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Abstract

Social anxiety disorder (SAD) is characterized by negative self-referential processing, which triggers excessive emotional
reactivity. In healthy individuals, positive self-views typically predominate and are supported by regions of the default mode
network (DMN) that represent self-related information and regions of the frontoparietal control network (FPCN) that contribute
to metacognitive awareness and emotion regulation. The current study used functional magnetic resonance imaging (fMRI) to
examine patterns of DMN and FPCN activation during positive and negative self-referential judgments in SAD patients (N = 97)
and controls (N = 34). As expected, SAD patients demonstrated a striking difference in self-beliefs compared with non-anxious
healthy controls, endorsing fewer positive traits and more negative traits. However, SAD patients and controls demonstrated
largely similar patterns of DMN and FPCN recruitment during self-referential judgements. No significant group differences were
observed. However, equivalence testing identified numerous regions demonstrating effect sizes that were not small enough to
conclude that they were practically equivalent to zero, despite the nonsignificant null hypothesis test. These regions may be key
targets to investigate in future studies using larger samples.
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Introduction

To effectively navigate a complex social world, the human
brain generates models of the self and others based on features
that are useful for predicting behavior (Denny et al., 2012;
Frith & Frith, 2010; Hassabis et al., 2013). These features
include traits, such as “outgoing,” that specify how an indi-
vidual is likely to behave across different contexts. These traits
are generalizations about behavior that allow people to predict
how social interactions are likely to unfold and to make

< Matthew L. Dixon
dixonm@stanford.edu

D4 James J. Gross
gross@stanford.edu

' Department of Psychology, Stanford University, Stanford, CA, USA

University of California Davis, Davis, CA, USA
3 University of Toronto, Toronto, ON, Canada

4 Temple University, Philadelphia, PA, USA

decisions that maximize the chances of experiencing positive
states and avoiding potentially harmful states.

Notably, most traits carry a positive or negative valence. A
“courageous” person is associated with a greater tendency to do
the right thing in the face of threat, whereas a “cowardly” per-
son will likely try to escape the situation. As such, one’s self-
attribution of traits has powerful implications for one’s sense of
self-esteem. Several lines of evidence suggest that healthy indi-
viduals are biased to select traits that promote a positive self-
image, for example, updating self-evaluations to a greater ex-
tent when receiving positive versus negative feedback about
character traits (Koban et al., 2017; Korn et al., 2012), and
taking more responsibility for successes than failures (Leary,
2007). In contrast, vulnerability to psychiatric disorders in-
volves predominantly negative self-beliefs. For example, a cen-
tral component of social anxiety disorder (SAD) is negative
self-beliefs related to socially relevant traits (e.g., seeing oneself
as boring and awkward) (Clark & Wells, 1995; Heimberg et al.,
2014; Moscovitch, 2009). Moreover, SAD patients update self-
evaluations to a greater extent than controls when receiving
negative feedback (Koban et al., 2017). Cognitive models of
SAD suggest that these maladaptive beliefs promote excessive
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negative emotional reactivity and interfere with emotion regu-
lation (Clark & Wells, 1995; Heimberg et al., 2014; Jazaieri
et al., 2015; Moscovitch, 2009).

Neuroscientific studies have examined the neural basis of
self-referential processing using tasks in which participants
view and rate trait adjectives in terms of self-descriptiveness.
These studies have consistently reported activation in regions
of the default mode network (DMN), including the medial
prefrontal cortex, pregenual anterior cingulate cortex, posteri-
or cingulate cortex, and temporopolar cortex (D'Argembeau
etal., 2005; Davey et al., 2016; Denny et al., 2012; Farb et al.,
2007; Northoff et al., 2006; Schmitz & Johnson, 2007).
Consistent with a role in representing self-relevant informa-
tion, the DMN is activated when individuals recall autobio-
graphical memories (Andrews-Hanna et al., 2014), plan future
personal activities (Spreng et al., 2010), reflect on personal
goals and values (D'Argembeau et al., 2010; D'Argembeau
et al., 2012), and engage in self-evaluative and narrative-
based self-evaluation (Dixon et al., 2017; Farb et al., 2007).
Although the DMN is also engaged when making judgments
about other individuals, meta-analyses have shown that sev-
eral regions in this network, such as the pregenual anterior
cingulate cortex, are preferentially engaged during self-
related judgments compared to other-related judgments
(Denny et al., 2012; Murray et al., 2012; van der Meer et al.,
2010).

Critically, alterations in DMN function have been noted as
a key factor in a number of disorders that involve disrupted
self-referential processing, including Alzheimer’s disease
(Buckner et al., 2009), depression (Kaiser et al., 2015;
Sheline et al., 2009), anxiety (Sylvester et al., 2012), and
schizophrenia (Whitfield-Gabrieli et al., 2009). SAD is asso-
ciated with altered DMN activation across a range of tasks,
including processing facial expressions, receiving criticism,
and attempting to regulate emotions (Blair et al., 2008;
Bruhl et al., 2014; Dixon et al., 2020). However, only a few
studies have examined neural activity in SAD during explicit
reflection on personality traits (Blair et al., 2011; Goldin et al.,
2012; Goldin, Ramel, & Gross, 2009a). One study found that
healthy controls demonstrated greater MPFC activation when
reflecting on their own traits from a first person perspective
(e.g., “I'm ugly”) compared with reflecting on their own traits
as if from a second person perspective (e.g., “you are ugly”),
whereas SAD patients showed the opposite pattern (Blair
et al., 2011). This finding is consistent with the notion that
the self-referential neural circuitry in SAD is hypersensitive to
the opinions of other people (Blair et al., 2011). The conclu-
sions from this study are somewhat limited, however, by the
small sample size (N = 15 patients). Additionally, it is unclear
whether potential neural dysfunction in SAD during self-
reflection is dependent on the valence of the traits being
reflected upon. This is a key issue given that negative self-
views and positive self-views are separable components of
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SAD and show distinct relationships to symptom reduction
following cognitive behavioral therapy and mindfulness-
based stress reduction (Goldin, Jazaieri, et al., 2013a;
Thurston et al., 2017).

Another large-scale network that influences self-referential
processing and emotional reactivity is the frontoparietal con-
trol network (FPCN). The FPCN includes parts of the lateral
prefrontal cortex, pre-supplementary motor area, intraparietal
sulcus, and posterior middle temporal gyrus (Cole et al., 2014;
Dixon et al., 2018; Dosenbach et al., 2007; Spreng et al., 2013;
Vincent et al., 2008; Yeo et al., 2011). The FPCN is believed
to support adaptive functioning through its roles in
metacognitive awareness and top-down modulation of cogni-
tive and affective processes (Buhle et al., 2014; Bunge, 2004;
Cole et al., 2013; Dosenbach et al., 2006; Fleming & Dolan,
2012; Goldin, Ziv, et al., 2013b; Kaiser et al., 2015; Ochsner
& Gross, 2005; Spreng et al., 2010). Although the FPCN has
received less attention than the DMN in the context of self-
referential processing, it is consistently engaged during tasks
that involve self-reflection (Farb et al., 2007; Schmitz et al.,
2004), metacognitive judgments (i.e., reflecting on one’s
knowledge) (Baird et al., 2013; Fleming & Dolan, 2012;
McCaig et al., 2011), and autobiographical planning (Spreng
et al., 2010). Moreover, growing evidence suggests that the
FPCN interacts with the DMN to monitor and regulate self-
related thinking in line with goals and task demands (Dixon
et al., 2018; Dobbins et al., 2002; Smallwood et al., 2012;
Spreng et al., 2010).

Although prior studies have examined FPCN activation in
SAD in the context of emotion regulation tasks (e.g., Goldin,
Manber, et al., 2009b), it has not been examined in the context
of self-referential processing. A key question is whether indi-
viduals with SAD recruit the FPCN differently during self-
reflection given their tendency towards negative self-
referential thinking and maladaptive patterns of emotional re-
activity and regulation (Jazaieri et al., 2015). One possibility is
that SAD patients will show less FPCN engagement during
self-referential processing, reflecting a loss of regulatory ca-
pacity over self-related thought content. Alternatively, SAD
patients may show excessive FPCN engagement reflecting the
effort to regulate emotional responses that may be elicited
during self-referential judgments.

The goal of the present study was to examine whether SAD
patients exhibit altered activity in DMN and FPCN regions
during self-referential processing. We scanned SAD patients
and healthy controls with functional magnetic resonance im-
aging (fMRI) as they viewed social trait words and made self-
referential judgments (self-descriptive: yes/no) or case judg-
ments (upper-case/lower-case). There were separate blocks of
positively and negatively valenced words. We used whole-
brain analyses and a priori defined regions of interest
(ROIs) to examine patterns of activation in DMN and FPCN
regions. Our first hypothesis was that we would observe DMN
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and FPCN activation during self-referential judgments in both
groups, but that SAD patients would show aberrant activation
in select regions within these networks. Given that few studies
have examined self-referential processing in SAD, we thought
an open-ended rather than directional hypothesis was more
appropriate. Our second hypothesis was that group differences
would depend on trait valence, with different regions differ-
entiating controls from SAD patients during reflection on pos-
itive trait words and reflection on negative trait words. Our
third hypothesis was that activation patterns within the DMN
and FPCN during self-referential processing would correlate
with social anxiety severity in the SAD group.

Methods
Participants

Participants who met criteria for inclusion in the fMRI study
(Table S1) included 114 SAD patients (mean,ge = 32.9, SD,0c
= 7.92; n = 61 females) and 36 healthy controls (mean,,. =
32.1, SDyge = 8.70; n = 22 females) who provided informed
consent in accordance with the Institutional Review Board at
Stanford University, passed MRI safety screening, were 22-55
years of age, were fluent in English, and right-handed as
assessed by the Edinburgh Handedness Inventory (Oldfield,
1971). Controls had no history of psychiatric disorders. SAD
patients met criteria for a primary diagnosis of generalized
SAD based on the Anxiety Disorders Interview Schedule for
the DSM-IV-Lifetime version (ADIS-IV-L) (Di Nardo et al.,
1994). Clinical interviews were conducted by doctoral clinical
psychologists and doctoral students in clinical psychology
trained on the ADIS-IV-L. Patients met criteria for the gener-
alized subtype of SAD if they endorsed greater than moderate
social fear in five or more distinct social situations assessed by
the ADIS-IV-L. Patients also had a score greater than 60 on
the Liebowitz Social Anxiety Scale Self-Report (LSAS-SR)
(Fresco et al., 2001; Liebowitz, 1987), the cutoff score for the
generalized subtype of SAD as determined by receiver oper-
ator characteristics analysis (Rytwinski et al., 2009).
Participants were excluded for comorbid diagnoses of current
major depressive disorder, posttraumatic stress disorder, or
obsessive-compulsive disorder; pharmacotherapy or psycho-
therapy during the past year; any history of neurological dis-
orders or head trauma; cardiovascular disorders, thought dis-
orders, or bipolar disorder; current substance/alcohol abuse or
dependence.

Self-Referential Encoding Task
Participants performed a self-referential encoding task (Fig. 1)

(Derry & Kuiper, 1981) programmed in EPrime software.
Stimuli were 25 positive and 25 negative social trait adjectives
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Fig. 1 Trial structure of the self-referential encoding task. Top panel
illustrates a case judgment block with a set of negatively-valenced words.
Bottom panel illustrates a self-referential judgment block with positively
valenced words. There were 5 blocks of each trial type

(see Supplementary Information Appendix) from the
Affective Norms for English Words database (Bradley &
Lang, 1999) and were balanced (all ps > 0.51) on word fre-
quency (positive adjectives = 40.5, negative adjectives =
33.6), number of letters (positive adjectives = 6.9, negative
adjectives = 7.2), arousal (positive adjectives = 5.54, negative
adjectives = 5.43; on a scale of 1 = low to 9 = high), and
valence (deviation from neutral: positive adjectives = 2.66,
negative adjectives = 2.58; on a scale of 1 = most negative,
5 = neutral, 9 = most positive) based on the nine-point Self-
Assessment Manikin rating system (Lang, 1980). Participants
viewed the trait words and made a yes/no judgment indicating
whether the trait was self-descriptive (“self” judgment condi-
tion), or a yes/no judgment indicating whether the trait was
written in all upper-case letters (“case” judgement condition).
There were four trial types (self vs. case judgment X positive
vs. negative valence). Each adjective was presented twice:
once in the self-referential judgment condition, and once in
the case judgment condition. The self-referential condition
required participants to engage in self-focused attention and
access their self-schema in relation to social-evaluative pro-
cessing. The case identification condition required attention to
the concrete sensory features of the words and was used as a
comparison condition to control for reading negative and pos-
itive adjectives.

There were five blocks of each of the four trial types. Each
block started with a question screen (either “Describes ME?”
or “UPPER case?”) for 1.5 seconds, and then five positive or
five negative adjectives were presented one at a time for 3
seconds each. Participants made a yes/no response using a
button pad during presentation of each of the five stimuli.
Thus, in total, participants made 25 judgments for each of
the four trial types. At the end of the run there was a 3-
second fixation cross and a 3-second blank screen. Stimulus
order was pseudo-randomized in terms of block sequence,
with no more than two blocks of the same condition in a
row. The sequence of words as well as whether they were
upper or lower case were randomized within each block. All
trials were presented within a single functional run lasting 5.6
minutes. The short length of the task was justified by the
simple task design—unlike many cognitive tasks that involve
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multicomponent trials (e.g., fixation, cue, delay, target, feed-
back), our task had a single component (make a self-
referential judgment or a letter case judgment on each word).
Moreover, the simplicity of making self-referential judgments
was expected to yield consistent activation across participants
within each group, even with data from just a single run. It is
worth noting that this task was part of a larger battery that also
included two emotion regulation tasks. Task order was fixed,
with the self-referential encoding task always being the third
task.

Behavioral Data Analysis

For each participant, we computed the percentage of positive
trait words that were endorsed (i.e., assigned a yes response),
and the percentage of negative trait words that were endorsed.
We also computed median reaction times (RT) for positive
and negative trait word trials. Trials in which participants
responded in under 250 ms were excluded from the analysis.
We also computed accuracy on the case judgment trials. Only
participants who scored 70% correct or higher were included
in further behavioral and fMRI analyses to ensure that the
results were based on participants who understood the task
and were paying attention. This criterion led to the exclusion
of 2 control participants (5.6% of sample) and 17 patients
(14.9% of sample), resulting in final samples of N = 34 and
N =97, respectively. The proportion of excluded subjects did
not differ by group, x*(1, 150) = 2.17, p = 0.14.

MRI Data Acquisition

fMRI data were collected using a General Electric 3T Signa
magnet with a T2*-weighted gradient-echo spiral-in/out pulse
sequence (Glover & Law, 2001). Head movement was re-
stricted using a bite-bar and foam padding. Twenty-four as-
cending interleaved axial slices were acquired (4.5-mm slice
thickness; single shot; repetition time (TR) = 1.5 s; echo time
(TE) = 28.5 ms; flip angle (FA) = 65°; field of view (FOV) =
220 mm; matrix size = 64 x 64, voxel resolution 3.438 mm? x
4.5 mm). Each participant completed one functional run dur-
ing which 230 functional volumes were acquired. Data col-
lected during the first 4 TRs were discarded to allow for equil-
ibration effects. Before functional imaging, a high resolution
T1-weighted structural image was acquired using fast spin-
echo spoiled gradient recall (132 slices; TR = 3 s; TE = 68
ms; FOV =220 mm; matrix size: 256 x 256; voxel size=1 x 1
x 1.2 mm).

fMRI Preprocessing
Using Statistical Parametric Mapping (SPM 12), the data were

reoriented to approximate Montreal Neurological Institute
(MNI) space, corrected for motion via realignment to the first
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volume (using a 6-parameter rigid body transformation), and
slice-time corrected (to the middle slice). Each subject’s T1
image was bias-corrected and segmented using a nonlinear
deformation field to map it onto template ICBM) tissue prob-
ability maps for gray/white matter and CSF. Parameters ob-
tained from this step were subsequently applied to the func-
tional data (resampled to 3 mm? voxels) during normalization
to MNI space. The data were spatially smoothed using an 8-
mm® full-width at half-maximum Gaussian kernel to reduce

the impact of inter-subject variability in brain anatomy.
First-Level Analysis

Brain activation was assessed in each participant with linear
multiple regression using the following regressors: (i) instruc-
tion (question) cue; (ii) negative self judgment; (iii) positive
self judgment; (iv) negative case judgment; (v) positive case
judgment. Each regressor was convolved with a canonical
hemodynamic response function. The model included regres-
sors of no interest to account for subject motion: six parame-
ters from realignment and framewise displacement time
course (computed based on Power et al., 2012). Framewise
displacement showed a low correlation with the six motion
parameters (mean r = 0.18) and was, therefore, included in the
model to account for residual noise. A high-pass filter (128-s
cutoff) was included to remove low-frequency drifts.

Second-Level (Group) Analysis

Single-subject contrast images (e.g., positive self > case) were
entered into second-level random effects analyses to assess
group-level significance using independent samples #-tests
(controls vs. SAD patients). Controlling for multiple compar-
isons (p < 0.05 family-wise-error corrected) in whole-brain
analyses was achieved through threshold-free cluster enhance-
ment (TFCE) (Smith & Nichols, 2009) (see Supplementary
Methods for details). TFCE controls familywise error rate
based on a permutation testing approach and determines opti-
mal voxel-wise cluster-forming thresholds using an automated
algorithmic method. It therefore eliminates the need for the
experimenter to arbitrarily choose thresholds to correct for
multiple comparisons.

Relationship between Brain Activation and Social
Anxiety Severity

To explore potential heterogeneity within the SAD group, we
performed a second-level regression analysis to examine
whether the strength of activation during self-referential pro-
cessing was associated with individual differences in the se-
verity of social anxiety within the SAD group. This group-
level regression analysis used LSAS-SR total severity scores
as a predictor variable and voxel-wise responses from the
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positive self > case or negative self > case contrast as the
outcome variable.

As a complementary approach to the whole-brain analysis,
we also examined correlations between social anxiety severity
and mean activation (beta values) in three functionally defined
ROIs representing classic self-referential processing regions
from a prior meta-analysis (Northoff et al., 2006) (see
Supplementary Methods). Given that these regions have been
consistently associated with self-referential processing, they
were key targets to evaluate individual differences in brain
activation in the SAD group.

Equivalence Testing

Null results by themselves do not provide evidence in favor of
zero effect, because it could be the case that the analyses were
underpowered for detecting meaningful effect sizes. A com-
plementary approach is to use equivalence tests, which deter-
mine whether observed effect sizes are small enough to be
considered practically equivalent to zero (Lakens, 2017). To
be considered as practically equivalent to zero, the 90% con-
fidence intervals (CIs) around observed effect sizes should not
overlap with equivalence bounds, usually defined as the
smallest effect size of interest (SESOI). In other words, ob-
served effect sizes should be significantly different from the
smallest effect size of interest (Lakens, 2017). In our case, the
minimum effect size we had power to detect with our sample
size was a medium effect size of ~0.5, so we used this as the
smallest effect size of interest (i.e., lower and upper bounds
were Hedge’s g = —0.5 and 0.5, respectively). Although
equivalence testing has yet to become widespread in fMRI
research, recent work suggests that it provides important com-
plementary information to standard null hypothesis testing
(Vidal-Ribas et al., 2021).

We conducted equivalence tests on group comparisons
(i.e., we looked for equivalence of mean differences). If effects
are not statistically different from zero, but the 90% CI in-
cludes one of the equivalence bounds, the effect falls within
an undecidability range (i.e., it cannot be presumed that the
effect is small enough to be considered equivalent to zero for
practical purposes) (Lakens, 2017). To compute effect sizes
and CIs on the fMRI data, we used analysis code made
available by Gerchen et al. (2021) at https://github.com/
Fungisai/g_ci_spm.

Exploratory Analyses

As a complementary hypothesis generating procedure, we
also performed exploratory analyses using a liberal threshold
of p < 0.005, with a 5-voxel cluster extent (Lieberman &
Cunningham, 2009). For the liberal exploratory analysis, we
restricted our search volume to a single region of interest
(ROI) consisting of the DMN and FPCN. The DMN was

derived from the brain network parcellation of Yeo et al.
(2011) and the FPCN mask was custom made (see
Supplementary Methods for details).

Results
Preliminary Results

A 2 group (SAD, controls) x2 valence (positive, negative)
ANOVA on trait endorsement responses revealed a significant
interaction (F'j 159 = 145.58, p < 0.001, T]p2 = 0.53) (Fig. 2).
Independent samples #tests revealed significant differences
between groups in the percentage of positive traits endorsed
(t129 = 10.74, p < 0.001, np2 = 0.47) and the percentage of
negative traits endorsed (#159 = 10.80, p < 0.001, npz =0.48).
SAD patients were far less likely to endorse positive traits
(41.07% vs. 85.76%) and far more likely to endorse negative
traits (54.43% vs. 6.82%), consistent with a robust negativity
bias. A 2 (group) %2 (valence) ANOVA on reaction time (RT)
revealed a main effect of group (£ 129 =43.38, p < 0.001, npz
= (.25), but no interaction (¥ < 1). Patients responded slower
when making judgments on positive words (1406.93 ms vs.
1100.10 ms; #1509 = 6.20, p < 0.001, np2 = 0.23) and negative
words (1405.38 ms vs. 1115.44 ms; t1,9 = 5.85, p < 0.001, np2
=0.21).

Positive Self Judgment Versus Case Judgment

In a whole-brain analysis corrected for multiple comparisons
(p < 0.05 family-wise error corrected), both groups demon-
strated significant activation for the positive self > case con-
trast in DMN regions (medial prefrontal cortex, posterior cin-
gulate cortex, posterior inferior parietal lobule, superior fron-
tal sulcus, lateral temporal cortex, temporopolar cortex) and
FPCN regions (inferior frontal sulcus, inferior frontal junction,
middle frontal gyrus, pre-supplementary motor area, and an-
terior mid-cingulate cortex). Both groups also activated the
anterior insula, striatum, thalamus, and visual regions (Fig. 3).

There were no regions showing significant activation in the
positive case judgment > self judgment contrast. The whole-
brain analysis revealed no significant group differences in
activation at the corrected statistical threshold.

Negative Self Judgment Versus Case Judgment

In a whole-brain analysis corrected for multiple comparisons
(p < 0.05 family-wise error corrected), both groups demon-
strated significant activation for the negative self > case con-
trast in DMN regions (left inferior frontal gyrus, left lateral
temporal cortex, left temporopolar cortex, left retrosplenial
cortex), as well as visual regions and left anterior insula
(Fig. 4). For both groups, the negative case judgment > self
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Fig. 2 Ratings of trait words. Top panel: percentage of positive and
negative trait words endorsed as self-descriptive by each participant.
Bottom panel: median reaction time in milliseconds (ms) during trait
judgments. The plots include individual data points with the median

judgment contrast revealed significant activation in dorsal at-
tention network regions (frontal eye fields, anterior
intraparietal sulcus, superior parietal lobule), somatomotor
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(black line), the interquartile range (shaded area), and 1.5% interquartile
range (whiskers). The figure was created with JASP computer software
Version 0.9 (JASP Team, 2018)

cortex, dorsal posterior cingulate cortex/precuneus, posterior
superior temporal sulcus, right posterior inferior parietal lob-
ule, and superior frontal sulcus (Fig. 4). There were no group

Positive Self > Case

p<.05 p <.001
Controls SAD
Somatomotor Somatomotor

MFG

Lingual

pgACC

Fig. 3 Surface rendering of the positive self judgment versus case
judgment contrast map. Both groups demonstrated robust activation
of default mode network regions and frontoparietal regulation regions
for the positive self > case judgement contrast. Maps are p < 0.05
family-wise error corrected for the whole-brain volume. alns, anterior
insula; DMPFC, dorsomedial prefrontal cortex; Ex, extrastriate cortex;
FEF, frontal eye fields; IFG, inferior frontal gyrus; IFS/IFJ, inferior
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Lingual

frontal sulcus/inferior frontal junction; IPS/SPL, intraparietal sulcus/
superior parietal lobule; LTC, lateral temporal cortex; MFG, middle fron-
tal gyrus; PCC/Prec, posterior cingulate cortex/precuneus; pIPL, posterior
inferior parietal lobule; pgACC, pregenual anterior cingulate cortex; pre-
SMA/aMCC, pre-supplementary motor area/anterior mid cingulate cor-
tex; RMPFC, rostromedial prefrontal cortex; RSC, retrosplenial cortex;
SFES, superior frontal sulcus; TPC, temporopolar cortex
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differences observed in the whole-brain analysis at the
corrected statistical threshold.

Positive Versus Negative Self Judgments

In a whole-brain analysis corrected for multiple comparisons (p
< 0.05 family-wise error corrected), both groups demonstrated
significant activation for the positive > negative self contrast in
DMN regions (rostral and dorsal medial prefrontal cortex,
pregenual anterior cingulate cortex, superior frontal gyrus, pos-
terior inferior parietal lobule), FPCN regions (inferior frontal
gyrus, posterior middle frontal gyrus, pre-supplementary motor
cortex), as well as the striatum, mediodorsal thalamus, hippo-
campus, somatomotor cortex, cerebellum, and visual cortex
(Fig. 5). There were no significant activations for the negative
> positive self contrast and no significant group differences at
the corrected threshold.

Relationship between Social Anxiety Severity and
Brain Activation

To test hypothesis 3, we examined whether the strength of
activation during self-referential processing was associated
with individual differences in the severity of social anxiety
within the SAD group, as measured with the LSAS-SR.
There were no significnat associations detected using a
whole-brain analysis corrected for multiple comparisons.

Negative Self > Case
p<.05 p <.001

EE——
FWE corrected

Controls

Fig. 4 Surface rendering of the negative self judgment versus case
judgment contrast map. Maps are p < 0.05 family-wise error corrected
for the whole-brain volume. alPL, anterior inferior parietal lobule; alns,
anterior insula; DMPFC, dorsomedial prefrontal cortex; Ex, extrastriate
cortex; FEF, frontal eye fields; IFG, inferior frontal gyrus; IFS/IFJ, infe-
rior frontal sulcus/inferior frontal junction; IPS/SPL, intraparietal sulcus/
superior parietal lobule; LTC, lateral temporal cortex; PCC/Prec,

As a complementary approach, we also examined the rela-
tionship between social anxiety severity and ROIs derved
from a highly cited meta-analysis of self-referential processing
(Northoff et al., 2006). These ROIs were 10-mm spheres cen-
tered on peak coordinates for the medial prefrontal cortex,
posterior cingulate cortex, and pre-supplementary motor area.
Greater social anxiety severity was associated with less mean
activation in the pre-supplementary motor area ROI during
positive self-judgments (» = —0.20, p = 0.055), but this asso-
ciation was not statistically significant when correcting for
multiple comparisons (corrected p = 0.33). There was no re-
lationship between symptom severity and any other ROI
duruing positive or negative self-judgements (all » < 0.15,
corrected p > 0.78).

Equivalence Tests

Although we did not observe significant group differences
using null hypothesis testing, this does not by itself provide
support for the absence of an effect. To provide complemen-
tary information, we performed equivalence tests. The results
demonstrated that for numerous regions—including parts of
the DMN, FPCN, striatum, amygdala, and orbitofrontal
cortex—the confidence intervals around observed effect sizes
for the group comparison overlapped with a minimum effect
size of interest (in this case, a medium effect size of Hedge’s g
=0.5) (Fig. 6). Thus, the effect size in these regions cannot be

Negative Case > Self
p<.05 p <.001

FWE corrected

SAD

PIACC

posterior cingulate cortex/precuneus; plns, posterior insula; pIPL, poste-
rior inferior parietal lobule; pgACC, pregenual anterior cingulate cortex;
pre-SMA/aMCC, pre-supplementary motor area/anterior mid cingulate
cortex; pSTS, posterior superior temporal sulcus; RSC, retrosplenial cor-
tex; SII, secondary somatosensory cortex; SFS, superior frontal sulcus;
sgACC, subgenual anterior cingulate cortex; TPC, temporopolar cortex;
TPJ, temporoparietal junction

@ Springer



194

Cogn Affect Behav Neurosci (2022) 22:187-198

Positive Self > Negative Self

p<.05

p <.001

FWE corrected

Controls

F Somatomotor

Fig.5 Surface rendering of the positive self judgment versus negative
self judgment contrast map. Maps are p < 0.05 family-wise error
corrected for the whole-brain volume. alns, anterior insula; aMCC, ante-
rior mid cingulate cortex; DMPFC, dorsomedial prefrontal cortex; Ex,
extrastriate cortex; FEF, frontal eye fields; IFG, inferior frontal gyrus;

interpreted as practically equivalent to zero. Therefore, no
conclusions can be drawn about group differences in these
regions. However, they may serve as regions of interest to
explore in future studies that are better powered.

Exploratory Analyses

Finally, we used an exploratory approach with a liberal statis-
tical threshold (p < 0.005 uncorrected, voxel extent >5) to
identify regions that may be targets to explore in future work.
Notably, the regions demonstrating a group difference using a
more liberal threshold generally overlapped with the regions
of undecidability identified via equivalence testing.

For the positive self > case contrast, controls relative to
patients exhibited greater activation of the pregenual anterior
cingulate cortex within the DMN (Figure S1; Table S2).
Conversely, patients relative to controls demonstrated greater
activation in several regions within the boundaries of the
FPCN and DMN, including the inferior frontal sulcus, poste-
rior middle frontal gyrus/premotor cortex, and intraparietal
sulcus (Figure S1; Table S2).

For the negative self > case contrast, controls relative to
SAD patients demonstrated greater activation in the pregenual
anterior cingulate cortex and left anterior prefrontal cortex
within the DMN (Figure S2; Table S3). The pregenual ante-
rior cingulate cortex cluster overlapped with cluster showing a
group difference in the positive self > case judgment contrast
(Figure S3). Patients relative to controls demonstrated greater

@ Springer

SAD

FEF Somatomotor

Lingual

pyAccC mOFC

IFS, inferior frontal sulcus; IPS/SPL, intraparietal sulcus/superior parietal
lobule; MFG, middle frontal gyrus; PCC, posterior cingulate cortex;
pIPL, posterior inferior parietal lobule; pgACC, pregenual anterior cin-
gulate cortex; RSC, retrosplenial cortex; SFS, superior frontal sulcus; TP,
temporopolar cortex

activation of the left lateral temporal cortex and left inferior
frontal gyrus within the DMN ROI for the negative self > case
judgment contrast (Figure S2; Table S3).

For the positive > negative self contrast, controls relative to
SAD patients exhibited greater activation in the lateral tempo-
ral cortex.

Finally, we explored associations between social anxiety
severity in the SAD group and brain activation. Several re-
gions within the DMN and FPCN ROIs correlated with with
social anxiety severity (Figure S4; Table S4).

Discussion

The current study examined the neural basis of self-referential
processing in SAD. As expected, we found a striking group
difference in the self-beliefs that were endorsed, with the SAD
patients endorsing significantly more negative traits and sig-
nificantly fewer positive traits. However, this difference in
self-referential processing was not mirrored in brain activation
patterns. Both patients and controls demonstrated similar pat-
terns of brain activation, including recruitment of canonical
DMN and FPCN self-referential regions. Whole-brain analy-
ses corrected for multiple comparisons did not identify signif-
icant group differences. However, equivalence tests indicated
that for many regions, the effect size of the group contrast was
not small enough to be considered practically equivalent to
zero. In other words, the current data do not provide evidence



Cogn Affect Behav Neurosci (2022) 22:187-198 195

Positive Self > Case Negative Self > Case

Positive Self > Negative Self

Controls > SAD

0.5 0.6 0.7 0.8

-0.5 -0.6 -0.7 -0.8

SAD > Controls

Fig. 6 Equivalence testing. For each contrast, we illustrate the values of
the 90% confidence interval around the observed effect size at each voxel
for the group comparison. Because our minimum effect size of interest
was Hedge’s g = £0.5, we illustrate voxels with confidence intervals that
are equal to or exceed this value. These illustrated voxels indicate regions
of undecidability in which we cannot conclude that the effect size for the

for an absence of a group difference in brain activation during
self-referential processing. It could be the case that a study
with a larger sample size could detect significant differences.
The results of this study may therefore point to regions of
interest to explore in future work and highlight the necessity
of very large sample sizes to have sufficient power to detect
differences between controls and SAD patients in brain acti-
vation during self-referential processing.

Self-referential processing engages the DMN and FPCN in
SAD patients and controls

Consistent with prior studies (D'Argembeau et al., 2005;
Denny et al., 2012; Farb et al., 2007; Murray et al., 2012;

group contrast was small enough to be practically equivalent to zero.
Although we did not observe significant group differences using null
hypothesis testing, the fairly widespread colored voxels in this figure
suggest that our study was potentially underpowered for detecting
potentially meaningful group differences.

Northoff et al., 2006; Schmitz et al., 2004; Schmitz &
Johnson, 2007; van der Meer et al., 2010), we found that both
groups demonstrated robust engagement of DMN regions in-
cluding the medial prefrontal cortex, posterior cingulate cor-
tex, posterior inferior parietal lobule, and temporopolar cortex
when making self-referential judgments relative to non-self-
referential (case) judgments. This collection of regions may
represent the content and valence of one’s self-schema by
integrating information from episodic and semantic memory
with affective signals from limbic regions (Andrews-Hanna
et al., 2014; D'Argembeau, 2013; Dixon et al., 2017). It is
possible that the content and valence of one’s self-schema
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may be reflected in multivariate activity patterns spanning
multiple regions in the DMN and beyond—patterns that
would not be revealed using standard univariate analyses, as
was done here.

Although the FPCN has received less attention than the
DMN in self-referential processing, we found that both groups
demonstrated extensive activation of FPCN regions (e.g., in-
ferior frontal sulcus, middle frontal gyrus, pre-SMA) during
self versus case judgments. This is consistent with prior re-
ports of FPCN activation during self-referential processing
(Farb et al., 2007; Schmitz et al., 2004). Mounting evidence
indicates that the FPCN plays a critical role in metacognitive
awareness—the ability to accurately report on one’s knowl-
edge, including knowledge related to incoming sensory sig-
nals (Fleming & Dolan, 2012), retrieved memories (Baird
et al., 2013), value signals (De Martino et al., 2013), and the
arising of spontaneous thoughts (Ellamil et al., 2016; Fox
et al., 2015). During self-referential judgments, this network
may allow individuals to consciously monitor and compare
self-knowledge to the trait in question. Thus, while the DMN
may represent the content of self-knowledge and automatic
self-related feelings, the FPCN may operate on this informa-
tion to make task-related judgments and to regulate emotional
reactivity when necessary.

Limitations

Several limitations should be noted when interpreting these
results. First, we conducted only univariate analyses. It re-
mains possible that distinct signatures of self-referential pro-
cessing in SAD could be observed using other methods (e.g.,
multivoxel pattern analysis). Our task design was not opti-
mized for multivoxel pattern analysis, so this will be a key
issue to address in future studies. Second, despite using a
relatively large clinical sample, our study may still have been
underpowered to detect small to moderate effects. In particu-
lar, our sample included far fewer controls than SAD patients,
which could have been a factor in the lack of observed group
differences. In line with this, equivalence tests identified a
number of brain regions with effect sizes that could not be
statistically rejected as significantly different from a minimal
effect size of interest. The relevance of activation in these
regions cannot be interpreted in the current study. However,
these regions may be useful regions of interest in future work
using larger samples. Third, our study may have been limited
by the fact that the task included only 5 blocks (25 self-
referential judgments) per condition. It is possible that a longer
task could result in less variability in brain responses and will
be important to consider with future work. Fourth, the task we
employed required participants to make a categorical yes/no
judgment about the self-descriptiveness of the trait words.
Additional insights could potentially be obtained in future
work by using a Likert-type scale which would allow for a
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parametric analysis that can isolate neural activity that precise-
ly corresponds to the extent to which traits are self-relevant.
Fifth, the present study only examined explicit reflection on
self-relevant stimuli. It could be informative to compare neu-
ral responses during explicit refection versus more spontane-
ous self-referential processing in SAD to dissociate the neural
structures involved in the conscious representation and evalu-
ation of self-relevant material from those that may be involved
in the automatic detection of self-relevant stimuli and the en-
during representation of self-views. Finally, in the current
study, we treated the SAD patients as a single group that
was compared against the control group. This may have
masked differences, given that there may be heterogeneity
within the SAD sample (Talmon et al., 2021).

Conclusions

The current study used positive and negative trait words to
examine the neural basis of self-referential processing in a
large sample of SAD patients. While the overall pattern of
DMN and FPCN engagement during self-referential judg-
ments was similar in patients and controls, there were specific
regions within these networks that showed a group difference
and correlations with SAD symptom severity when using a
liberal statistical threshold. These findings suggest that there is
still much to be learned about the neural basis of diminished
positive and increased negative self-views in SAD.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.3758/s13415-021-00933-6.
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