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Objective: Although previous studies have reported on disrupted amygdala subregional
functional connectivity in generalized anxiety disorder (GAD), most of these studies
were conducted in GAD patients with comorbidities or with drug treatment. Besides,
whether/how the amygdala subregional functional networks were associated with state
and trait anxiety is still largely unknown.

Methods: Resting-state functional connectivity of amygdala subregions, including
basolateral amygdala (BLA) and centromedial amygdala (CMA) as seed, were mapped
and compared between 37 drug-naive, non-comorbidity GAD patients and 31
age- and sex-matched healthy controls (HCs). Relationships between amygdala
subregional network dysfunctions and state/trait anxiety were examined using partial
correlation analyses.

Results: Relative to HCs, GAD patients showed weaker functional connectivity of
the left BLA with anterior cingulate/medial prefrontal cortices. Significantly increased
functional connectivity of right BLA and CMA with superior temporal gyrus and insula
were also identified in GAD patients. Furthermore, these functional connectivities showed
correlations with state and trait anxiety scores.

Conclusions: These findings revealed abnormal functional coupling of amygdala
subregions in GAD patients with regions involved in fear processing and emotion
regulation, including anterior cingulate/medial prefrontal cortex and superior temporal
gyrus, which provide the unique biological markers for GAD and facilitating the future
accurate clinical diagnosis and target treatment.
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INTRODUCTION

Generalized anxiety disorder (GAD) is a common anxiety
disorder  characterized by excessive, pervasive, and
uncontrollable anxiety, with a lifetime prevalence of about
5.7% (1). GAD is associated with substantial mental impairment
affecting daily physical, psychological, and social functioning (2).
The amygdala, as a core structure involved in fear processing
and emotion regulation, is considered to be central to the
pathophysiology of GAD (3). Although a lot of previous studies
have reported functional abnormalities of amygdala in GAD
(4-7), whether/how the intrinsic functional changes of amygdala
in drug-naive GAD are still not well-investigated, especially at
the functionally heterogeneous subregional level.

The structural and functional heterogeneity of amygdala
have been well-documented (8-10). The amygdala is commonly
classified into the basolateral amygdala (BLA) and centromedial
amygdala (CMA), which have different functions through
distinct connectivity patterns (11). The BLA receives and
integrates cortical input information from multiple brain systems
for perception, evaluation, and memory formation of emotionally
salient events. The CMA, in contrast, mainly receives modulatory
inputs from the BLA and orbitofrontal cortex and projects to
the brainstem, cerebellum, and hypothalamus for behavioral
and physiological aspects of emotion processing and associative
learning (11-14). These connectivity patterns of amygdala
subregions have been proven by tractography, task-based and
resting-state functional magnetic resonance imaging (9, 10, 13).

Resting-state functional connectivity (RSFC) analysis is a
powerful method to examine intrinsic functional connectivity
abnormalities in various mental disorders, which delineates
the functional architecture of intrinsically coupled brain
networks (15-20). By using RSFC analysis, disruptions of
the amygdala subregional functional connectivity have been
reported in patients with GAD. For example, BLA and CMA
connectivity patterns were found to be significantly less distinct
in adults with GAD (21). Roy et al. found that adolescents
with GAD showed disrupted amygdala subregional functional
networks that included regions in medial prefrontal cortex,
insula, and cerebellum (22). However, these findings were
concluded from a relatively small sample of GAD patients
with comorbidities or with drug treatment, which need to be
further validated.

Moreover, GAD patients are frequently involved in a state
of anxiety, a measure of the intensity of anxiety experienced
on comparatively short timescales. If state anxiety is deployed
appropriately, it serves as an adaptive function priming
individuals to detect and respond to danger. Compared with state
anxiety, trait anxiety is derived from self-report questionnaires to
measure the frequency of anxiety symptoms that are experienced
by an individual or the general personality properties (23, 24).
State and trait anxiety are different, and elevated levels of trait
anxiety are a risk factor for the development of clinical anxiety
disorders (25). Yet, the associations of amygdala subregional
functional connectivity with state and trait anxiety have rarely
been investigated in GAD. Thus, to depict the relationship of
amygdala subregional functional connectivity patterns with state

and trait anxiety in drug-naive patients may better identify GAD
neuropathological basis.

In the current study, we aimed to explore the specific
amygdala subregional functional connectivity alterations in
drug-naive, non-comorbidity patients with GAD compared
with age- and sex-matched healthy controls (HCs). Then, we
evaluated the associations of amygdala subregional connectivity
dysfunctions with different anxiety types. Based on the above
mentioned findings, we hypothesized that GAD patients showed
weaker connectivity between BLA and prefrontal regions, such
as the medial prefrontal and anterior cingulate cortices and
hyperconnectivity between the CMA and insula.

MATERIALS AND METHODS

Participants

This study was approved by the Ethics Committee of West
China Hospital, Sichuan University. A total of 38 patients with
GAD and 31 age- and sex-matched HCs participated in the
present study after giving their written informed consent. All
participants were right-handed. GAD patients were recruited
from the Mental Health Center, West China Hospital of Sichuan
University. Psychiatric diagnoses were determined using the
Mini International Neuropsychiatric Interview (MINI), Chinese
version, by two experienced psychiatrists. Exclusion criteria
were (1) age <18 years or over 65 years; (2) psychiatric
comorbidity assessed using the MINIL (3) any history of
cardiovascular diseases, major physical illness, or neurological
disorder; (4) substance abuse or dependence; and (5) pregnancy.
The Hamilton Anxiety Scale (HAMA) and the Generalized
Anxiety Disorder 7-item Scale (GAD-7) were used to assess
symptom severity. GAD patients and HCs also completed the
State-Trait Anxiety Inventory (STAI).

MRI Data Acquisition

MRI data were acquired via a 3-Tesla Siemens MRI system
with an eight-channel phase-array head coil. Head motion was
controlled using foam pads. Prior to scanning, participants were
instructed to lie still with their eyes closed and not to fall
asleep. The resting-state fMRI images were obtained using a
gradient-echo echo-planar imaging sequence with the following
parameters: repetition time = 2,000 ms, echo time = 30 ms, flip
angle = 90°, slice thickness = 5 mm with no slice gap, field of
view = 240 x 240 mm?, 30 axial slices, and 205 volumes in each
run. High-resolution T1-weighted data were acquired using the
following scan parameters: TR = 1,900 ms, TE = 2.28 ms, flip
angle = 9°, 176 sagittal slices with slice thickness = 1.0 mm, field
of view = 240 x 240 mm?, data matrix = 256 x 256.

Resting-State fMRI Data Preprocessing

Resting-state data were preprocessed using the Data Processing
and Analysis for Brain Imaging toolkit (DPABI, http://www.
rfmri.org/dpabi). The first 10 volumes were removed to allow
for signal equilibration effects. Slice timing and realignment
were then performed. The Friston 24-parameter model of head
motion and other sources of spurious variance (white matter
and cerebrospinal fluid signals) were removed from the data
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to reduce the effects of non-neuronal BOLD fluctuations. Next,
the images were spatially normalized to the standard Montreal
Neurological Institute (MNI) space and resampled to a voxel size
of 3 x 3 x 3 mm?. Spatial smoothing with an isotropic Gaussian
kernel with a full width at half maximum of 8 mm was then
applied. Subsequently, linear trend removal and temporal band-
pass filtering (0.01-0.08 Hz) were performed to decrease the
effects of high-frequency physiological noise and low-frequency
drift. To further exclude head motion effects, scrubbing was
performed with the threshold for frame-wise displacement (FD >
0.5) (26). In addition, the MRI data was ruled out in the following
analysis if (1) spatial movement in any direction >2mm or
2°, (2) mean FD >0.3 mm, and (3) the scrubbed data <5 min.
According to this threshold, one GAD patient was excluded
in the further analysis. Additionally, there was no significant
difference in head motion (mean FD) between GAD patients
and HCs.

Amygdala Subregion Definition

The amygdala subregions of BLA and CMA in each hemisphere
were obtained by calculating the maximum probability maps
defined by cytoarchitecture through the SPM Anatomy
Toolbox (27). The obtained BLA and CMA masks were
then downsampled to 3-mm cubic voxel for functional
connectivity analyses.

Functional Connectivity Analysis

Seed-based whole-brain functional connectivity analysis
was used to map the functional connectivity pattern for
each amygdala subregion. First, the mean time series of
each individual amygdala subregion was calculated. Then,
voxel-wise correlation between each seed and each voxel of
the rest of the brain were computed. Finally, the correlation
coefficients were changed to z-score using Fisher’s r-to-z
transformation yielding individual level whole-brain FC map for
each amygdala subregion.

Using SPM 12, the FC maps of each seed from the
individual level analyses were then entered into a second-
level group analysis that treated subjects as a random variable
in a 2-by-2-by-2 full factorial analyses of variance, with
subregion (BLA vs. CMA) and hemisphere (left vs. right)
as within-subject factors and group (GAD vs. HC) as a
between-subject factor.

As our main aim is to identify the functional connectivity
difference of each amygdala subregion between GAD patients
and HCs, the second stage of analysis was performed using
two-sample t-tests with age, sex, education, and head
motion as covariates. The significance threshold was set to
p < 0.005 (uncorrected) at the voxel level and the family-wise
error (FWE) correction (p < 0.05) at the cluster level for
multiple comparisons.

To explore whether amygdala subregional FC abnormalities
were associated with illness duration and symptom severity
in GAD patients, we conducted partial correlation analyses
between FC strength extracted from each region showing
significant group differences and illness duration, HAMA,
and GAD-7 (adjusted for age, sex, education, and head

TABLE 1 | Subject demographics.

GAD HC p-Values
(n=37) (n=31)

Age (years) 39.78 (9.38) 36.16 (9.23) 0.133
Sex (M/F) 10/27 7/24 0.673
Education (years) 11.35 (4.04) 14.00 (3.41) 0.006*
Duration (months) 39.65 (45.85) - -

HAMA 25.49 (6.51) 0.29 (0.64) 0.001*
HAMD 16.11 (5.75) 0.10 (0.30) 0.001*
GAD-7 12.26 (5.39) 1.61(2.77) 0.001*
SAl 51.86 (13.52) 31.55 (8.73) 0.001*
TAl 53.25 (10.80) 33.00 (8.45) 0.001*
Mean FD 0.127 (0.060) 0.127 (0.060) 0.996

FD, frame-wise displacement; F, female; M, male; GAD-7, Generalized Anxiety Disorder
(7-item); HAMA, Hamilton Anxiety Scale; HAMD, Hamilton Depressive Scale; SAl, State
Anxiety Inventory; TAI, Trait Anxiety Inventory.

*Represents significant differences.

motion). Furthermore, associations between these FC and
personality traits as assessed by STAI were examined both in
the sample as a whole and separately in the GAD patients
and HCs.

RESULTS

Demographic and Clinical Characteristic

As shown in Table 1, GAD patients and HC groups do not differ
in age and sex. As expected, the scores of the clinical rating
scale identified more severe anxiety and depressive symptoms in
GAD patients than in HCs. Education level in GAD patients was
significantly lower than that in HCs.

Amygdala Subregional Functional

Connectivity

Full factorial analysis of variance did not identify any significant
clusters. Compared with HCs, GAD patients showed weaker
functional connectivity between the left BLA and left anterior
cingulate/medial prefrontal cortices (Figure 1) and stronger FC
between the right BLA and left superior temporal gyrus/insula,
and between the right CMA and left superior temporal gyrus
(Figure 2).

The FC values between the left BLA and anterior
cingulate/medial prefrontal cortices correlated negatively
with both state (r = —0.388, p = 0.002) and trait (r = —0.396,
p = 0.001) anxiety in the whole sample group. The FC values
between the right BLA and left superior temporal gyrus/insula
showed positive correlation with state (r = 0.293, p = 0.02)
and trait (r = 0.275, p = 0.029) anxiety. The FC values between
the right CMA and left superior temporal gyrus positively
correlated with state (r = 0.374, p = 0.003) and trait (r = 0.388,
p = 0.002) anxiety. Additionally, positive correlations between
FC of CMA with the left superior temporal gyrus/insula and trait
anxiety were found in the GAD group (r = 0.355, p = 0.046)
(Supplementary Figure 1).

Frontiers in Psychiatry | www.frontiersin.org

October 2021 | Volume 12 | Article 758978


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Wang et al.

Amygdala Subregional FC in GAD

Seed: Left BLA

é 0.6 MNI coordinate B ; ) [ of © | © .’ . group

‘:5 0.4° (-6, 36,0) i . . ooy A ¢ ~ .. ® GAD
§ Cluster size N = ' ’. ® HC
= ] 274 . l

-§ 0.2 T-value I [

5 4.49 -

= 0.0° 20 30 AOTAI 50 60

FIGURE 1 | Left basolateral amygdala (BLA) functional connectivity (upper left panel) in generalized anxiety disorder (GAD) patients (first row) and in healthy controls
(HCs; second row), and group differences shown in the third row. Compared with HCs, GAD patients showed weaker functional connectivity between the left BLA and
anterior cingulate/medial prefrontal cortices (see bar graph in lower left panel). As shown in the scatterplot (right panel), a weaker FC between the left BLA and anterior
cingulate/medial prefrontal cortices is associated with a higher-state anxiety and trait anxiety score in the sample as a whole.
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DISCUSSION

In the current study, we revealed disrupted amygdala
subregional functional connectivity in a group of drug-naive and
non-comorbidity GAD patients. We found that GAD patients
showed weaker functional connectivity of the left BLA with
the anterior cingulate/medial prefrontal cortices and stronger
FC of the right BLA and CMA with the superior temporal
gyrus and insula. In addition, these functional connectivities
associated with both state and trait anxiety, suggesting that
amygdala subregional functional coupling may reflect the neural
correlates of current fear or anxiety state and trait vulnerability
for excessive fear responses.

Our finding of decreased functional connectivity between
left BLA and anterior cingulate/medial prefrontal cortices

in GAD supports top-down emotional dysregulation model
hypothesis for the pathological mechanism of GAD (28, 29).
The top-down modulation of prefrontal cortex to amygdala
and related limbic structures is the neural basis of emotion
regulation, and anxiety individuals experience excessive negative
emotions indicating potential dysfunction of downregulation of
negative emotions (28, 30). The amygdala is mainly involved
in expression of emotion (31), and the prefrontal cortex is
mainly associated with emotional regulation (32, 33). Besides,
the anterior cingulate cortex and medial prefrontal cortex
is also related to detection of emotional salience, cognition,
emotion—cognition interaction, and self-consciousness and self-
related mental processes (34, 35). Therefore, the amygdala—
anterior cingulate cortex and amygdala-medial prefrontal cortex
circuits are closely related to the occurrence and development of

Frontiers in Psychiatry | www.frontiersin.org

October 2021 | Volume 12 | Article 758978


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Wang et al.

Amygdala Subregional FC in GAD

Seed: Right BLA os
z 0.8
z A
z 0.61 P 06 .
g “~—— -
5 U e eetie T e =T growp
s o ot ek e ya . . !
: 0.". “ (o~ : O ® c‘\D
= 02 : ® HC
< 0.21 .
S . . r=0.293, p=0.020
E 0.0" —_———
S < 20 40 €0
o > -
os
MNI coordinate N
roup
(48.3,-12) -
04 - =t o %'°
Cluster size O O 5 - ® He
360 02 I oy S
r 2 2
Tovalue . . =0275,p=0029
482
2 30 © 50 )
TAI
z 0.8
= 06
4
g 0.6 - s >
s g
= 03 3 - = > 2 group
e o e o ~
< 0.4 | - i b ® GAD
'a‘ ol
g | = ) ® HC
= 0.2 =0.374, p=0.003
o4
£ .
< 00 Y 03 :
- C 2 40 60
' o‘v.g > SAl
MNI coordinate s
(-45, 9, -24) RN RSy
Cluster size o *JREEStE T D groue
= . » : ® GAD
999 oo T =0.388,p=0.002 ¢ ¢
T-value ’
5.05
03
20 » % 50 60
TAI
FIGURE 2 | Group comparisons in FC of the right basolateral amygdala (BLA) (upper panel) and right centromedial amygdala (CMA) (lower panel) revealed relatively
similar results. GAD patients exhibited significantly increased right BLA/CMA functional connectivity with a cluster including the superior temporal gyrus and insula.
Additionally, the scatterplot showed positive associations between FC and State Anxiety Inventory (SAl)/Trait Anxiety Inventory (TAl) in the sample as a whole.

emotion, especially the anterior cingulate-amygdala circuit. In
addition, the BLA nucleus of the amygdala-anterior cingulate
cortex loop mediated associative learning process, conditioned
fear, anxiety, and anticipatory anxiety (36-38). In addition,
we identified negative correlation between amygdala—anterior

cingulate cortex/prefrontal cortex functional connectivity and
trait anxiety levels, which is consistent with previous findings
that lower functional connectivity between the amygdala
and anterior cingulate cortex/prefrontal cortex was associated
with higher trait and state anxiety in psychiatrically healthy
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individuals (39-41). All the evidence indicated that the
weakening of functional links between BLA and anterior
cingulate cortex/medial prefrontal cortex may be the neural
mechanism of disrupted top-down emotion regulation in GAD
(21, 42).

The increased functional connectivity between the right BLA
and CMA with the superior temporal gyrus and insula in
GAD patients demonstrated that besides the high vigilance
theory, GAD is also characterized by fear of threats (43, 44). A
previous study found that functional connectivity between the
amygdala and STG and insula was positively correlated with
anxiety severity level in the GAD group (22). The superior
temporal gyrus is related to the high-level cognitive process
of fear experience and regulation of amygdala activity (45).
Both insula and superior temporal gyrus play an important role
in the nervous regulation of visceral organs to physiological
conditions caused by anxiety response, such as temperature,
pain, and exercise (46). Moreover, functional connectivity of
the amygdala—superior temporal gyrus/insula was found to
be positively correlated with trait anxiety levels suggesting
that functional connectivity of the amygdala-superior temporal
gyrus/insula is able to predict levels of anxiety (47-49). Therefore,
we speculated that increased functional connectivity between
BLA, CMA, and superior temporal gyrus/insula may be related
to high worry about affairs and overreaction to sensation in GAD
patients, which may be the neural basis of the abnormal physical
performance of GAD patients.

Given the novelty of the current study, it also bears several
limitations. First, in our study, although the non-comorbidity
GAD patients recruited to identify GAD-specific
alterations, it may also lead to reducing the generalizability
of our results to normal clinical setting. Second, the GAD
samples are still small, and the findings need to be further
validated. Finally, longitudinal studies with multimodal MRI
data are warranted to better reveal the neuropathology of the
GAD. Further researches are needed to clarify and extend
our findings.

In conclusion, our study found disrupted left BLA-prefrontal
and right BLA/CMA-temporal/insular circuits in GAD patients.
More importantly, we found a negative correlation between
connectivity of the amygdala—prefrontal cortex/anterior
cingulate cortex circuit and positive correlation between the
connectivity of the amygdala-superior temporal gyrus/insula

were
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