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ARTICLE INFO ABSTRACT

Keywords: Social anxiety disorder (SAD) is a common heterogeneous disorder characterized by excessive fear and deficient
An"ie_ty ) positive experiences. Case-control emotion processing studies indicate that altered amygdala and striatum
Emotion processing function may underlie SAD; however, links between these regions and symptomatology have yet to be estab-
g;;;mmagmg lished. Therefore, in the current study, 80 individuals diagnosed with SAD completed a validated emotion
Reward processing task during functional magnetic resonance imaging. Anatomy-based regions of interest were amyg-
Threat dala, caudate, putamen, and nucleus accumbens. Neural activity in response to angry > happy faces and fearful

> happy faces in these regions were submitted to multiple linear regression analysis with bootstrapping.
Additionally, multiple linear regression analysis was performed to explore clinical features of SAD. Results
showed greater putamen activity and less amygdala activity in response to angry > happy faces were related to
greater social anxiety severity. In the model consisting of caudate and amygdala activity in response to angry >
happy faces, results were marginally related to social anxiety severity and the pattern of activity was similar to
the regression model comprising putamen and amygdala. Nucleus accumbens activity was not related to social
anxiety severity. There was no correspondence between brain activity in response to fearful > happy faces and
social anxiety severity. Clinical variables revealed greater levels of anhedonia and general anxiety were related to
social anxiety severity, however, neural activity was not related to these features of SAD. Neuroimaging findings
suggest that variance in dorsal striatal and amygdala activity in response to certain social signals of threat
contrasted with an approach/rewarding social signal may contribute to individual differences in SAD. Clinical
findings indicate variance in anhedonia and general anxiety symptoms may contribute to individual differences
in social anxiety severity.

1. Introduction

Social anxiety disorder (SAD) is a prevalent disorder affecting>15
million adults in the United States (Kessler et al., 2005) and>155 million
adults worldwide in the past year alone (Stein et al., 2017). Therefore,
SAD is a major public health concern (Hambrick et al., 2003; Safren
et al., 1996; Schneier et al., 1994). SAD has an early age of onset (i.e.,
80% of individuals develop SAD by 20 years old; Stein and Stein, 2008),
follows a chronic course (Bandelow et al., 2015), is more common in
women than men (Asher et al., 2017), and often precedes and is a risk
factor for other psychiatric illnesses such as major depressive disorder
(Beesdo et al., 2007; Stein et al., 2001). Hallmarks of SAD are excessive
fear and avoidance behaviors (or endurance of distress if not engaging in
avoidance) in various situations that involve potential negative

evaluation by others (American Psychiatric Association, 2013). More
recently, however, it is also recognized that individuals with SAD have
less positive emotional experiences compared to individuals with other
anxiety disorders (Richey et al., 2019). There is also evidence of links
between SAD and anhedonia, not explained by depression, indicating
that motivation and reward functioning may be disrupted in SAD
(Kashdan, 2007).

Due to fears of embarrassment, disapproval, or rejection, threatening
faces are especially motivationally relevant in SAD (Staugaard and
Rosenberg, 2011). Individuals with SAD may also perceive positive
socio-emotional cues (i.e., happy faces) as less approachable (Campbell
et al., 2009) or more negative (e.g., mocking, untrustworthy) (Gutiérrez-
Garcia and Calvo, 2016; Hunter et al., 2009) than individuals without
social anxiety. Findings are consistent with longstanding cognitive
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models of anxiety that propose threat bias plays a key role in the
development and maintenance of excessive anxiety (Beck and Clark,
1997). Yet, despite the emphasis on threat bias, anxious individuals vary
considerably in their response to threatening stimuli (Bar-Haim et al.,
2007) pointing to heterogeneity in threat processing.

In light of social fears, neuroimaging work aimed at elucidating the
brain pathophysiology of SAD has frequently examined amygdala
response to threatening facial expressions. Accumulating case-control
findings indicate an amplified ‘fear circuit’ involving amygdala un-
derlies SAD (Briihl et al., 2014; Etkin and Wager, 2007). However, in-
dividual differences in amygdala reactivity to socio-emotional signals of
threat relative to social signals of reward in SAD is less clear, as studies
have largely focused on case-control characterization.

Associations between amygdala activitation to the processing of
threatening faces and the severity of social anxiety symptoms have been
mixed. Some studies show a positive correlation (Ball et al., 2012; Phan
et al., 2006), while others show no correlation (Klumpp et al., 2010; Ziv
et al., 2013). Inconsistent findings may be due in part to methodological
differences across studies, including neuroimaging tasks and sample
characteristics (e.g., students, patients, comorbidity). Therefore, further
study is warranted. Moreover, the amygdala is part of an emotion pro-
cessing network (Fusar-Poli et al., 2009; Skelly and Decety, 2012) that
includes the striatum. The striatum is a component of the basal ganglia
circuit that encompasses the caudate, putamen, and nucleus accumbens
(‘NAcc’) (Marchand, 2010) and is involved in emotion recognition
(Fusar-Poli et al., 2009), reward/approach responses (Ernst and Spear,
2009), and avoidance behavior (Darvas et al., 2011). Until recently, the
striatum has not been thought of as an important brain region under-
lying anxiety (Lago et al., 2017). Yet, resting-state data shows a positive
functional relationship between the amygdala and striatum (Roy et al.,
2009).

Neuroimaging studies of emotion processing suggest the caudate and
putamen are altered in SAD. For example, individuals with SAD exhibit
greater putamen activation in response to threat-relevant images (e.g.,
job interview, giving a speech, etc.) (Heitmann et al., 2016) compared to
healthy controls. Also, we observed increased caudate activity in
response to threatening > happy faces (Klumpp et al., 2012) and greater
putamen activity in response to threatening faces of moderate intensity
in SAD relative to healthy controls (Klumpp et al., 2010). In a study by
Briihl et al. (2011), patients with SAD showed exaggerated caudate
activation in anticipation of negative > neutral images compared to
healthy controls. In a similar study, patients with SAD or obsessi-
ve-compulsive disorder exhibited more caudate activity in response to
negative > neutral images and more caudate activity in anticipation of
viewing positive or negative emotional > neutral images compared to
healthy participants (Weidt et al., 2016). Furthermore, since neural
function maps on to brain structure to some extent (Greicius et al., 2009;
Honey et al., 2010), it is notable that a recent volumetric mega-analysis
of brain structure found larger gray matter volume in the putamen in
individuals with SAD relative to healthy controls and among partici-
pants with SAD, social anxiety severity positively correlated with pu-
tamen volume (Bas-Hoogendam et al., 2017). However, in contrast to
hypotheses, no significant amygdala effects were detected.

Therefore, the primary objective of the current study was to extend
the literature by using multivariate regression analysis to examine in-
dividual differences in striatal and amygdala response to emotional
facial expressions in SAD. Based on the literature, we hypothesized
greater caudate, putamen, and amygdala activity in response to
threatening faces would be related to greater symptom severity in SAD.
Although prior emotion processing findings do not suggest ventral
striatal (i.e., NAcc) activity in response to threatening faces > happy
faces is disrupted in SAD (Briihl et al., 2011; Klumpp et al., 2010, 2012;
Weidt et al., 2016), we included the NAcc for comprehensiveness. A
secondary goal was to elucidate symptoms (e.g., general anxiety,
depression) that may correspond to social anxiety severity and explore
whether such symptoms also corresponded to striatal and amygdala
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activity in response to emotional faces. We expected higher levels of
general anxiety and depression would correspond with greater social
anxiety severity. Additionally, in light of links between social anxiety
and anhedonia (Kashdan, 2007), we hypothesized higher levels of
anhedonia would be related to greater social anxiety severity. For
comprehensiveness, we also evaluated melancholic symptoms, although
we did not expect such symptoms would correspond to severity of SAD
symptoms due to lack of evidence.

2. Materials and methods
2.1. Participants

The study consisted of 80 un-medicated treatment-seeking adults
with SAD. Participants were recruited from the Mood and Anxiety Clinic
at the University of Illinois at Chicago (UIC) via referrals and in the
community through flyers and internet advertisements. Interested par-
ticipants completed a phone screen followed by a psychiatric evaluation
during which time they reviewed the consent form as approved by the
local Institutional Review Board at UIC.

After attaining consent, all participants completed the Structured
Clinical Interview (SCID-5; American Psychiatric Association, 2015)
conducted by a trained master’s level clinician in addition to clinician-
administered measures, which included the Hamilton Depression Rat-
ing Scale (HAMD; Hamilton, 1960), Hamilton Anxiety Rating Scale
(HAMA; Hamilton, 1959) and Liebowitz Social Anxiety Scale (LSAS;
Liebowitz, 1987). Overall social anxiety severity indexed with the LSAS
total score was in the moderate-to-severe range (81.1 + 17.0) (Liebo-
witz, 1987), depression level was in the mild range as assessed with
HAMD (9.1 + 5.0) (Hamilton, 1960), and anxiety level was in the mild
range as assessed with HAMA (14.63 + 7.61) (Hamilton, 1959). Self-
report measures included the Beck Depression Inventory (BDI-II; Beck
and Steer, 1987), which indicated depression was in the mild-to-
moderate range (22.2 + 9.6). Consistent with previous studies (e.g.,
Pizzagalli et al., 2005), BDI-II items were used to examine anhedonic
and melancholic symptoms. Specifically, anhedonia comprised the sum
of the following items: loss of pleasure (Item #4), loss of interest (Item
#12), loss of energy (Item #15), and loss of interest in sex (Item #21)
(Pizzagalli et al.,, 2005). Regarding melancholic symptoms, the
following items were summed: loss of pleasure (item #4), guilty feelings
(item #5), agitation (item #11), loss of interest (item #12), early
morning awakening (item #16b), and loss of interest in sex (item #21)
(Pizzagalli et al., 2005).

Inclusion criteria for all participants were as follows: adults ages 18
to 65 years, inclusive, and free of major medical or neurologic illness as
confirmed by a Board-Certified physician. Exclusion criteria for all
participants were as follows: inability to provide consent; current or
history of psychotic symptoms, bipolar disorder, traumatic brain injury,
mental retardation, pervasive developmental disorder, or dementia;
active suicide ideation; current alcohol or substance dependence (within
the 6 months of study); treatment (e.g., pharmacotherapy, psychother-
apy); and contraindications to magnetic resonance imaging (e.g., preg-
nancy, non-removable ferrous objects, claustophobia). None of the
participants tested positive on a urine toxicology screen before scans.

Diagnosis was determined by SCID and a Best-Estimate/Consensus
Panel of study staff members (e.g., clinical psychologist, psychiatrist,
clinical assessor). Comorbidity was permitted. See Table 1 for clinical
and demographic characteristics and comorbid diagnoses. A portion of
participants were previously reported (Gorka et al., 2019; Klumpp et al.,
2013; MacNamara et al., 2017; Phan et al., 2013), however, the research
topics differed from the current study.

All participants were compensated for their time and all procedures
complied with the Helsinki Declaration.

All analyses were two-tailed with an alpha level of 0.05 and per-
formed in the Statistical Package for the Social Sciences (Chicago, IL;
Version 24).
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Table 1

Clinical and demographic descriptives.
Clinical Measures M SD
LSAS 81.08 17.03
HAMA 14.63 7.61
HAMD 9.11 4.96
Anhedonia 3.84 2.25
Melancholic 6.13 5.94
Demographics M SD
Age (range 18-46 yrs) 24.76 10.02

N %

Gender
Female 57 71.3
Male 23 28.8
Race
Caucasian 51 63.8
Asian 15 18.8
African American 6 7.5
More than one race 5 6.3
Other/Unknown 2 2.5
American Indian/Alaskan Native 1 1.3
Ethnicity
Hispanic/Latino 21 26.3
Medication History 32 40.0
Comorbidity N %
Generalized anxiety disorder 33 50
Major depressive disorder 31 47.0
Panic disorder 16 24.2
Specific phobia 16 24.2
Persistent depressive disorder 11 16.7
Post-traumatic stress disorder 6 9.1
Eating disorder 5 7.6
Alcohol abuse 3 4.6
Adjustment disorder 1 1.5
Attention deficit hyperactivity disorder 1 1.5
Obsessive compulsive disorder 1 1.5

LSAS = Liebowitz Social Anxiety Scale; HAMA = Hamilton Anxiety Rating Scale;
HAMD = Hamilton Depression Rating Scale; Anhedonia = BDI-II sub-score;
Melancholic = BDI-II sub-score.

2.2. fMRI task

All participants performed an Emotional Face Matching Task shown
to engage regions involved in emotion processing (Gorka et al., 2019;
Klumpp et al., 2013; MacNamara et al., 2017; Phan et al., 2013). Par-
ticipants viewed a trio of faces (one target at the top, two probes on the
bottom) consisting of photographs from a validated set of face stimuli
(Gur et al., 2002) presented in a block design. The target congruent
probe faces displayed one of three expressions (happy, fearful, angry),’
while the other (incongruent) probe face always displayed a neutral
expression. The task was one run with 18 blocks in total, consisting of 9
blocks of matching emotional faces (3 blocks for each target angry, fear,
or happy facial expression) interleaved with 9 blocks of matching shapes
(triangles, circles, squares) as a sensorimotor control “baseline” condi-
tion. There was no rest period between blocks; immediately after one
block ended, the next block began. Prior to performing the task in the
scanner, participants completed practice trials consisting of one
matching faces block and one matching shapes block. Faces used in the
practice session were not used in the experimental session. During the
scan, participants viewed a blank black screen for 8 s at the beginning of
the task. Each block lasted 20 s and comprised four back-to-back 5-sec-
ond trials with no inter-trial interval.

1" A sub-sample of participants (n=59) also completed a modified version of
the task that included sad faces. However, the primary focus of the study was
response to threat, as opposed to loss. Additionally, restricting analysis to
participants who completed the version with angry, fearful, happy, and sad
faces would reduce the sample size. Therefore, we elected to perform analysis
on participants who completed the original task comprising angry, fear, and
happy faces.
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The primary contrast of interest was threatening > happy faces.
Since the emotional content conveyed by a facial expression may in-
fluence neural response (Gorka et al., 2019; Klumpp et al., 2013; Mac-
Namara et al., 2017; Phan et al., 2013), primary contrasts of interest
were angry > happy faces and fear > happy faces.

2.3. fMRI data acquisition

Functional imaging was performed with blood-oxygen-level-
dependent (BOLD) sensitive whole-brain fMRI on a 3.0 Tesla GE Dis-
covery System (General Electric Healthcare; Waukesha, WI) with an 8-
channel head coil. Functional data were acquired using gradient-echo
echo planar imaging sequence with the following parameters: TR = 2
s, TE = 0.0222 s, flip angle = 90°, FOV = 22 x 22 cmz, acquisition
matrix 64 x 64, 3-mm slice thickness, 44 axial slices, and 180 volumes
per run.

2.4. fMRI data preprocessing

Data from all participants were required to meet quality control
parameters (i.e., <3 mm in any direction or 3 degrees of displacement
across the functional run). Before the data was preprocessed, the first 4
volumes from were discarded to allow for T1 equilibration effects.
Conventional preprocessing steps were used in Statistical Parametric
Mapping (SPM8) software package (Wellcome Trust Centre for Neuro-
imaging, London www.fil.ion.ucl.ac.uk/spm). The scans were pre-
processed using the following conventional steps: 1) temporally/slice-
time, motion corrected; 2) warped (non-linear) based on the parame-
ters of warping the mean T2* volume to the EPI template, a canonical
brain in Montreal Neurologic Institute (MNI) space; 3) resampled to 2

mm? voxels; and 4) smoothed with an 8 mm isotropic Gaussian kernel.

2.5. Statistical analysis of fMRI data

Regarding first-level analysis, we modelled task conditions as a box-
car model convolved with the HRF as regressors and had the six motion
parameters, outputted from the motion correction step, as covariates to
account for motion artifacts. The time series was processed with a 128-
second high pass filter and corrected for serial correlation using an
autoregressive AR(1) model during Classical (ReML) parameter esti-
mation. Contrasts of interest (angry > happy faces; fear > happy faces)
were generated for each participant. The Automatic Anatomical Label-
ing Atlas 3 (Rolls et al., 2020) was used to select anatomically-based
regions of interest (ROIs), which were bilateral caudate (volume =
15,672 mm?®), bilateral putamen (volume = 16,584 mm?), bilateral
NAcc (volume = 8,576 mm3), and bilateral amygdala (volume = 3,744
mm?) (Fig. 1). The mean ROI-extracted contrast estimates of activation
(B weights, arbitrary units [a.u.]) were subsequently submitted to mul-
tiple linear regression analysis.

Fig. 1. Illustration of anatomy-based regions of interest; green = caudate, blue
= putamen, yellow nucleus accumbens, red = amygdala. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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2.6. Social anxiety measure

The Liebowitz Social Anxiety Scale (Liebowitz, 1987) is a 24-item
measure that assesses social and performance fears and related avoid-
ance behaviors. Therefore, the total score is based on 4 sub-scales: Social
Fear, Performance Fear, Social Avoidance, Performance Avoidance such
that higher scores represent more fear and avoidance (Liebowitz, 1987).
The LSAS is one of the most commonly used clinician-administered
measures to evaluate SAD and has been shown to have acceptable psy-
chometric properties (Heimberg et al., 1999). However, the discrimi-
nability between LSAS fear and LSAS avoidance is generally weak
calling into question the utility of these sub-scores (Heimberg et al.,
1999). Therefore, regression analysis was based on the LSAS total score
as the dependent variable though all relationships between independent
variables and sub-scores are reported.

2.7. Data analysis

To verify participants followed task instructions, we collapsed across
emotional faces and report average accuracy and standard deviation. To
test for potential differences between emotional faces, accuracy and
reaction time when matching for angry, fear, and happy faces were
submitted to an Analysis of Variance (ANOVA) with repeated measures.

Multiple linear regression analysis (simultaneous entry) with boot-
strapping (based on 1000 samples) was conducted to examine the extent
to which variance in a priori ROI-extracted contrast estimates of acti-
vation (B weights, arbitrary units [a.u.]) related to social anxiety
severity (neural model). The same analysis was conducted to examine
the extent to which variance in general anxiety and depression symp-
toms related to social anxiety severity (clinical model). Post-hoc multi-
ple linear regression analysis was performed to evaluate whether clinical
variables (e.g., general anxiety, depression) that were significantly
associated with social anxiety severity related with ROI-extracted
contrast estimates of activation (secondary model).

To reduce collinearity among neural variables, one model consisted
of striatal and amygdala activity in response to angry > happy faces and
a separate model for fear > happy faces. All independent variables were
standardized (z-score). To evaluate whether collinearity was acceptable,
tolerance was required to be > 2.0 (Allison, 1999; Weisburd and Britt,
2013).

3. Results
3.1. Task performance

Average accuracy across emotional faces was high (94% + 6%).
When exploring potential emotional face effects, ANOVA results
revealed a significant effect of emotional face type (angry, fear, happy)
[F(2,158) = 50.57, p < 0.005]. Follow-up paired t-tests showed partic-
ipants were more accurate when matching happy faces (98% =+ 6%) than
angry faces (87% + 10%) [t(79) = 9.11, p < 0.005] and fear faces (96%
+ 8%) [t(79) = 2.17, p = 0.033]. Moreover, participants were more
accurate when matching fear faces relative to angry faces [t(79) = 6.75,
p < 0.005].

When examining reaction time (RT) in milliseconds (ms) for accurate
trials, ANOVA results revealed a significant effect of emotional face type
(angry, fear, happy) [F(2,158) = 20.53, p < 0.005]. Follow-up paired t-
tests showed participants were faster when matching happy faces
(1300.37 + 299.19 ms) than angry faces (1442.29 + 418.31 ms) [t(79)
= 4.27, p < 0.005] and fear faces (1505.07 + 393.25 ms). RT between
angry and fear faces was not significant [t(79) = 1.73, p = 0.09].

3.2. Multiple linear regression

3.2.1. Angry > happy faces
With LSAS total score as the dependent variable (DV) and bilateral
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caudate, putamen, NAcc, and amygdala activation as independent var-
iables (IVs), the omnibus result was significant [R? = 0.135, F(4,75) =
2.932, p = 0.026]. However, tolerance for caudate and putamen was <
2.0, therefore, collinearity was a concern. Pearson’s correlation revealed
a significant positive association between caudate and putamen acti-
vation (r = 0.863, p < 0.005). Thus, subsequent analyses were per-
formed separately for caudate and putamen.

When the same analysis was performed with bilateral caudate, NAcc,
and amygdala ROIs, the model was significant [R2 = 0.104, F(3,76) =
2.943, p = 0.038] (tolerance was > 2.0). Results showed caudate (B =
7.049, p = 0.026) and amygdala activation (B = -5.698, p = 0.017), but
not NAcc activation (B = -1.741, p = 0.574), were related to social
anxiety severity. When the same analysis was repeated with bilateral
putamen, NAcc, and amygdala activation, the model was significant [R?
=0.132, F(3,76) = 3.856, p = 0.013] (tolerance was > 2.0). Putamen (B
= 8.966, p = 0.007) and amygdala activation (B = -8.801, p = 0.002),
but not NAcc activation (B = -0.817, p = 0.755), were related to social
anxiety severity.

The scatterplot comprising significant variables (putamen, caudate,
amygdala) from the regression model suggested a potential outlier.
When removed, results remained significant [R? = 0.082, F(2,76) =
3.401, p = 0.038] (tolerance > 2.0) as putamen (B = 7.752, p = 0.012)
and amygdala activation (B = -8.387, p = 0.014) were related to social
anxiety severity (Fig. 2). However, when the model comprised caudate
and amygdala activation, the omnibus result was not significant [R? =
0.050, F(2,76) = 2.006, p = 0.142] (tolerance > 2.0) as caudate (B =
4.731, p = 0.052) and amygdala activation (B = -5.484, p = 0.054) were
marginally related to social anxiety severity.

Table 2 shows Pearson’s correlation coefficients for all dependent
and independent variables for all LSAS sub-scores (uncorrected for
multiple comparisons).

3.2.2. Fear > happy faces

With LSAS total score as the DV and bilateral caudate, NAcc, and
amygdala activation as IVs, the omnibus result was not significant [R? =
0.028, F(3,76) = 0.726, p = 0.539] (tolerance > 2.0) and none of the IVs
were significant (lowest p = 0.294). When the model consisted of
bilateral putamen, NAcc, and amygdala activation, the model was not
significant [R? = 0.025, F(3,76) = 0.650, p = 0.585] (tolerance > 2.0)
and none of the ROIs were related to social anxiety severity (lowest p =
0.175).

Table 2 shows Pearson’s correlation coefficients for all dependent
and independent variables for all LSAS sub-scores (uncorrected for
multiple comparisons).

3.2.3. Clinical variables

With LSAS total score as the DV and general anxiety (HAMA), gen-
eral depression (HAMD), anhedonia symptoms (derived from BDI-II),
melancholic symptoms (derived from BDI-II) as IVs showed the
omnibus result was significant [R2 =0.190, F(4,75) = 4.404, p = 0.003]
(tolerance > 2.0). Anhedonia (B = 7.450, p = 0.015) and general anxiety
(B = 5.178, p = 0.031) but not melancholic symptoms (p = 0.230) or
general depression (HAMD) (p = 0.937) were related to social anxiety
severity (see Fig. 3).

3.2.4. Post-hoc analysis

Since anhedonia (derived from BDI-II) and general anxiety (HAMA)
were significantly related to social anxiety severity, multiple linear
regression analysis was performed to evaluate the extent to which neural
activity corresponded with anhedonia and general anxiety symptoms.
Specifically, in one model anhedonia was the DV and in another model
general anxiety was the DV. In both models bilateral caudate, NAcc, and
amygdala activity in response to angry > happy faces were the IVs.

When anhedonia was the DV, the omnibus result was not significant
[R%= 0.028, F(3,76) = 0.741, p = 0.531] (tolerance was > 2.0) nor were
any of the IVs (lowest p = 0.606). When the same analysis was
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Fig. 2. Scatter plots depicting significant relationship between putamen and amygdala response to angry > happy facial expressions and social anxiety severity
measured with the Liebowitz Social Anxiety Scale with a putamen response on the left and amygdala response on the right.

Table 2
Correlation coefficients.

Contrast of Interest Regions of Interest Social Fear Performance Fear Social Avoidance Performance Avoidance Anhedonia HAMA
Angry (vs. Happy)

L Caudate 0.245* 0.066 0.100 —0.025 0.152 0.063
R Caudate 0.257* 0.138 0.102 0.027 0.133 0.129
L Putamen 0.279* 0.040 0.127 —0.093 0.049 0.068
R Putamen 0.252* 0.093 0.109 —0.073 0.118 0.168
L Nucleus Accumbens 0.137 -0.077 0.059 -0.107 0.162 0.057
R Nucleus Accumbens 0.156 0.018 0.062 —0.014 0.136 0.072
L Amygdala 0.027 —0.180 —0.094 —0.325%* 0.134 0.165
R Amygdala 0.086 —-0.107 —0.008 —0.255* 0.142 0.202
Fear (vs. Happy)

L Caudate 0.118 —0.031 0.038 —0.058 0.086 0.031
R Caudate 0.121 0.034 0.017 —0.020 0.055 0.034
L Putamen 0.088 0.063 0.019 —-0.082 —-0.026 —-0.103
R Putamen 0.062 —0.018 —0.026 —0.052 —0.020 —0.038
L Nucleus Accumbens 0.096 —0.088 —0.004 —0.092 0.052 —0.015
R Nucleus Accumbens 0.067 —0.058 —-0.039 —-0.036 0.073 —-0.010
L Amygdala —0.053 —0.166 —0.096 —0.168 —0.040 —0.107
R Amygdala 0.053 —0.067 —0.014 —0.056 0.060 —0.054

Measures of Interest Social Fear

Performance Fear

Social Avoidance Performance Avoidance

HAMA 0.307%* 0.245*
HAMD 0.200 0.184
Anhedonia 0.221* 0.322%*
Melancholic 0.181 0.239**
Age -0.114 0.100
Gender 0.001 —0.080

0.328%** 0.262*
0.265* 0.247*
0.297** 0.277*
0.227* 0.204
—0.061 0.202
—0.038 -0.138

L = left hemisphere; R = right hemisphere.

HAMA = Hamilton Anxiety Rating Scale; HAMD = Hamilton Depression Rating Scale; Anhedonia = BDI-II sub-score; Melancholic = BDI-II sub-score; Social Fear =

Liebowitz Social Anxiety Scale sub-score.

Performance Fear = Liebowitz Social Anxiety Scale sub-score; Social Avoidance = Liebowitz Social Anxiety Scale sub-score; Performance Avoidance = Liebowitz Social

Anxiety Scale sub-score.
*p < 0.05.
**p < 0.01.

performed with bilateral putamen (but not caudate) activation, the
model was not significant [R? = 0.036, F(3,76) = 0.948, p = 0.422]
(tolerance was > 2.0) nor were any of the IVs (lowest p = 0.294).
Similarly, omnibus results were not significant for striatal and amygdala
activation in response to fear > happy faces (lowest p = 0.530) and
neural activity was not related to anhedonia in any model (lowest p =
0.172).

When general anxiety was the DV and bilateral caudate, NAcc, and
amygdala activity in response to angry > happy faces were IVs, the
omnibus result was not significant [R2 = 0.032, F(3,76) = 0.831, p =
0.481] (tolerance was > 2.0) nor were any of the IVs (lowest p = 0.387).
When the same analysis was performed with bilateral putamen (but not

caudate) activation, the model was not significant [R2 = 0.029, F(3,76)
= 0.766, p = 0.156] (tolerance was > 2.0) nor were any of the IVs
(lowest p = 0.484). Also, omnibus results for striatal and amygdala ac-
tivity in response to fear > happy faces was not related to general
anxiety (lowest p = 0.367) nor did activation in any region correspond
with general anxiety (lowest p = 0.074).

Table 2 shows Pearson’s correlation coefficients for all dependent
and independent variables for all LSAS sub-scores (uncorrected for
multiple comparisons).
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Fig. 3. Scatter plot illustrating that anhedonia symptoms, assessed with certain items in the Beck Depression Inventory (on the left), and general anxiety indexed
with the Hamilton Anxiety Rating Scale (on the right) were significantly related to social anxiety severity measured with the Liebowitz Social Anxiety Scale.

4. Discussion

The primary objective of the present study was to examine the extent
to which striatal and amygdala activity in response to social signals of
threat, compared to social signals of approach/reward, were related to
social anxiety severity in un-medicated patients with SAD. Results
revealed bilateral putamen, caudate, and amygdala activation corre-
sponded with social anxiety severity such that greater putamen and
caudate activity in response to angry > happy faces was related to higher
levels of social anxiety. Unexpectedly, less amygdala activation in
response to angry > happy faces corresponded with higher levels of
social anxiety when taking striatal activation into consideration. Indi-
vidual differences in NAcc activation in response to angry > happy faces
was not related to social anxiety severity. Our secondary goal was to
explicate clinical features of SAD and explore whether striatum and
amygdala activation were related to symptoms outside of social anxiety.
We observed higher levels of anhedonia and general anxiety, but not
melancholy or general depression, corresponded with social anxiety
severity. Nonetheless, variance in striatal and amygdala activity in
response to angry > happy faces did not significantly explain anhedonia
or general anxiety. Overall task performance accuracy was high indi-
cating participants followed task instructions.

Our hypothesis that greater caudate, putamen, and amygdala activ-
ity in response to threatening faces would correspond with greater
symptom severity in SAD was partially supported. We found that
caudate and putamen activation were highly correlated, therefore, the
contribution of these regions on social anxiety severity were evaluated
separately, namely, one model comprised caudate and amygdala acti-
vation and another model consisted of putamen and amygdala activa-
tion. Our results indicate that more caudate and putamen activation in
response to angry > happy faces and less amygdala activation in
response to angry > happy faces corresponded with greater social anx-
iety severity. However, when removing a potential outlier, caudate and
amygdala activity in response to angry > happy faces was only
marginally related to social anxiety severity.

Our dorsal striatal findings extend previous case-control studies that
have shown individuals with SAD demonstrate greater putamen activity
in response to threat-related images (Heitmann et al., 2016), greater
caudate and putamen activity to threatening faces (Klumpp et al., 2010,
2012), and more caudate activation in anticipation of negative > neutral
images compared to healthy controls (Briihl et al., 2011; Weidt et al.,
2016). Outside of SAD, negative images > positive images or negative
images > neutral images are reported to engage the caudate in healthy
participants (Carretié et al., 2009) and the putamen has been implicated
in the sensory features of pain (Starr et al., 2011). Taken together, re-
sults provide support that the striatum is involved in aversive processing

in addition to appetitive or rewarding processing (Levita et al., 2009;
Roiser et al., 2008). Relevant to the current study, the dorsal striatum,
which encompasses the caudate and putamen (Marchand, 2010) is
involved in social and emotional processes (Balleine et al., 2007;
Marchand, 2010; Shohamy, 2011; Stathis et al., 2007). Thus, findings
suggest individuals with greater levels of social anxiety severity may be
more sensitive to negative socio-emotional signals when contrasted with
positive socio-emotional cues, suggesting heterogeneity of SAD may be
due in part to differential variance in dorsal striatum engagement.

Although symptom severity was partly explained by amygdala ac-
tivity in response to angry > happy faces, the direction was not ex-
pected. Specifically, we found that more amygdala activation in
response to happy > angry faces was related to greater social anxiety
severity. While this finding was unexpected based on prior studies
(Briihl et al., 2014), individuals with SAD have demonstrated increased
activation in response to happy faces compared to healthy controls
(Straube et al., 2005). It is possible that our finding pertains to the
salience of happy faces, which were easier to match than angry faces, as
evidenced by higher accuracy and faster response times. Salient faces,
regardless of emotional valence, engage the amygdala (Santos et al.,
2011). Thus, happy faces may have been relatively more striking than
angry faces for some patients in our cohort due to the inherent conflict
happy faces represent given socially anxious individuals both want and
fear social interaction (Stein and Stein, 2008). Higher levels of social
anxiety have been shown to be associated with lower approachability
ratings for happy faces among individuals with SAD (Campbell et al.,
2009). However, since our study did not collect such ratings or ratings
concerning other factors that may have contributed to results (e.g.,
ratings of arousal or valence of faces), our interpretation is speculative.

Importantly, results were significant when happy faces were con-
trasted with angry faces, but not with fearful faces. Angry faces convey
direct interpersonal aggression whereas the threat signal for fearful faces
is more ambiguous (Biehl et al., 1997; Ekman, 1994). In addition to
differences in socio-emotional content, angry faces are seen more often
than fearful faces (Bond and Siddle, 1996; Whalen, 1998). Prior expo-
sure to angry faces coupled with a block design, which does not control
for habituation effects, may also have contributed to results. Indeed,
individuals differ in their rate of habituation to stimuli (Blackford et al.,
2013) and data show individual differences in emotion-dependent
amygdala habituation are reliable (Plichta et al., 2014). Thus, it is also
possible that results reflect variance in differential habituation between
angry and happy faces. Our study was not designed to test this, there-
fore, it will be important for future investigations to examine possible
habituation effects.

Clinically, higher levels of anhedonia and general anxiety were
related to greater social anxiety severity. Comorbidity was permitted
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and many of the participants were diagnosed with a concurrent major
depressive disorder and/or another anxiety disorder. Consequently, it is
not surprising that depression and general anxiety symptoms were
associated with social anxiety symptoms. As anticipated, higher levels of
anhedonia, the reduction of the ability to feel pleasure, but not melan-
choly was related to social anxiety severity. Social anxiety is associated
with diminished positive experiences, not explained by depression,
which may be due to an amplified negative valence system and corre-
sponding expenditure of regulatory resources to manage fear or a more
general impairment in reward-related processes (Kashdan, 2007). Our
results provide further support that anhedonia is a feature of SAD. Even
so, neither anhedonia nor general anxiety were related to striatal or
amygdala activity suggesting individual differences in brain activity in
response to threat > happy faces may be specific to severity of social
anxiety symptoms. The lack of a significant relationship between
depression symptoms assessed with HAMD and social anxiety severity
(LSAS) may be due to restricted range, as HAMD signified depression
severity was in the mild range.

Findings should be considered in the context of important limita-
tions. Certain comorbidity was allowed; therefore, results may not
replicate in a sample of participants who differ in comorbidity or other
characteristics (e.g., age, gender frequency). We focused on striatum and
amygdala activation as potential neural variables related to social anx-
iety symptoms, however, neural activity in other brain structures may
correspond to social anxiety symptoms. Anhedonia and melancholy
symptoms were estimated from BDI-II items; therefore, results may not
generalize to measures designed to assess anhedonia and melancholy.
The Emotional Faces Matching Task was designed to engage regions
central to emotion processing and may not be adequate in engaging the
NAcc. Personality traits are an important source of heterogeneity in SAD
(Costache et al., 2020), however, we did not assess personality traits,
which may provide better measurements of anhedonia or (low) social
motivation than our measures. Future studies should include personality
measures and examine striatal functioning in SAD with other reward-
related paradigms since happy faces may not be rewarding in SAD.
Concerning neuroimaging, no field maps or phase-encoded EPIs were
collected during acquisition; therefore, we were unable to correct for
any potential field distortions.

5. Conclusions

In summary, differential response between threatening and happy
faces in the dorsal striatum, particularly the putamen, along with
amygdala, were related to social anxiety severity. Variance in anhedonia
and general anxiety symptoms also corresponded with social anxiety
severity, however, such symptoms were not linked with neural activity
in response to emotional faces. Social anxiety disorder is a heteroge-
neous disorder and findings suggest variance in striatum and amygdala
activation may contribute to social anxiety severity.
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