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Abstract

There has been a growing interest in resting-state brain alterations in people with social anxiety disorder. However, the
evidence has been mixed and contested and further understanding of the neurobiology of this disorder may aid in informing
methods to increase diagnostic accuracy and treatment targets. With this systematic review, we aimed to synthesize the
findings of the neuroimaging literature on resting-state functional activity and connectivity in social anxiety disorder, and to
summarize associations between brain and social anxiety symptoms to further characterize the neurobiology of the disorder.
We systematically searched seven databases for empirical research studies. Thirty-five studies met the inclusion criteria, with
a total of 1611 participants (795 people with social anxiety disorder and 816 controls). Studies involving resting-state seed-
based functional connectivity analyses were the most common. Individuals with social anxiety disorder (vs. controls)
displayed both higher and lower connectivity between frontal-amygdala and frontal—parietal regions. Frontal regions were the
most consistently implicated across other analysis methods, and most associated with social anxiety symptoms. Small sample
sizes and variation in the types of analyses used across studies may have contributed to the inconsistencies in the findings of
this review. This review provides novel insights into established neurobiological models of social anxiety disorder and
provides an update on what is known about the neurobiology of this disorder in the absence of any overt tasks (i.e., resting
state). The knowledge gained from this body of research enabled us to also provide recommendations for a more standardized
imaging pre-processing approach to examine resting-state brain activity and connectivity that could help advance knowledge
in this field. We believe this is warranted to take the next step toward clinical translation in social anxiety disorder that may
lead to better treatment outcomes by informing the identification of neurobiological targets for treatment.

Introduction the World Mental Health Surveys suggest that SAD exists
globally, with a lifetime prevalence rate of 5% in high-
Social anxiety disorder (SAD) is characterized by fear, income regions (e.g., Australia, the USA, and the UK) [2].
anxiety, and/or avoidance of social situations [1]. Data from Living with SAD can be debilitating, with the diagnosis
being associated with significant impairments in multiple
domains of functioning, most substantially impacting rela-
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remain poor in individuals with this disorder [3, 4].
Advances in neuroimaging techniques have only begun to
provide important insights into the neurobiology of SAD.
The most recent models of SAD [5, 6] propose that indi-
viduals with SAD (compared to controls) are characterized
by dysfunctional fronto-limbic (fear) circuitry, with hyper-
activity in limbic areas (i.e., amygdala, hippocampus, and
parahippocampus) and hypoactivity in cognitive control
areas (i.e., anterior cingulate cortex, ventral medial pre-
frontal cortex (PFC), dorsolateral PFC). Briihl et al. [5]
added the role of medial parietal and occipital regions that
are increasingly activated in those with SAD. The afore-
mentioned reviews, however, primarily focused on inter-
preting the activation of different brain regions in response
to overt tasks.

A recent trend in the clinical neuroimaging community is
to study resting-state functional activity/connectivity para-
digms. Compared to task-dependent methods, resting-state
paradigms are not susceptible to the potential confounding
effects of task performance and may be particularly useful
in aiding our understanding of the intrinsic brain mechan-
isms implicated in the clinical presentation of SAD.
Resting-state brain connectivity as a potential biomarker of
psychiatric symptoms has been found useful in other dis-
orders, including autism spectrum disorder [7] and major
depression [8]. In SAD, there has been an increase in
resting-state brain imaging studies in recent times. To our
knowledge, Briihl et al. [5] was the most recent review that
systematically examined resting-state studies (n=11).
However, the results were reported in combination with
task-based functional connectivity findings, making it
challenging to interpret a pattern of results specifically
attributed to resting-state brain imaging studies. Other nar-
rative reviews examining resting-state neuroimaging in
SAD have been published since [9, 10] and show dis-
crepancies within the findings of resting-state studies.
Peterson et al. [10] examined resting-state connectivity
across anxiety disorders and found that whilst there were
overlap in the brain networks underlying the full range of
anxiety disorders, there were variations in connectivity
between limbic and cortical regions unique to each anxiety
disorder, thereby warranting a thorough review of resting-
state brain activity/connectivity of SAD on its own.

Due to the growing number of studies investigating
resting-state neuroimaging in SAD, the current review
aimed to use a systematic approach to obtain a critical
appraisal and comprehensive understanding of the brain
regions and networks implicated in SAD (compared to
controls) at rest. A secondary aim of this review involved
summarizing any known brain-behavior associations (i.e.,
links between brain function and symptoms) associated
with SAD. Although the majority of the literature involves
functional magnetic resonance imaging (fMRI) studies, we

included a broad range of imaging modalities (including
single-photon emission computed tomography (SPECT)
and positron emission tomography (PET)) and various
acquisition and analysis approaches relating to both acti-
vation and connectivity studies to be as comprehensive as
possible. With this review, we hope to further our under-
standing of the neurobiology of this disorder that could aid
in informing methods to increase diagnostic accuracy and
treatment targets.

Methods

This systematic review followed the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses guide-
lines, which outlines a set of items to improve reporting of
systematic reviews [11]. Full details regarding the search
strategy, eligibility criteria, data extraction process, data
synthesis, and quality assessment can be found in the
Supplementary Information. Seven databases were searched
on the 29th November 2020 and studies were included if
they were published in English and measured brain func-
tion/activation at rest in a sample of participants that had a
diagnosis of SAD and in a control group. Data extracted
included demographic information, details regarding the
method of neuroimaging acquisition and analysis, and
the results. All included studies were quality checked using
the Quality Assessment Tool for Observational Cohort and
Cross-Sectional Studies, published by the National Heart,
Lung and Blood Institute, to evaluate the internal validity of
each included study [12]. The primary results of interest for
the qualitative synthesis of findings were group differences
in resting-state neural activity and connectivity.

Results
Study selection

The initial search identified 1112 possible studies. After the
screening of titles, abstracts, and full-text articles and the
removal of duplicates and other non-suitable studies, a final
35 studies were included in the systematic review (Fig. 1).
The primary reasons for the exclusion of studies were that
no participants diagnosed with SAD were involved and the
data was not published in a peer-reviewed journal.

Sample population
Information regarding demographic details (including age
and sex), handedness, recruitment, diagnosis, and severity

of participants are included in Table 1. Details regarding
overlaps in samples across studies, methods of diagnosis,
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Non-unique records identified through initial database
searching (PsycINFO, Web of Science, Scopus,
PubMed, Ovid, Medline, CINAHL; n=1112)

Additional records identified through other sources (n = 0)

A

Duplicate records excluded (n = 726)

Records screened for title and abstract (n = 386)

Records excluded (n = 334)
No SAD participants (n = 160)
Not peer-reviewed journal article (n = 62)

A

Brain activation/function not measured at rest (n = 45)
Meta-analyses/reviews (n = 44)

No control group (n = 16)

No human participants (n =7)

Full-text articles assessed for eligibility (n = 52)

Full-texts articles excluded (n = 17)
Not peer-reviewed paper (n = 4)
No SAD group (n=1)

A4

Brain activation/function not measured at rest (n = 3)
No results reported for SAD vs controls (n = 8)
Full text not found in English (n = 1)

Full-text articles included in the systematic review (n = 35)

Fig. 1 Preferred reporting items for systematic reviews and meta-
analyses flowchart for systematic search and identification of
studies meeting inclusion criteria for the systematic review. Studies
were included based on the following criteria: (i) the full text was

and medication use can be found in the Supplementary
Information. For the 35 studies included, all were published
between 2008 to 2020 and involved a cross-sectional
design. A total of 1611 participants were included, con-
sisting of 795 people with SAD and 816 controls. For
individuals with SAD, the mean age was 26.26 (+£5.48)
years, and aside from one study that used a pediatric sample
(results are reported separately in the Supplementary
Information) [13], the remaining 34 studies used adult
cohorts. The average sample size for SAD participants was
23, with a range of 7 to 53 participants.

Neuroimaging methods and analyses
Of the 35 studies included, there was a range of neuroi-
maging methods and analyses included. Thirty-one studies

used fMRI whilst four studies used alternative imaging
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published in English, (ii) human participants were involved, (iii) brain
function/activation was measured at rest, and (iv) a sample of parti-
cipants with a diagnosis of SAD was compared to a control group.
Reasons for exclusion are detailed in the flowchart.

modalities such as SPECT and PET [14-17]. Due to diffi-
culty integrating SPECT and PET with findings from fMRI,
results from these four studies will be reported in Supple-
mentary Table 1. For this reason, the information presented
from here on will only refer to the fMRI studies (n=31).
The results from the 31 fMRI studies that used multiple
neuroimaging analysis methods on their data set
were considered independent of one another [18-22].
Information regarding the scan parameters used and the
preprocessing/first-level analyses can be found in Supple-
mentary Tables 2, 3 respectively. Of the 31 fMRI studies,
the most frequently used method of analysis was seed-
based/ROI-to-ROI functional connectivity analysis (n =
18), followed by the amplitude of low-frequency fluctua-
tions (ALFF; n = 4). Other analysis methods included graph
theory (n=3), MVPA (n=3), whole-brain analysis (a
data-driven exploratory approach that seeks to identify
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significant correlations or activity patterns in different
voxels of the brain at the size usually between 2 and 3 mm
[3]; n =2), independent component analysis (ICA; n=2),
regional homogeneity analysis (ReHo; n=2), Granger
causality analysis (GCA; n=1), and functional con-
nectivity density analysis (FCDA; n=1). We summarize
the findings from these studies next, however, findings
involving ICA, ReHo, GCA, and FCDA can be found in the
Supplementary Table 4.

Seed-based (and ROI) functional connectivity studies
(n=18)

ROJ/seed-based functional connectivity analysis finds
regions of the brain that are correlated with activity in a
certain seed-region or the brain region of interest (ROI), with
the coupling of activation (usually the Pearson’s correlation
between brain regions, over the length of an fMRI scan)
assumed to reflect involvement in the same underlying
functional process and therefore can be interpreted as being
functionally connected or correlated. Seeds are usually
derived a priori, based on a hypothesis, prior results, or from
statistically significant regions from other modalities such as
ALFF or ReHo calculations. Four studies used seed-to-seed
(ROI-to-ROI) analyses [19, 20, 23, 24], whilst the remaining
14 studies conducted seed-to-whole brain analyses. The
most commonly reported seed was the amygdala (n=11).
Four studies [20, 25-27] reported findings of clusters of
regions across brain areas and were therefore reported
separately in Supplementary Table 5. Table 2 details a
complete overview of the number of studies and pairings
found by seed-based analyses. Overall, there were a total of
197 pairings (i.e., significant connectivity between a seed
and a cluster/ROI) across 15 of these studies. The con-
nectivity pairings most reported across studies were between
frontal-amygdala regions (9 studies; 23 pairings), followed
by frontal-parietal regions (7 studies; 22 pairings) and
temporal-amygdala regions (6 studies; 10 pairings); see
Supplementary Table 6. Of the 197 pairings, 183 pairings
were positively correlated, 4 pairings from two studies were
reported as negative correlations, 6 pairings across two
studies reported as positively correlated in those with SAD
and negatively correlated in controls, and 4 pairings across
two studies were reported as negatively correlated in those
with SAD and positively correlated in controls. Of the
197 pairings, 100 were found to be higher in SAD compared
to controls whereas 97 showed the opposite contrast (lower
in SAD compared to controls).

Positive connectivity

The majority of findings demonstrated positive connectivity
between regions, with 183 pairings; see Table 2 for a full list

of pairings and Fig. 2 for a visual representation of the most
consistent findings. Compared to controls, those with SAD
had higher connectivity between the following regions:
frontal-amygdala (5 studies; 15 pairings), temporal-amygdala
(4 studies; 6 pairings), and frontal-parietal (3 studies; 4
pairings). Compared to controls, those with SAD had lower
connectivity between the following regions: frontal-amygdala
(4 studies; 7 pairings), frontal—parietal (4 studies; 18 pairings),
temporal-temporal (2  studies; 11  pairings), and
frontal-temporal (2 studies; 13 pairings).

Negative connectivity

Only two studies reported higher negative connectivity in
SAD compared to controls between the following regions:
amygdala—lateral occipital cortex, amygdala—middle tem-
poral gyrus, amygdala—supramarginal gyrus, and the pos-
terior inferior temporal gyrus—inferior occipital gyrus. Both
of these studies used global signal regression, a processing
step that is known to induce a substantial amount of
anticorrelations [28]. No studies reported lower connectivity
in those with SAD compared to controls.

Mixed connectivity

Two studies reported that those with SAD (compared to
controls) had higher connectivity between the amygdala—
precuneus, amygdala—posterior cingulate cortex, and
amygdala—left superior temporal gyrus, and lower connectivity
between the amygdala—cerebellum, amygdala—anterior insula,
and amygdala—supramarginal gyrus. In the aforementioned
pairings, positive correlations between brain regions were
reported for the SAD group and negative correlations between
brain regions were reported for the control group. One study
reported that those with SAD (compared to controls) had
higher connectivity between the amygdala—lentiform nucleus,
and lower connectivity between the amygdala—supplementary
motor area, and the amygdala—right middle temporal gyrus. In
all these pairings, negative correlations between brain regions
were reported for the SAD group and positive correlations
between brain regions were reported for the control group.

Amplitude of low-frequency fluctuations (ALFF) studies (n

The ALFF method quantifies the power of the BOLD signal
is within a low-frequency range of activation (typically in
the range of 0.01-0.1 Hz) that is thought to be an indirect
representative of neuronal activity (e.g., cortical activity or
basal ganglia activity) while containing minimal artefacts
[29]. Four studies used ALFF as an analysis method
[18, 30-32]; see Supplementary Table 7. Most consistently,
three of these studies [18, 30, 32] found that individuals

SPRINGER NATURE



172 S. Mizzi et al.
Table 2 Summary of connectivity between regions from seed-based fMRI analysis — specifically positive connectivity pairings.
Brain Brain Total Total Pairings  Studies Pairings Studies Pairings Studies
Region 1~ Region 2 pairings  studies  pog Conn. Pos Conn. Pos Conn. SAD  Pos Conn. SAD  Pos Conn. CON  Pos Conn. CON
>CON >CON >SAD >SAD

Frontal Temporal 24 3 24 3 11 1 13 2
Frontal Amygdala 23 9 22 9 15 5 7 4
Frontal Parietal 22 7 22 7 4 3 18 4
Temporal Temporal 13 4 13 4 2 2 11 2
Temporal Amygdala 10 6 7 5 6 4 1 1
Occipital ~ Temporal 9 2 8 1 0 0 8 1
Frontal Occipital 8 3 8 3 4 2 4 1
Frontal Subcortical 8 2 7 2 6 1 1 1
Thalamus Temporal 8 2 8 2 8 2 0 0
Parietal Amygdala 7 5 3 2 2 1 1 1
Parietal Temporal 7 3 7 3 1 1 6 2
Insula Frontal 7 2 7 2 6 1 1 1
Frontal Frontal 6 2 6 2 3 1 3 1
Parietal Subcortical 6 2 6 2 5 1 1 1
Frontal Cerebellar 4 1 4 1 0 0 4 1
Amygdala Cerebellar 4 2 3 1 3 1 0 0
Thalamus  Parietal 4 1 4 1 4 1 0 0
Amygdala Occipital 3 3 2 2 1 1 1 1
Temporal ~ Subcortical 3 1 3 1 3 1 0 0
Amygdala Subcortical 3 2 2 1 0 0 2 1
Thalamus Cerebellar 2 1 2 1 0 0 2 1
Parietal Cerebellar 2 1 2 1 0 0 2 1
Insula Temporal 2 1 2 1 2 1 0 0
Parietal Parietal 1 1 1 1 0 0 1 1
Subcortical Cerebellar 1 1 1 1 1 1 0 0
Thalamus  Frontal 1 1 1 1 1 1 0 0
Thalamus Insula 1 1 1 1 1 1 0 0
Thalamus  Occipital 1 1 1 1 1 1 0 0
Thalamus Amygdala 1 1 1 1 0 0 1 1
Subcortical Occipital 1 1 1 1 1 1 0 0
Insula Insula 1 1 1 1 1 1 0 0
Insula Subcortical 1 1 1 1 0 0 1 1
Insula Occipital 1 1 1 1 1 1 0 0
Insula Parietal 1 1 1 1 0 0 1 1
Amygdala Insula 1 1 0 0 0 0 0 0

CON controls, Conn. connectivity, SAD social anxiety disorder.

with SAD (vs. controls) had lower ALFF across 17 frontal
regions (such as inferior, middle and superior frontal gyri,
median cingulate gyrus, Rolandic operculum, precentral

gyrus, prefrontal, and supplementary motor areas).

Graph theory studies (n = 3)

Graph theory is the mathematical field of network science.
Graph theory quantifies the topological configuration and
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complexity of brain network function by delineating the local
and global organization of brain networks [33]. Three resting-
state brain imaging studies utilized graph theory in their
methodology [19, 29, 34]; see Supplementary Table 8. Tem-
poral (middle and inferior temporal gyrus, superior—middle
temporal cortices, and hippocampus), frontal (inferior frontal
cortices, middle frontal gyrus), and parietal regions (angular
gyri, posterior cingulate gyrus, and supramarginal gyrus) were
most implicated in the findings.
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Fig. 2 Differences in positive Found by 3 studies

functional connectivity
between groups. Group
difference from seed-based
connectivity studies (n = 14)
showing common brain region
pairings as supported by positive
connectivity findings from three
or more fMRI studies.

Found by 4 studies

Found by 5 studies

Multi-voxel pattern analysis (MVPA; n = 3)

Multi-voxel pattern analysis (MVPA) is a machine learning
approach (usually based on support vector machines) that
can be used to predict categories from various patterns of
activation across brain voxels. Three studies used MVPA as
part of their neuroimaging analysis to determine whether
resting-state data distinguished between groups with and
without a diagnosis of SAD [19, 35, 36]; see Supplementary
Table 9. Frontal regions were most implicated in these
studies in being able to distinguish between groups.

Associations between brain and dimensional
measures

Of 35 studies included in the review, 17 studies reported
associations between resting-state brain activity/con-
nectivity and behavioral measures; see Supplementary
Table 10. The most common behavioral outcome studied
involved social anxiety symptoms across 13 studies, which
all used the Liebowitz Social Anxiety Scale (LSAS; n=
13), and others additionally including the Social Phobia
Scale (n = 1) or the Brief Fear of Negative Evaluation (n =
1). Of those studies assessing resting-state brain con-
nectivity (n=7), frontal-occipital pairings were con-
sistently positively associated with symptoms of social
anxiety (11 pairings across 1 study). Other pairings asso-
ciated with symptoms of social anxiety included:
amygdala—frontal (3 studies; 3 pairings positively asso-
ciated, 1 pairing negatively associated), amygdala—temporal
(2 studies; 3 pairings negatively associated), and
frontal-temporal (1 study; 1 pairing positively associated, 1

pairing negatively associated). Other pairing combinations
were found by individual studies; see Supplementary
Table 10. Other studies measured general anxiety (Hamilton
Anxiety Scale, n =2; Spielberg State-Trait Anxiety Scale,
n = 1), depression (Hamilton Depression Scale, n = 2; Beck
Depression Inventory, n =2), and illness duration (n =2),
and these findings are reported in the Supplementary
Information.

Risk of bias

Results from the quality assessment showed consistency in
the quality of studies included in this review; see Supple-
mentary Table 11. All 35 studies stated the research ques-
tion clearly, with a clearly defined study population. No
studies were preregistered, and no studies provided a sam-
ple size justification or power description for the sample
used. The quality check highlighted inconsistencies across
studies in whether confounding variables were adjusted for
statistically when examining resting-state neuroimaging
between groups (SAD vs. controls). Only 14 of the 35 stu-
dies controlled for potential confounding variables in their
statistical analyses, controlling for variables such as gender,
age, mean framewise displacement, medication status, and
education level [13, 18, 20, 22-24, 37-41].

Discussion
This systematic review aimed to obtain a comprehensive
understanding of the brain regions and networks implicated

in people with SAD compared to controls, focusing on
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resting-state multimodal neuroimaging techniques and
analysis methods. It included the examination of associa-
tions between brain and dimensional measures in people
with SAD. Of the 35 studies, the most common analysis
approach involved seed-based analysis. Frontal regions
were most implicated across studies and analysis methods
and in the relationships between brain and dimensional
measures. Even when excluding findings from studies that
had smaller sample sizes that were uncorrected
[21, 23, 40, 41], similar findings remained. From seed-
based studies, the SAD group had both higher and lower
positive connectivity between the amygdala and frontal
regions and between the amygdala and parietal regions, and
lower positive connectivity between the amygdala and
temporal regions. Findings from ALFF predominantly
demonstrated lower ALFF across 17 frontal regions in those
with SAD compared to controls. Likewise, across other
non-seed analysis methods (e.g., graph theory, MVPA),
frontal regions (i.e., superior and middle frontal gyrus) were
most reported throughout. The superior frontal gyrus was
most commonly implicated across all fMRI studies, being
reported 63 times. It was also most consistently found to be
associated with social anxiety symptoms, with results
showing negative and positive correlations. The middle
frontal gyrus, inferior frontal gyrus, and anterior cingulate
cortex were also frequently reported across studies. Other
frontal regions implicated, albeit to a lesser extent, were the
dorsolateral PFC, the dorsomedial PFC, the precentral
gyrus, Rolandic operculum, rectal gyrus, supplementary
motor area, and the orbitofrontal gyrus.

Theoretical implications

Review findings partially deviated from the two key models
of SAD [5, 6]. These models posited that those with SAD
had hyperactivation of the fear circuitry (consisting of the
amygdala, insula, PFC, and anterior cingulate cortex)
compared to controls. The Briihl et al. [S] model addition-
ally pointed to higher activation in the cuneus, precuneus,
and the posterior cingulate cortex, which were less func-
tionally connected to other neural regions (including the
fusiform gyrus, amygdala, dorsolateral/medial PFC, and the
anterior cingulate cortex) in those with SAD compared to
controls. Due to the lack of studies examining neural acti-
vation in resting-state neuroimaging in SAD, we cannot
comment on whether findings regarding activation differed.
However, the connectivity findings from this review only
partially supported the Briihl et al. [S] model of connectivity
between regions; in most instances, our review demon-
strated that connectivity pairings are less clear cut with
findings of both hyper- and hypoconnectivity; see Supple-
mentary Table 12. Furthermore, findings of higher con-
nectivity between the amygdala and temporal regions (as
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demonstrated in 6 pairings across 4 studies of this review)
were unfounded by Briihl’s model.

These discrepancies may be a result of examining only
resting-state neuroimaging data in the current review as
opposed to the predominantly task-based neuroimaging data
that informed these neurobiological models of SAD (e.g.,
Briihl et al. [5]). Potentially, people with SAD have certain
connectivity patterns between brain regions when encoun-
tering socially- and disorder-relevant information (e.g.,
emotional faces) or when they are anticipating events that
would typically induce social anxiety (such as public
speaking or social interactions). However, in the absence of
any overt tasks (i.e., resting-state), there may be no
requirement for the same connectivity patterns to arise.
Therefore, the Briihl et al. [5] model of SAD may be more
suitable as a neurobiological model of stimuli response,
rather than as an accurate model of the normal underlying
neuropathology (at rest) of the disorder. Next, we provide a
discussion of the main findings, reporting on the neural
pairings identified by most seed-based studies in this
review.

Amygdala-frontal connectivity

The most common finding was alterations in positive con-
nectivity between the amygdala and frontal areas, with 15
pairings across 5 studies reporting higher connectivity and 7
pairings across 4 studies reporting lower connectivity in
SAD compared to controls. This suggests that alterations in
this pathway are a core feature of SAD, however, we note
that this effect may also be partially due to the amygdala
being the most commonly used seed.

The inconsistency in findings of higher and lower con-
nectivity between these regions in this review may be due to
recent evidence in both controls and in varying clinical
samples demonstrating the importance of examining sub-
regions of the amygdala (including the centromedial,
basolateral, amygdalostriatal, and superficial complex) and
their connectivity patterns rather than examining the
amygdala as a whole. Evidence of disturbances in the fear
circuitry in only specific subregions of the amygdala has
been demonstrated in clinical groups (e.g., autism spectrum
disorder, post-traumatic stress disorder, major depressive
disorder) and in controls [42-45]. For example, hypercon-
nectivity between the amygdala and the PFC was only
found when looking at the centromedial complex (rather
than basolateral or superficial complex) in people with
autism spectrum disorder (vs. controls) [42]. In this review,
one of the studies contributing to evidence of hypercon-
nectivity between the amygdala and PFC used amygdala
subregions as seeds and found no evidence of hypo-
connectivity [46]. Further research examining amygdala
subregion connectivity with the PFC in those with SAD
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may be needed to clarify this aspect of the fear circuitry
in SAD.

An alternative explanation for the inconsistent findings
regarding higher and lower connectivity between the
amygdala and frontal regions may be due to our grouping of
frontal regions as one area. The frontal lobe is thought to be
structurally and functionally divided into separate regions
with different connectivity patterns, and structural and
functional divisions [47]. A clearer pattern of connectivity
between the amygdala and frontal regions arises when
frontal regions are examined as smaller subdivisions. For
example, looking specifically at the dorsomedial PFC, there
were consistent reports of higher connectivity between this
region and the amygdala. Notably, this is shown to be
associated with increased self-directed criticism and an
increased tendency to exaggerate the significance of
potentially self-relevant stimuli from external threat cues in
those with SAD [48, 49]. Another example of the usefulness
of looking at specific frontal regions is by examining the
rostral medial PFC, with consistent reports of lower con-
nectivity between this region and the amygdala in those
with SAD compared to controls. Previous research suggests
that a decrease in connectivity between these regions is
associated with increased social interactional anxiety and
decreases in emotion regulation [50]. These findings high-
light the importance of considering the various smaller
individual subregions of the frontal lobe when examining
and interpreting findings, given the number of structurally
and functionally different regions that exist. However, dis-
crepancies in how divisions are defined and analyzed could
lead to difficulty in the synthesis of findings across studies.

Parietal-frontal connectivity

Eighteen pairings across four studies found evidence of
lower connectivity and four pairings across three studies
found evidence of higher connectivity between parietal and
frontal regions in those with SAD compared to controls.
The most commonly reported pairings were lower con-
nectivity between the bilateral posterior cingulate gyrus and
the bilateral superior frontal gyrus, the bilateral precuneus
and the right superior frontal gyrus, and the bilateral pre-
cuneus and the bilateral gyrus rectus.

Amygdala-temporal connectivity

Six pairings across four studies found higher connectivity
between these regions in those with SAD compared to
controls, and only one pairing from a separate study
demonstrating evidence of lower connectivity. The most
commonly reported pairings were between the left amyg-
dala and the bilateral fusiform gyrus, and the bilateral
amygdala and the bilateral parahippocampal gyrus.

Functional interpretations

The main connectivity pairings and regions identified in this
review have been investigated in previous literature, with
tentative interpretations being made of their function. In
anxiety disorders, including SAD, it has been thought that
the connection between the amygdala and PFC plays a
significant role in controlling attention to salient stimuli and
emotion regulation with the presence of disturbed top-down
control (inability of the PFC to inhibit the amygdala
response) or increased bottom-up processes (hypersensitive
amygdala leading to increased activity in the PFC) in
maintaining anxiety [51]. The precuneus and posterior
cingulate gyrus are known to be important hubs of the
default mode network and are involved in self-referential
processing, the integration of present and past information,
and in allowing for an observer perspective of social
interactions [52, 53]. The superior frontal gyrus is thought
to be involved in the initiation of novel responses and is
activated during shifts of attention [54, 55]. Therefore,
altered connectivity between these regions and frontal areas
may be linked to impairment in socio-cognitive processes
that are seen in SAD. The fusiform gyrus is implicated in
facial visual processing, and hyperconnectivity between this
region and the amygdala may reflect constant hypervigi-
lance to social threats (e.g., angry faces) in people with
SAD. This is consistent with Wong and Rapee [56] recent
model of SAD in which they proposed that the constant
alertness to social-evaluative threats in the environment
serves as a maintenance factor of this disorder. Hyper-
activity of the parahippocampal region has been interpreted
as being indicative of disruptions to the process of assigning
accurate saliency value to a stimulus [57]. Therefore,
hyperconnectivity between the amygdala and this region
may be contributing to dysfunction in post-event processing
that also plays a role in the maintenance of this disorder
[56].

Limitations and future directions

Heterogeneity in the sequence parameters and low power
are likely to be significantly contributing to the incon-
sistencies in the findings of this review, and critically needs
to be addressed in future studies. Many of the included
studies involved a small sample size of participants with
SAD (average n = 23; minimum n = 7; maximum n = 53).
No study justified their sample size or included a power
calculation. The use of small sample sizes may have con-
tributed to the inconsistent findings [58] and/or inevitably
led to an inflated risk of false positives due to the high
number of variables in brain images [59]. Supplementary
Fig. 1 demonstrates an increased proportion of uncorrected
statistical between-group findings in the studies with
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smaller sample sizes compared to those with larger sample
sizes. Furthermore, previous research shows that sample
sizes of 20-30 subjects are likely insufficient to detect
reliable relationships between brain and behavior measures
that are reproducible [60]. It is therefore difficult to con-
fidently conclude if the aforementioned resting-state neu-
roimaging findings are directly linked to subjective self-
reported experiences of social anxiety, and replication is
needed in future research. The overlap in participants across
four datasets was also another limitation, as it is possible
that findings from these samples were inflated due to their
recurrent use. Furthermore, there is evidence that physio-
logical confounds, such as differences in respiration and
state anxiety, during the scanning process may result in
changes in cerebral blood flow and ultimately influence the
results [61]. For example, there is evidence of a causal role
of the amygdala in respiration [62]. Whilst the potential
confounding effects of state anxiety on fMRI were con-
trolled for by most studies through the use of the State
Anxiety Inventory Scale, no studies controlled for the
effects of respiration on the findings. Additionally, other
important confounders (e.g., medication use, psychiatric
comorbidity) and the severity of the disorder (measured by
the LSAS) varied widely across samples used and may also
have contributed to the variation in the findings observed.

The integration of findings from studies in this review was
also hindered by heterogeneity in scanning methods and in
the analysis techniques used (see Supplementary Tables 2, 3).
It can be problematic to integrate results across differing fMRI
acquisition settings due to the potential effects that these
settings have on results. For example, differences in repetition
time can impact on the discrimination between activated and
nonactivated brain tissue [63]. However most notably, the
scan time varied between studies (ranging from 200 to 471 s)
and this likely had an impact on the results. Noble et al. [64]
demonstrated that resting-state scans with a duration of 300 s
or less were associated with poor test-retest reliability of
connectivity. It has been suggested that 10 min or more of
resting-state data is needed for good intra- and intersession
reliability [65], and a higher image sampling rate is unlikely to
make up for shorter scan duration [66]. We support the
recommendation of longer scan times to increase the amount
of data per subject, which also allows researchers to investi-
gate dynamical brain properties and state changes in func-
tional imaging data [67]. We were unable to draw inference
from non-seed analyses given the limited number of studies
using these methods (e.g., graph theory, MVPA) to date.
Perhaps in future reviews this may be possible and is needed
if we are to fully understand the biological mechanisms
underlying SAD.

We find it encouraging that the field of resting-state
fMRI is moving onto a common data processing frame-
work called fMRIprep [68]. Streamlined pre-processing
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frameworks lead to a methodological consistency between
studies which will make it easier for scientists to replicate
prior research. Differences in the management of common
artefacts (such as head motion or breathing effects), the
application of global signal regression, and motion
thresholds, are susceptible to false-positive results and need
to be critically assessed when interpreting findings. Image
registration, smoothing, and filtering of resting-state fMRI
data also matter in terms of how brain regions are allocated,
and differences in these may also influence the interpreta-
tion of the findings [69].

Given the cross-sectional design of all studies included in
this systematic review, it is currently not possible to derive
any etiological theories of SAD as causation cannot be
implied (i.e., do neural alterations cause SAD?). Whilst
having a snapshot of the neurobiology of SAD in a pre-
diagnosed sample is helpful, other brain areas and con-
nections may play a role in the development of this dis-
order. Longitudinal study designs with sufficient samples
from adolescence into adulthood may help increase our
understanding of whether neural alterations are unique to or
contribute to the development and maintenance of this
disorder.

Conclusions

This review suggests that the neurobiology of SAD may
differ from previously proposed models that were derived
predominantly from the synthesis of task-based neuroima-
ging studies. In the absence of a task (i.e., resting-state), the
literature shows that on average, those with SAD have
aberrant connectivity between the amygdala and temporal,
parietal, and frontal regions. Additionally, there appear to
be differences in the activity of frontal regions in those with
SAD compared to controls as shown by a range of neu-
roimaging analyses. Frontal regions were also found to have
significant associations with social anxiety severity. Even
amongst the most consistent findings demonstrated across
studies, there remained great variation in the direction of
activity (hypo- vs. hyperactivity) within regions and con-
nectivity (SAD >HC vs. HC > SAD) between regions. The
wide range of analysis methods and seeds used for func-
tional connectivity analyses may have contributed to the
presence of mixed findings and led to difficulty in synthe-
sizing results across studies to form strong conclusions
regarding the neurobiology of those with SAD at rest.
Therefore, this review has led us to provide recommenda-
tions to improve methodology to ensure greater rigor for
future studies. Further research using studies with larger
sample sizes of clinical participants and more consistent
analysis methods is necessary to provide further clarifica-
tion of the resting-state neurobiology of SAD.
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