 2012;21:169-84.

. Kessler RC, Berglund P, Demler O, Jin R, Merikangas KR, Walters EE. Lifetime

prevalence and age-of-onset distributions of DSM-IV disorders in the National
Comorbidity Survey Replication. Arch Gen Psychiatry. 2005;62:593-602.

. McEvoy PM, Grove R, Slade T. Epidemiology of anxiety disorders in the Australian

general population: findings of the 2007 Australian National Survey of Mental
Health and Wellbeing. Aust N Z J Psychiatry. 2011;45:957-67.

. Costello EJ, Copeland W, Angold A. Trends in psychopathology across the ado-

lescent years: what changes when children become adolescents, and when
adolescents become adults? J Child Psychol Psyc. 2011;52:1015-25.

. Mesa F, Beidel DC, Bunnell BE. An examination of psychopathology and daily

impairment in adolescents with social Plos One.

2014;9:e93668.

anxiety disorder.

. Leigh E, Clark DM. Understanding social anxiety disorder in adolescents and

improving treatment outcomes: applying the cognitive model of Clark and Wells
(1995). Clin Child Fam Psychol Rev. 2018;21:388-414.

. Stein MB, Stein DJ. Social anxiety disorder. Lancet. 2008;371:1115-25.
. Harris MG, Hobbs MJ, Burgess PM, Pirkis JE, Diminic S, Siskind DJ, et al. Frequency

and quality of mental health treatment for affective and anxiety disorders among
Australian adults. Med J Aust. 2015;202:185-9.

. Andrews G, Bell C, Boyce P, Gale C, Lampe L, Marwat O, et al. Royal Australian and

New Zealand College of Psychiatrists clinical practice guidelines for the treatment
of panic disorder, social anxiety disorder and generalised anxiety disorder. Aust
NZ J Psychiatry. 2018;52:1109-72.

. Mohatt J, Bennett SM, Walkup JT. Treatment of separation, generalized, and

social anxiety disorders in youths. Am J Psychiatry. 2014;171:741-8.

. Leichsenring F, Steinert C, Rabung S, loannidis JPA. The efficacy of psy-

chotherapies and pharmacotherapies for mental disorders in adults: an umbrella
review and meta-analytic evaluation of recent meta-analyses. World Psychiatry.
2022;21:133-45.

. Rapee RM, Heimberg RG. A cognitive-behavioral model of anxiety in social

phobia. Behav Res Ther. 1997;35:741-56.

. Gregory B, Peters L. Changes in the self during cognitive behavioural therapy for

social anxiety disorder: a systematic review. Clin Psychol Rev. 2017;52:1-18.

. Northoff G, Heinzel A, de Greck M, Bermpohl F, Dobrowolny H, Panksepp J. Self-

referential processing in our brain-a meta-analysis of imaging studies on the self.
Neuroimage. 2006;31:440-57.

. Davey CG, Pujol J, Harrison BJ. Mapping the self in the brain’s default mode

network. Neuroimage. 2016;132:390-7.

. Blair K, Geraci M, Devido J, McCaffrey D, Chen G, Vythilingam M, et al. Neural

response to self- and other referential praise and criticism in generalized social
phobia. Arch Gen Psychiatry. 2008;65:1176-84.

. Blair K, Geraci M, Otero M, Majestic C, Odenheimer S, Jacobs M, et al. Atypical

modulation of medial prefrontal cortex to self-referential comments in general-
ized social phobia. Psychiatry Res. 2011;193:38-45.

. Choi SH, Shin JE, Ku J, Kim JJ. Looking at the self in front of others: neural

correlates of attentional bias in social anxiety. J Psychiatr Res. 2016;75:31-40.

. Schneier FR, Rodebaugh TL, Blanco C, Lewin H, Liebowitz MR. Fear and avoidance

of eye contact in social anxiety disorder. Compr Psychiat. 2011;52:81-87.

. Dixon ML, Moodie CA, Goldin PR, Farb N, Heimberg RG, Gross JJ. Emotion reg-

ulation in social anxiety disorder: reappraisal and acceptance of negative self-
beliefs. Biol Psychiatry Cogn Neurosci Neuroimaging. 2020;5:119-29.

SPRINGER NATURE

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

a4,

45,

46.

47.

48.

49.

50.

Bruhl AB, Delsignore A, Komossa K, Weidt S. Neuroimaging in social anxiety
disorder-A meta-analytic review resulting in a new neurofunctional model.
Neurosci Biobehav R. 2014;47:260-80.

Mizzi S, Pedersen M, Lorenzetti V, Heinrichs M, Labuschagne I. Resting-state
neuroimaging in social anxiety disorder: a systematic review. Mol Psychiatry.
2022;27:164-79.

Liao W, Chen H, Feng Y, Mantini D, Gentili C, Pan Z, et al. Selective aberrant
functional connectivity of resting state networks in social anxiety disorder.
Neuroimage. 2010;52:1549-58.

Northoff G. Anxiety disorders and the brain’s resting state networks: from altered
spatiotemporal synchronization to psychopathological symptoms. Adv Exp Med
Biol. 2020;1191:71-90.

Li R, Shen F, Sun X, Zou T, Li L, Wang X, et al. Dissociable salience and default
mode network modulation in generalized anxiety disorder: a connectome-wide
association study. Cereb Cortex. 2023;33:6354-65.

Xu J, Van Dam NT, Feng C, Luo Y, Ai H, Gu R, et al. Anxious brain networks: a
coordinate-based activation likelihood estimation meta-analysis of resting-state
functional connectivity studies in anxiety. Neurosci Biobehav Rev. 2019;96:21-30.
Rabany L, Diefenbach GJ, Bragdon LB, Pittman BP, Zertuche L, Tolin DF, et al.
Resting-state functional connectivity in generalized anxiety disorder and social
anxiety disorder: evidence for a dimensional approach. Brain Connect.
2017;7:289-98.

Imperatori C, Farina B, Adenzato M, Valenti EM, Murgia C, Marca GD, et al. Default
mode network alterations in individuals with high-trait-anxiety: An EEG functional
connectivity study. J Affect Disord. 2019;246:611-8.

Saviola F, Pappaianni E, Monti A, Grecucci A, Jovicich J, De Pisapia N. Trait and
state anxiety are mapped differently in the human brain. Sci Rep. 2020;10:11112.
Coutinho JF, Fernandesl SV, Soares JM, Maia L, Goncalves OF, Sampaio A. Default
mode network dissociation in depressive and anxiety states. Brain Imaging
Behav. 2016;10:147-57.

Delahoy R, Davey CG, Jamieson AJ, Finlayson-Short L, Savage HS, Steward T, et al.
Modulation of the brain’s core-self network by self-appraisal processes. Neuro-
image. 2022;251:118980.

Davey CG, Breakspear M, Pujol J, Harrison BJ. A brain model of disturbed self-
appraisal in depression. Am J Psychiat. 2017;174:895-903.

First MB, Williams JB, Karg RS, Spitzer RL. Structured clinical interview for DSM-
5—Research version (SCID-5 for DSM-5, research version; SCID-5-RV). Arlington,
VA: American Psychiatric Association; 2015, (1-94).

Liebowitz MR. Social phobia. New York, NY: Guilford Publications; 1987.

Ho DE, Imai K, King G, Stuart EA. Matchlt: nonparametric preprocessing for
parametric causal inference. J Stat Softw. 2011;42:1-28.

Anderson NH. Likableness ratings of 555 personality-trait words. J Personal Soc
Psychol. 1968;9:272.

Friston KJ, Harrison L, Penny W. Dynamic causal modelling. Neuroimage.
2003;19:1273-302.

Zeidman P, Jafarian A, Corbin N, Seghier ML, Razi A, Price CJ, et al. A guide to
group effective connectivity analysis, part 1: First level analysis with DCM for fMRI.
Neuroimage. 2019;200:174-90.

Yeshurun Y, Nguyen M, Hasson U. The default mode network: where the idio-
syncratic self meets the shared social world. Nat Rev Neurosci. 2021;22:181-92.
Davey CG, Harrison BJ. The self on its axis: a framework for understanding
depression. Trans| Psychiatry. 2022;12:23.

Qin P, Northoff G. How is our self related to midline regions and the default-
mode network? Neuroimage. 2011;57:1221-33.

Friston KJ, Litvak V, Oswal A, Razi A, Stephan KE, van Wijk BCM, et al. Bayesian
model reduction and empirical Bayes for group (DCM) studies. Neuroimage.
2016;128:413-31.

Zeidman P, Jafarian A, Seghier ML, Litvak V, Cagnan H, Price CJ, et al. A guide to
group effective connectivity analysis, part 2: Second level analysis with PEB.
Neuroimage. 2019;200:12-25.

Rosa MJ, Friston KJ, Penny W. Post-hoc selection of dynamic causal models. J
Neurosci Meth. 2012;208:66-78.

Friston KJ, Penny W. Post hoc Bayesian model selection. Neuroimage.
2011;56:2089-99.

Spielberger, CD. Manual for the State-Trait Anxiety Inventory: STAI (Form Y).
California: Consulting Psychologists Press; 1983.

Esmenio S, Soares JM, Oliveira-Silva P, Goncalves OF, Friston K, Coutinho JF.
Changes in the Effective Connectivity of the Social Brain When Making Inferences
About Close Others vs. the Self. Front Hum Neurosci. 2020;14:151.

Burgess PW, Dumontheil |, Gilbert SJ. The gateway hypothesis of rostral pre-
frontal cortex (area 10) function. Trends Cogn Sci. 2007;11:290-8.

Apps MAJ, Ramnani N. Contributions of the medial prefrontal cortex to social
influence in economic decision-making. Cereb Cortex. 2017,;27:4635-48.
D’Argembeau A. On the role of the ventromedial prefrontal cortex in self-pro-
cessing: the valuation hypothesis. Front Hum Neurosci. 2013;7:372.

Translational Psychiatry (2023)13:344


https://www.fil.ion.ucl.ac.uk/spm
https://github.com/alecJamieson/SAD_DCM_paper
https://github.com/alecJamieson/SAD_DCM_paper

51. Cui Q, Vanman EJ, Long Z, Pang Y, Chen Y, Wang Y, et al. Social anxiety disorder
exhibit impaired networks involved in self and theory of mind processing. Soc
Cogn Affect Neurosci. 2017;12:1284-95.

52. Yuan C, Zhu H, Ren Z, Yuan M, Gao M, Zhang Y, et al. Precuneus-related regional
and network functional deficits in social anxiety disorder: A resting-state func-
tional MRI study. Compr Psychiatry. 2018;82:22-29.

53. Angeletti LL, Scalabrini A, Ricca V, Northoff G. Topography of the anxious self:
abnormal rest-task modulation in social anxiety disorder. Neuroscientist.
2023;29:221-44.

54. Clark DM, Wells A. A cognitive model of social phobia. In: Social phobia: Diag-
nosis, assessment, and treatment. New York, NY, US: The Guilford Press; 1995, pp
69-93.

55. Boehme S, Miltner WH, Straube T. Neural correlates of self-focused attention in
social anxiety. Soc Cogn Affect Neurosci. 2015;10:856-62.

56. Chambless DL, Tran GQ, Glass CR. Predictors of response to cognitive-behavioral
group therapy for social phobia. J Anxiety Disord. 1997;11:221-40.

57. Klumpp H, Keutmann MK, Fitzgerald DA, Shankman SA, Phan KL. Resting state
amygdala-prefrontal connectivity predicts symptom change after cognitive
behavioral therapy in generalized social anxiety disorder. Biol Mood Anxiety
Disord. 2014;4:14.

58. Klumpp H, Fitzgerald JM, Kinney KL, Kennedy AE, Shankman SA, Langenecker SA,
et al. Predicting cognitive behavioral therapy response in social anxiety disorder
with anterior cingulate cortex and amygdala during emotion regulation. Neu-
roimage Clin. 2017;15:25-34.

59. Yuan M, Zhu H, Qiu C, Meng Y, Zhang Y, Shang J, et al. Group cognitive beha-
vioral therapy modulates the resting-state functional connectivity of amygdala-
related network in patients with generalized social anxiety disorder. BMC Psy-
chiatry. 2016;16:198.

60. Jamieson AJ, Harrison BJ, Razi A, Davey CG. Rostral anterior cingulate network
effective connectivity in depressed adolescents and associations with treatment
response in a randomized controlled trial. Neuropsychopharmacology.
2022;47:1240-8.

61. Dixon ML, Moodie CA, Goldin PR, Farb N, Heimberg RG, Zhang JX, et al. Fron-
toparietal and default mode network contributions to self-referential processing
in social anxiety disorder. Cogn Affect Behav Ne. 2022;22:187-98.

ACKNOWLEDGEMENTS

The authors thank Dr. Laura Finlayson-Short, Dr. Yara Toenders, Dr. Hannah Savage
and Ms. Lisa Incerti for their contributions to data collection. We also thank the staff
from the Sunshine Hospital Medical Imaging Department (Western Health,
Melbourne).

AUTHOR CONTRIBUTIONS

AJJ: Conceptualization; Formal analysis; Methodology; Writing - original draft;
Visualization. BJH: Conceptualization, Funding acquisition; Methodology, Supervision;
Writing - review & editing. RD: Formal analysis; Writing - review & editing. LS:

Translational Psychiatry (2023)13:344

A.J. Jamieson et al.

Resources; Writing - review & editing. KLF: Resources; Writing - review & editing. LP:
Resources; Writing - review & editing. CGD: Conceptualization; Funding acquisition;
Methodology; Supervision; Writing - review & editing.

FUNDING
The study was supported by National Health and Medical Research Council (NHMRC)
Project Grants 1064643 and 1145010 (principal investigator, BJH). CGD and BJH were
supported by NHMRC Career Development Fellowships (1141738 and 1124472,
respectively).

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541398-023-02644-7.

Correspondence and requests for materials should be addressed to Alec J. Jamieson
or Christopher G. Davey.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

SPRINGER NATURE


https://doi.org/10.1038/s41398-023-02644-7
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	A brain model of altered self-appraisal in social anxiety disorder
	Introduction
	Methods and materials
	Participants
	Task�design
	Image acquisition
	Image preprocessing
	General linear modeling
	Dynamic causal modeling
	Leave-one-out cross-validation

	Results
	Clinical and demographic characteristics
	Task performance
	Mapping common and distinct activations across self-appraisal and�rest
	Connectivity differences between social anxiety disorder participants and healthy controls
	Leave-one-out cross-validation

	Discussion
	Conclusions
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




