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Anxious major depressive disorder is a common subtype of major depressive disorder;
however, its unique neural mechanism is not well-understood currently. Using multimodal
MRI data, this study examined common and specific alterations of amygdala subregions
between patients with and without anxiety. No alterations were observed in the gray
matter volume or intra-region functional integration in either patient group. Compared
with the controls, both patient groups showed decreased functional connectivity between
the left superficial amygdala and the left putamen, and between the right superficial
amygdala and the bilateral anterior cingulate cortex and medial orbitofrontal cortex,
while only patients with anxiety exhibited decreased activity in the bilateral laterobasal
and superficial amygdala. Moreover, the decreased activity correlated negatively with the
Hamilton depression scale scores in the patients with anxiety. These findings provided
insights into the pathophysiologic processes of anxious major depressive disorder and
may help to develop new and effective treatment programs.

Keywords: major depressive disorder, multimodal MRI, amygdala subregion, anxiety, functional connectivity

INTRODUCTION

Major depressive disorder (MDD) is a common mental disorder that affects more than 300 million
people globally (Gaspersz et al., 2017a). MDD is becoming the leading cause of disability worldwide
and contributes significantly to the global disease burden. MDD is a clinically heterogeneous
disease with multiple subtypes, among which anxious MDD (AMDD) is one of the most
common, with a prevalence of 40-60% (Gaspersz et al., 2017a). Compared with non-anxious MDD
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(nAMDD), patients with AMDD often suffer from more severe
depressive illness (Wiethoff et al., 2010; Goldberg et al., 2014),
greater functional impairment (Rao and Zisook, 2009; Goldberg
and Fawcett, 2012), reduced response to antidepressant treatment
(Fava etal., 2008; Ionescu et al., 2014), and a higher risk of suicide
(Seo et al.,, 2011; Gaspersz et al., 2017b). Thus, it is clinically
significant to explore the unique neural mechanism underlying
this specific MDD subtype, which could help to develop new and
effective treatment programs for AMDD.

The amygdala, which is located in the medial part of the
anterior temporal lobe, is one of the most important structures
in the limbic system (Ongur and Price, 2000). It plays a vital role
in emotion processing and regulation (Phillips and Swartz, 2014).
Mounting evidence from multimodal MRI studies has indicated
that the amygdala is widely implicated in the pathophysiology
of depression, as characterized by structural and functional
alterations in patients (Savitz and Drevets, 2009; Licznerski and
Duman, 2013; Fonseka et al., 2018). With respect to AMDD, a
previous study used diffusion and structural MRI and showed
no significant differences in volume or white matter integrity
of the amygdala between patients with AMDD and nAMDD
(Delaparte et al., 2017). Analogously, analyses of functional
MRI (fMRI) revealed that patients with AMDD and those with
nAMDD exhibited common patterns of abnormal activation and
connectivity of the amygdala compared with controls (Etkin and
Schatzberg, 2011; van Tol et al, 2012). However, it is worth
noting that all the above studies treated the amygdala as a unified
structure. Recent evidence indicates anatomical and functional
heterogeneity of the human amygdala, which can be divided
into three major subdivisions: The laterobasal amygdala (LBA),
the superficial amygdala (SFA), and the centromedial amygdala
(CMA) (Amunts et al., 2005; Ball et al., 2007). These subregions
exhibit different connectivity patterns in healthy individuals (Li
et al., 2012) and show unique alterations in MDD (Wang et al.,
2017) and anxiety disorder (Qin et al., 2014). However, whether
and how the amygdala subregions are differentially involved in
AMDD are largely unknown.

In the present study, we investigated common and specific
structural and functional brain alterations of amygdala
subregions between patients with AMDD and those with
nAMDD by combining structural MRI and resting-state fMRI
(R-fMRI). Specifically, for each subregion of the amygdala, we
compared 26 patients with AMDD and 23 patients with nAMDD
vs. 30 healthy controls (HCs) in terms of regional gray matter
volume (GMV) using structural MRI, and amplitude of low
frequency fluctuation (ALFF), cross-correlation coefficients
of spontaneous low-frequency (COSLOF), and seed-based
functional connectivity (sFC) using R-fMRI. We hypothesized
that compared with the HCs, patients with AMDD and nAMDD
had common and specific alterations in the amygdala that were
dependent on the subregions.

MATERIALS AND METHODS

Participants
All patients included in this study were screened from an ongoing
follow-up project that aims to explore the relationships between

baseline brain architecture and clinical outcomes of patients with
MDD after antidepressant treatment using multimodal MRI data.
According to the aim of the current study, 49 patients with MDD
(26 AMDD and 23 nAMDD) were selected. MDD was diagnosed
according to the Diagnostic and Statistical Manual of Mental
Disorders, 4th Edition, Text Revision (DSM-IV-TR) criteria,
using the Structured Clinical Interview for DSM-V (SCID)-I.
Exclusion criteria for MDD included (1) patients who could
not undergo an MRI examination because of claustrophobia,
metallic implants, or other contraindication for MRI; (2) patients
with severe suicidal tendency; (3) pregnant or lactating women;
(4) any severe physical diseases as assessed by personal history;
(5) a history of organic brain disorders, neurological disorders,
other psychiatric disorders, cardiovascular diseases, head trauma,
or loss of consciousness; and (6) a history of substance abuse,
including tobacco, alcohol, or other psychoactive substances.
The patients were recruited from outpatients and inpatients
of the Sir Run Run Shaw Hospital, School of Medicine,
Zhejiang University, Hangzhou, China. All patients were free of
psychotropic medications for at least 4 weeks before the MRI scan
and had a Hamilton depression rating (HAMD) score > 14. We
chose a HAMD > 14 instead of 18 as in our previous studies
(Shen et al., 2015; Sheng et al., 2018) to maximize the sample size
of the current study. Out of the 49 patients, 26 were categorized
as having AMDD in terms a HAMD anxiety/somatization factor
score > 7 (Fava et al., 2008). In addition, a cohort of 30 HCs
was enrolled using community recruitment via an advertisement.
All HCs had no lifetime history of psychiatric or neurological
illness and no lifetime history of substance abuse. All participants
were right-handed Han Chinese individuals, aged 18-60 years
old, and had a mood Disorder Questionnaire (MDQ) score < 7.
Demographic and clinical characteristics of all the participants
are summarized in Table 1. This study was approved by the
Ethics Committee of the Sir Run Run Shaw Hospital, School
of Medicine, Zhejiang University, and the Affiliated Hospital
of Hangzhou Normal University. All participants gave written
informed consent.

MRI Data Acquisition

All MRI data were acquired on a 3.0 T MR scanner (GE Discovery
MR?750, GE Medical Systems, Milwaukee, WI, USA) equipped
with an eight-channel head coil array in the Center for Cognition
and Brain Disorders, Hangzhou Normal University, China.
During the scan, all participants were instructed to lie quietly
in the scanner with their eyes closed, to keep their head still,
but awake, and to try not to think of anything systematically.
High-resolution T1-weighted images were acquired with a
three-dimensional spoiled gradient-recalled sequence with the
following parameters: 176 axial slices; repetition time (TR) =
8.1 ms; echo time (TE) = 3.1 ms; ip angle (FA) = 8°; field of
view (FOV) = 250 x 250 mm?; matrix = 256 x 256; slice
thickness = 1.0mm; and no gap. The R-fMRI images were
acquired axially using a single-shot, gradient-recalled echo planar
imaging sequence parallel to the line of the anterior-posterior
commissure: 37 slices; TR = 2,000 ms; TE = 30 ms; FA = 90°;
FOV = 220 x 220 mm?; matrix = 128 x 128; slice thickness
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TABLE 1 | Demographics and clinical measures of all participants.

HCs (n = 30) AMDD (n = 26) NAMDD (n = 23) P-value
Age (years) 39.233 + 12.484 41.308 + 10.884 36 +£10.135 0.264
Gender (M/F) 12/18 11/15 15/8 0.147
HAMD 22.808 + 4.578 18.044 £ 2.931 <0.001
Anxiety/somatization factor scores 8.769 £ 1.704 5.348 £ 0.714 <0.001
Others 14.039 £ 3.893 12.696 + 2.883 0.181
Duration of illness (years) 0.2-13 0.1-16 0.277
Age of onset (years) 37.654 + 12.614 31.696 + 9.665 0.073

HCs, healthy controls; AMDD, anxious major depressive disorder; NAMDD, non-anxious major depressive disorder; M, male; F, female; HAMD, Hamilton Rating Scale for Depression.

= 3.2mm; and no gap. The scan lasted for 368s in total and
included 184 volumes for each participant.

Definition of Amygdala Subregions

The amygdala subregions were determined using stereotaxic,
probabilistic maps of cytoarchitectonic boundaries (Amunts
et al., 2005) and implemented in FSLs Juelich histological atlas
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/). All amygdala subregions
were created in the standard Montreal Neurological Institute
(MNI) space by selecting only voxels with a probability of at least
50% of belonging to each subdivision.

Structural MRI Data Analysis

Structural images were processed by using the cat toolbox (http://
www.neuro.uni-jena.de/cat/) for the SPM12 (http://www.fil.ion.
ucl.ac.uk/spm/software/spm12/). Briefly, individual structural
images were first segmented into GM, white matter, and
cerebrospinal fluid on the basis of an adaptive Maximum
A Posterior technique. The resultant GM maps were then
normalized to the MNI space by using a high-dimensional
“DARTEL” approach and modulated to compensate for spatial
normalization effects. Finally, for each amygdala subregion, the
mean GMV was obtained for each participant by averaging the
GMYV values across the voxels within the subregion.

R-fMRI Data Analysis

All R-fMRI data preprocessing was implemented using GRETNA
(Wang et al., 2015b) based on the SPM12 software (http://www.
filion.ucl.ac.uk/spm/software/spm12/). After discarding the first
five volumes to allow for magnetic saturation, we conducted
slice timing (Sinc interpolation), head motion correction (six-
parameter rigid-body transformation), spatial normalization (via
tissue segmentation of individual structural images using the
unified segment) and resampling (3 x 3 x 3 mm?), and
smoothing (Gaussian kernel with a 6-mm full width at half
maximum). No patients were excluded according to the head
motion criteria of > 2.5 mm in displacement or > 2.5° in rotation
in any direction (the maximum head motion was 2.275mm
in translation and 1.617° in rotation over all participants).
To ensure functional specificity of the amygdala subregions,
all regions of interest (ROIs) were masked out before spatial
smoothing. The smoothed images subsequently underwent
removal of linear trends and band-pass filtering (0.01-0.08 Hz).
Finally, the white matter signals, cerebrospinal fluid signals,

and 24-parameter head motion profiles (Friston et al., 1996)
were regressed out from each voxel’s time series. The white
matter signals and cerebrospinal fluid signals were obtained by
averaging signals in masks derived from the corresponding tissue
probability maps in the SPM12 toolbox (thres = 0.8) (Wang
et al., 2015a). The high threshold was chosen to ensure that
the resultant mask was “entirely” from white matter or CSF.
Notably, all the nuisance signals were also band-pass filtered
(0.01-0.08 Hz) (Hallquist et al., 2013).

After preprocessing, three measures were used to
comprehensively characterize the functional architecture of
each amygdala subregions, including ALFE, COSLOF, and sFC.
(1) ALFFE. For each voxel within a given amygdala subregion,
the time series was first converted to the frequency domain
using a fast Fourier transformation. The square root of the
power spectrum was then computed and summed across a
predefined frequency interval (0.01-0.08 Hz). The ALFF for the
given amygdala subregion was finally calculated as the mean
summed square root across voxels within the subregion. ALFF
measures the strength or intensity of low-frequency oscillations
embedded in spontaneous neural activity (Zang et al., 2007).
(2) COSLOF. For any pair of voxels within a given amygdala
subregion, the Pearson correlation coefficient was first computed
between their time series. This resulted in a correlation matrix
with a dimensionality of n x n (n = the number of voxels in
the given subregion). The COSLOF for the given amygdala
subregion was then computed as the mean of all the elements in
the upper triangular portion of the correlation matrix. COSLOF
reflects the overall functional integration within a given region
(Li et al., 2002). (3) sFC. For each voxel within a given amygdala
subregion, the time series was first extracted and then correlated
with the time series of each voxel over the entire brain. This
resulted in six whole-brain FC maps for each participant. The
functional connectivity maps further underwent a Fisher’s r-to-z
transformation to improve the normality. Notably, the sFC
analysis was restricted in a gray matter mask that was obtained
by thresholding the gray matter tissue probability map in the
SPM12 toolbox (thres = 0.4). The relatively loose threshold was
chosen to ensure sufficient search space for gray matter.

Statistical Analysis
For the demographic data, one-way analysis of variance
(ANOVA) and chi-square tests were used to compare age
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and gender data among the three groups, respectively. For
the clinical data, two-sample f-tests were used to compare
HAMD anxiety/somatization factor scores, HAMD without
anxiety/somatization factor scores, age of onset, and duration of
illness between the two patient groups. For multimodal MRI-
based GMV, ALFF, and COSLOF of each amygdala subregion,
one-way ANOVA was used to infer differences among the
three groups, followed by a Bonferroni method to correct
for multiple comparisons across subregions. For the whole-
brain sFC maps, a voxel-wise F-test was performed to infer
differences among the three groups. A cluster-level family-wise
error rate procedure was used to determine significant clusters
by combining a voxel-level P < 0.001 and an extend-level P
< 0.05. Post-hoc pair-wise comparisons were further performed
with two-sample t-tests when significant main effects were
observed. For the sFC, the post-hoc comparisons were conducted
on the intra-cluster mean FC strength. Finally, non-parametric
Spearman correlations were used to test the relationships
between multimodal MRI-based amygdala alterations and
clinical variables (HAMD anxiety/somatization factor scores,
HAMD without anxiety/somatization factor scores, duration of
illness, and age of onset) in each patient group. Again, the
Bonferroni method was used to correct for multiple comparisons.

RESULTS

Demographic and Clinical Characteristics
As shown in Table 1, there were no significant differences in
age or gender among the three groups (P > 0.05). Both patient
groups did not differ significantly in their HAMD without
anxiety/somatization factor scores, age of onset, or duration
of illness (P > 0.05). As expected, the HAMD scores were
significantly higher in the AMDD group than the nAMDD group
(P < 0.001) because of their higher anxiety/somatization factor
scores (P < 0.001).

Structural GMV of Amygdala Subregions

No significant differences were observed in the GMV for
any amygdala subregion among the three groups (P > 0.05,
Bonferroni corrected).

Functional ALFF of Amygdala Subregions
Significant main effects (P < 0.05, Bonferroni corrected) were
found for the ALFF of the bilateral LBA (left: P = 0.002; right:
P =0.007) and SFA (left: P = 0.003; right: P = 0.002), but not the
bilateral CMA (P > 0.05), among the three groups (Figure 1).
Post-hoc comparisons revealed a common pattern of HCs >
nAMDD > AMDD that were shared by the four subregions,
while only the differences between the patients with AMDD and
HCs were significant (P < 0.05, Bonferroni corrected).

Functional COSLOF of Amygdala

Subregions

No significant differences were observed in the COSLOF for
any amygdala subregion among the three groups (P > 0.05,
Bonferroni corrected).

Functional sFC of Amygdala Subregions
Significant main effects (P < 0.05, FWE corrected) were observed
for the left SFA-based sFC in a cluster that primarily embraced
the left putamen (Figure 2A) and for the right SFA-based sFC
in a cluster that was predominantly involved in the bilateral
anterior cingulate cortex (ACC) and medial orbital parts of the
bilateral superior frontal gyri (ORBsupmed) (Figure 2B). Further
post-hoc comparisons revealed that both patient groups showed
significantly decreased FC compared with those of the HCs,
but with no significant differences between them (Figure 2C).
For the bilateral CMA and LBA, no regions were found to
show significant main effects among the three groups (P > 0.05,
FWE corrected).

Relationships Between Functional
Characteristics of Amygdala Subregions

and Clinical Variables

Significant negative correlations were observed for the ALFF of
the left LBA and SFA with HAMD without anxiety/somatization
factor scores in the patients with AMDD (r = —0.645 and
—0.622, respectively, P < 0.05, Bonferroni corrected) rather than
in those with nAMDD (P > 0.05) (Figure 3). No significant
correlations were found between ALFF and other clinical
variables or between sFC and any clinical variables.

DISCUSSION

This study investigated the structural and functional alterations
of amygdala subregions in patients with AMDD and nAMDD
vs. HCs. Our results showed common and specific amygdala
alterations between patients with AMDD and nAMDD that
were dependent on different amygdala subdivisions. These
findings provide new insights into the unique neural mechanism
underlying AMDD.

Numerous studies have examined the amygdala volume in
MDD; however, inconsistent even opposing results were obtained
(Munn et al, 2007; Tang et al, 2007). Many factors may
collectively account for the discrepancy, in which the clinical
heterogeneity of the patients and the functional heterogeneity
of the amygdala might be two key ones. Focusing on individual
amygdala subregions in MDD patients with and without anxiety,
we showed that there were no significant GMV differences in
the patients compared with those in the HCs for any amygdala
subregion. This is consistent with previous studies showing
an unchanged amygdala volume in MDD (Bremner et al,
2000; Frodl et al., 2004; Munn et al., 2007; Lorenzetti et al.,
2010). Moreover, no significant GMV differences were observed
between the two patient groups for any amygdala subregion. This
is in line with a previous study showing no significant volume
differences of the whole amygdala between patients with anxious
unipolar major depressive disorder and those with non-anxious
unipolar major depressive disorder (Delaparte et al., 2017). These
findings collectively suggest that gray matter volume of the
amygdala is not a suitable sign to differentiate anxious depressed
from non-anxious depressed individuals. Notably, there are a
number of other variables that may confound results for the
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FIGURE 1 | Differences in the ALFF of amygdala subregions among the groups. Significant ALFF decreases in the bilateral LBA and SFA were observed in patients
with AMDD but not in those with NnAMDD compared with the HCs. ALFF, amplitude of low frequency fluctuation; LBA, laterobasal amygdala; SFA, superficial
amygdala; AMDD, anxious major depressive disorder; NAMDD, non-anxious major depressive disorder; HCs, healthy controls.

amygdala volume, including depression duration or number of
episodes (Frodl et al., 2003; MacMaster et al., 2008; Kronenberg
et al., 2009), antidepressant medication (Hamilton et al., 2008),
suicidal tendency (Monkul et al., 2007; Spoletini et al., 2011),
genetic variations (Zetzsche et al., 2008; Savitz and Drevets,
2009), and the state of MDD (van Eijndhoven et al., 2009;
Malykhin et al., 2012; Zavorotnyy et al., 2018). Further studies are
needed to examine the reproducibility of our findings by taking
these factors into consideration to gain a more comprehensive
picture of amygdala volume abnormalities in MDD. In addition,
postmortem neuroanatomical studies may further clarify the
issue by examining, for example, neuron or glia numbers or
densities at the cellular level (Rubinow et al., 2016).

In addition to structural GMYV, we characterized the functional
organization of the amygdala subregions from the perspectives of
local fluctuation amplitude, intra-region functional integration,
and inter-regional functional communication. First, we found
that patients with AMDD showed significantly decreased ALFF
in the bilateral SFA and the LBA compared with those in the HCs.

The SFA and LBA are closely related to emotional processing
and regulation: The SFA is mainly involved in olfactory function
(Heimer and Van Hoesen, 2006; Moreno and Gonzalez, 2007)
and affective processes (Roy et al, 2009), and the LBA plays
a central role in modulating the fear response and evaluating
sensory information (Jovanovic and Ressler, 2010). In contrast,
the CMA is mainly associated with the generation of behavioral
responses through projections to the brainstem and cortical and
striatal regions (Roy et al., 2009). Accordingly, our results suggest
that AMDD selectively affects local spontaneous brain activity of
emotion-related amygdala subregions. However, no significant
ALFF differences were found between patients with nAMDD
and HCs for any amygdala subregion. Therefore, the observed
ALFF alterations in SFA and LBA appear to be specific to
AMDD. This implies that the SFA and the LBA may be involved
in the pathophysiological processes of AMDD and may serve
as potential biomarkers to differentiate AMDD from nAMDD.
However, no significant differences were found in the ALFF of
the bilateral SFA and the LBA between the two patient groups.
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FIGURE 2 | Differences in sFC of amygdala subregions among groups. The left SFA-based sFC (A); the right SFA-based sFC (B); Significant sFC decreases were
observed in both the patient groups compared with that in the HCs between the left SFA and the left putamen, and between the right SFA and the bilateral anterior
cingulate cortex and medial orbital parts of the bilateral superior frontal gyri (C). PUT, putamen; ACC, anterior cingulate cortex; ORBsupmed, medial orbital part of the
superior frontal gyrus; AMDD, anxious major depressive disorder; NAMDD, non-anxious major depressive disorder; HCs, healthy controls.

These findings imply that there may exist a trend effect in the  on this point by examining the associations between alterations
observed ALFF alterations from nAMDD to AMDD. Notably, of amygdala subregions and each factor in a larger sample size.
using a whole-brain voxel-wise analysis, two previous studies Second, no significant difference was found in the COSLOF
found increased ALFF in the bilateral amygdala in patients with ~ among the three groups for each amygdala subregion. This
MDD compared with that in HCs (Du et al.,, 2016; Chen et al,,  suggests intact functional integration within each amygdala
2017). The discrepancy might be caused by different scales at  subregion in patients with MDD, regardless of the status
which the analyses were performed (i.e., voxel-level vs. region-  of anxiety.

level) or because of the differentiation of AMDD and nAMDD Finally, compared with the HCs, both patients with AMDD
in the current study. Moreover, we found that decreased ALFF ~ and those with nAMDD exhibited decreased functional
in the left LBA and SFA were negatively correlated with the  connectivity of the bilateral SFA, with no significant differences
HAMD without anxiety/somatization factor scores in the AMDD  between the two patient groups. This suggests that functional
patients. The HAMD without anxiety/somatization factor scores  connectivity reductions of the SFA might serve as intrinsic
include several factors, such as cognitive disturbance, retardation, ~ features for MDD. Mounting evidence from both animal
sleep disturbance, and weight loss. These factors represent and human studies indicates that the SFA typically shows
different symptom clusters that are closely related to the  connectivity with the limbic system to form a neural circuit
characteristics and medication of the disease. Thus, the ALFF  that is closely associated with affective processes (Moreno and
decreases may underlie the specific symptoms in patients with ~ Gonzalez, 2007; Goossens et al., 2009; Roy et al., 2009; Gabard-
AMDD. Further studies are needed to deepen our understanding ~ Durnam et al., 2014). Since affective disturbances are commonly
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FIGURE 3 | Scatter plots of relationships between altered ALFF of amygdala subregions and clinical variables in patients. Significant negative correlations were
observed for the ALFF of the left LBA and SFA with HAMD without anxiety/somatization factor scores in the AMDD group, but not in the nAMDD group. ALFF,
amplitude of low frequency fluctuation; LBA, laterobasal amygdala; SFA, superficial amygdala; AMDD, anxious major depressive disorder; NnAMDD, non-anxious major
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observed in MDD, regardless of subtype, it is plausible to observe
disrupted functional connectivity of the SFA in both AMDD
and nAMDD. However, a previous task-fMRI study showed
common deficits in both activation and connectivity of the
amygdala among patients with MDD, patients with anxiety, and
comorbid subjects, suggesting a shared origin between anxiety
and depression (Etkin and Schatzberg, 2011). Specifically, the
right SFA showed decreased functional connectivity with the
bilateral ACC and ORBsupmed in both MDD groups. Both the
ACC and ORBsupmed are parts of the prefrontal cortex and
are related to emotional processing and regulation (Mayberg
et al., 2002; Milad and Rauch, 2007). Numerous previous studies
demonstrated the existence of functional connectivity between
the amygdala and different parts of the prefrontal regions (e.g.,
the ACC, and the ventral prefrontal and orbitofrontal cortex) in
healthy individuals (Zald and Pardo, 1997; Hariri et al., 2003;
Ochsner et al, 2004) and disruptions of these connectivities
in MDD (Almeida et al., 2009; Versace et al., 2010; Etkin and
Schatzberg, 2011). The disruptions imply impaired prefrontal
modulation of the amygdala in MDD, which may contribute to
emotional disturbances in patients suffering from the disease.
Here, our findings further suggested that the disruptions are
selectively targeted to the SFA in MDD. As for the left SFA,
decreased functional connectivity with the left putamen was
found in both MDD groups, as compared with that in the HCs.
The putamen belongs to the dorsal striatum and is thought
to play a crucial role in the development of mood disorders.
For instance, one animal study found that the putamen was
significantly different between anhedonic-like and resilient
animals, indicating important implications of the putamen in
anhedonia (Delgado y Palacios et al., 2014), which is one of the
core symptoms of depression. Thus, the disrupted interaction
between the left SFA and the putamen may be involved in the
pathological mechanism of depression, in particular the origin
of anhedonia. It should be noted that to what extent the findings
from animal studies apply to humans remain to be determined

due to the limitation of cross-species homologies. This issue can
be partially addressed in the future by establishing cross-species
correspondence in brain structures via network approaches
(Goulas et al., 2015).

Several limitations of this study should be mentioned. First,
the sample size was relatively small, which may limit the
generalizability of our findings. Second, about half of the patients
were treated with psychotropic medication before the MRI scan,
which may have significantly modulated their functional brain
organization (Wang et al., 2015¢; Abdallah et al., 2017; Sheng
et al., 2018). Although all patients were free of psychotropic
medications for at least 4 weeks before the MRI scan, we
cannot fully exclude the possible long-term effects of medication.
Studies on non-medicated patients are expected in the future to
examine to what extent the current findings are contaminated
by this factor. Third, similar to previous studies, we employed
dimensional diagnosis to define AMDD, based on the severity
of anxiety symptoms in MDD, as measured by the HAMD
anxiety/somatization factor. However, the anxiety/somatization
factor only contains seven items representing anxiety symptoms
and thus may suffer from the risk of misclassification to
some extent. Nevertheless, it should be noted that a previous
study in Level 1 of the Sequenced Treatment Alternatives
to Relieve Depression indicated that the association between
anxious unipolar major depressive disorder and poorer treatment
outcome was independent of how we defined anxious unipolar
major depressive disorder (Fava et al., 2008). Future studies are
required to replicate the current findings by integrating multiple
dimension diagnosis to minimize the classification error. Fourth,
although spatial smoothing was performed after masking out
all amygdala subregions to ensure functional specificity, the
signals in the amygdala subregions might still be polluted
by those from regions adjacent to them. Future studies are
required to address this issue by using more sophisticated
methods, such as orthogonalization. Finally, several previous
studies have shown that MDD-related alterations in both local
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fluctuation amplitude and interregional functional connectivity
are frequency-dependent (Yue et al., 2015; He et al., 2016; Wang
et al,, 2016). It would be interesting to investigate whether
the observed amygdala alterations are modulated by choices of
different frequency intervals.

CONCLUSION

In summary, we demonstrated common and specific functional
alterations of the amygdala between patients with AMDD and
those with nAMDD. Moreover, the alterations were dependent
on the functional features chosen and different amygdala
subregions. These findings deepen our understanding neural
mechanisms underlying anxiety co-morbid with MDD and
have implications for future development of new and effective
treatment programs.
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