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Post-traumatic stress Individuals with both post-traumatic stress disorder and major depressive disorder (PTSD+MDD)
disorder; often show greater social and occupational impairment and poorer treatment response than
Major depressive individuals with PTSD alone. Increasing evidence reveals that the amygdala, a brain region
disorder; implicated in the pathophysiology of both of these conditions, is a complex of structurally

and functionally heterogeneous nuclei. Quantifying the functional connectivity of two key
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amygdala subregions, the basolateral (BLA) and centromedial (CMA), in PTSD+MDD and PTSD-
alone could advance our understanding of the neurocircuitry of these conditions. 18 patients
with PTSD+MDD, 28 with PTSD-alone, and 50 trauma exposed healthy controls (TEHC), all from
a cohort who survived the same large earthquake in China, underwent resting-state functional
magnetic resonance imaging. Bilateral BLA and CMA functional connectivity (FC) maps were
created using a seed-based approach for each participant. The analysis of covariance of FC
was used to determine between-group differences. A significant interaction between amyg-
dala subregion and diagnostic group suggested that differences in connectivity patterns be-
tween the two seeds were mediated by diagnosis. Post-hoc analyses revealed that PTSD+MDD
patients showed weaker connectivity between right BLA and (a) left anterior cingulate cor-
tex/supplementary motor area, and (b) bilateral putamen/pallidum, compared with PTSD-
alone patients. Higher CMA connectivities left ACC/SMA were also observed in PTSD+MDD com-
pared with PTSD-alone. An inverse relationship between the connectivity of right BLA with right
putamen/pallidum and MDD symptoms was found in PTSD+MDD. These findings indicate a re-
lationship between the neural pathophysiology of PTSD+MDD compared with PTSD-alone and

TEHC and may inform future clinical interventions.
© 2019 Elsevier B.V. and ECNP. All rights reserved.

1. Introduction

Post-traumatic stress disorder (PTSD) is a debilitating dis-
ease characterized by re-experiencing, avoidance, emo-
tional numbing, and hyperarousal (Association, 2013), which
has become a major worldwide public health problem
(Breslau, 2001; Kessler et al., 2005). PTSD is frequently co-
morbid with major depressive disorder (MDD), with approx-
imately half of people with PTSD also suffering from MDD
across diverse epidemiological samples (Caramanica et al.,
2014; Kessler et al., 1995; Rytwinski et al., 2013). Patients
with both PTSD and MDD (PTSD+MDD) show greater social,
occupational, and neurocognitive impairment (Campbell
et al., 2007; Nijdam et al., 2013), and are more likely to
attempt suicide (Cougle et al., 2009; Morina et al., 2013).
They also show poorer treatment response than patients
with PTSD or depression alone (Campbell et al., 2007; Chan
et al., 2009). It is therefore important to determine the neu-
robiological overlap and differences between PTSD+MDD,
PTSD-alone, and healthy controls.

The amygdala has been associated with the neural patho-
physiology of both PTSD and MDD in numerous studies
(Kemp et al., 2007; Price and Drevets, 2010; Ross et al.,
2017). Neuroimaging studies of PTSD suggest the presence
of disrupted neural circuits between amygdala and other
regions related to fear processing (e.g., anterior cingu-
late cortex (ACC), striatum, hippocampus, insular cortex,
and medial prefrontal cortex (PFC)) (Fonzo et al., 2010;
Kim et al., 2011; Lazarov et al., 2017; Linnman et al.,
2011; Rabinak et al., 2011). While most of these stud-
ies analyze data from the entire amygdala, the amyg-
dala is a complex of structurally and functionally het-
erogeneous nuclei rather than a single homogeneous unit
(Ball et al., 2007; Morris et al., 2001). Specialized roles of
basolateral (BLA) and centromedial amygdala (CMA) com-
plexes have been identified during fear conditioning in PTSD
(Jovanovic and Ressler, 2010; Mahan and Ressler, 2012).
The BLA receives inputs from many cortical and subcor-
tical regions, including PFC, thalamus, and hippocampus,
and facilitates associative learning processes such as fear
conditioning (LeDoux, 2003; Phelps and LeDoux, 2005).
The CMA, in contrast, receives mostly modulatory

inputs from the BLA and medial PFC, and has a critical role
in fear expression via its projections to the brainstem, tha-
lamus, forebrain, as well as to cortical and striatal regions
(Duvarci and Pare, 2014; LeDoux, 2003).

Four recent studies examined amygdala subregion-based
functional networks in PTSD patients compared with healthy
controls (HC) or trauma-exposed healthy controls (TEHC)
using resting-state functional MRI. All of these studies re-
vealed dissociable connectivity profiles of the BLA and
CMA subregions (Aghajani et al., 2016; Brown et al., 2014;
Nicholson et al., 2015; Zhu et al., 2017). One study ob-
served stronger resting-state functional connectivity (rsFC)
between BLA and ACC in the PTSD vs. the TEHC group, but
no group differences were found in CMA connectivity (Brown
et al., 2014). In contrast, similar studies in adolescent PTSD
reported that PTSD patients had weaker right BLA rsFC with
ACC and PFC cortices compared with HCs, but stronger con-
nectivity between left CMA and orbitofrontal and subcal-
losal cortices (Aghajani et al., 2016). Another study showed
widespread cortical and subcortical differences in the func-
tional connectivity with BLA and CMA when comparing both
the dissociative subtype of PTSD and non-dissociative PTSD
patients to HCs (Nicholson et al., 2015). Many factors may
explain these inconsistencies, including differences in con-
trol groups (i.e., HC or TEHC group), comorbidity of PTSD
(i.e., different proportions of patients comorbid with MDD in
each of the aforementioned studies), and different trauma
type (childhood or adulthood, repeated or a single massive
event).

To date, only one study has investigated directly whether
there are differences in amygdala functional connectivity at
the subregional level between PTSD-alone and PTSD+MDD
using a between-region-of-interest (ROI) connectivity anal-
ysis (Zhu et al., 2017). That study showed that the
PTSD+MDD group exhibited weaker functional connectivity
between BLA and orbitalfrontal cortex than either PTSD-
alone or TEHC subjects, suggesting the presence of deficits
in amygdala pathways confined to PTSD+MDD comorbid
patients. Nonetheless, a whole-brain group analysis, be-
yond these predefined ROIs, is needed to comprehensively
understand the functional brain networks involving the
amygdala at a subregional level in PTSD+MDD. Moreover,
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the neural circuits in PTSD within a single trauma type re-
mains to be addressed, as differences in the sources of
trauma and in the timing of traumatic events between PTSD
and TEHC subjects could explain different results reported
in previous studies (Deering et al., 1996; Hull, 2002).

The present study sought to examine connectivity pat-
terns of the amygdala subregions in PTSD with and without
MDD, with respect to matched TEHC in a cohort of earth-
quake survivors from the 2008 Wenchuan, Richter Scale 8.0-
magnitude earthquake (the same type of trauma at the
same time for all subjects). First, we hypothesized that
PTSD+MDD subjects will show weaker connectivity between
BLA and regulatory prefrontal regions, such as PFC and ACC,
compared with PTSD-alone and TEHC subjects, and stronger
connectivity between CMA and fear expression regions such
as striatum and thalamus, according to previous findings
(Aghajani et al., 2016; Duvarci and Pare, 2014; Zhu et al.,
2017). Second, based on earlier work implicating distinctive
roles of BLA and CMA within the amygdala-centered network
dysfunction in abnormal fear processing and excessive fear
responses (Cisler et al., 2014; Etkin et al., 2009; Jovanovic
and Ressler, 2010; LeDoux, 2003; Roy et al., 2009; Shin and
Liberzon, 2010), we hypothesized that dissociable BLA and
CMA connectivity profiles will be revealed in each patient
group and in the TEHC group, with largely cortical connec-
tivity patterns expected for the BLA and subcortical connec-
tivity patterns expected for the CMA. Finally, as exploratory
analyses, we investigated whether amygdala connectivity
would be related to depressive symptoms in PTSD+MDD
patients.

2. Experimental procedures

2.1. Participants

Participants were recruited between 2015 and 2016 from one of
the most devastated areas affected by the 2008 Wenchuan 8.0-
magnitude earthquake (Stone, 2009). Inclusion criteria were as fol-
lows: aged 18 to 60 years, right-handed, experienced the earth-
quake, witnessed people buried and suffered heavy property losses
in the disaster. Exclusion criteria were contraindication to MRI
imaging. We did not prospectively recruit participants based on the
presence or absence of PTSD or MDD; these diagnoses were assessed
following enrollment of all individuals who met enrollment criteria
and consented to study participation. We recruited 107 participants
who completed functional magnetic resonance imaging (MRI) and
clinical assessments, which were completed within two days of en-
rollment for each participant.

Participants were assessed using the DSM-IV Structured Clinical
Interview (SCID) (First et al., 1997), the Clinical Administered PTSD
Scale (CAPS) (Blake et al., 1995), Hamilton Depression Rating Scale-
24 item (HAMD-24) and Hamilton Rating Scale for Anxiety (HAMA-
14). All PTSD participants were required to meet the diagnostic
criteria of PTSD in DSM-IV and have a CAPS total score of > 40 to en-
sure at least moderate symptom severity. MDD diagnosis was deter-
mined by SCID DSM-IV criteria for a major depressive episode. The
exclusion criteria for PTSD patients included any previously serious
traumatic events, any history of psychiatric medication or psycho-
logical therapy, any history of Axis | psychiatric diagnosis other than
comorbid depressive and anxiety disorders, any history of neurolog-
ical disease, mental retardation, major head injury involving loss of
consciousness for more than 10 min, any history of alcohol and/or
other substance abuse/dependence, metal implants (e.g., surgical

clips or pacemakers), and pregnancy. For TEHCs, the exclusion cri-
teria were the same as PTSD patients except that a CAPS total score
of < 20 was required.

We excluded a group with intermediate symptoms (CAPS >20 but
<40, n=7) from the participants. In addition, three patients with
PTSD and one TEHC were excluded due to excessive head movement
during the MRI scan. We analyzed a final sample of functional MRI
(fMRI) data from 18 participants with PTSD+MDD, 28 with PTSD-
alone, and 50 TEHCs. In the PTSD+MDD group, two patients were
diagnosed with a comorbid panic disorder (full remission), one with
general anxiety disorder and one patient had comorbid dysthymia,
but these participants were not excluded.

This study was approved by the Medical Ethics Committee of
West China Hospital, Sichuan University, and all subjects gave writ-
ten informed consent.

2.2. Image acquisition and data preprocessing

For every participant, both resting-state blood-oxygen-level-
dependent (BOLD) fMRI images and T1-weighted images were
acquired using a 3.0-T MRI imaging system (Siemens 3.0 T Trio,
Erlangen, Germany) with a 12-channel phased-array head coil, as
described in our previous study (Zhu et al., 2015). Participants were
instructed to relax with eyes closed; without falling asleep; and
without directed, systematic thought during the 6.8 min (205 vol)
scan. Details of the scanning parameters are provided in the Sup-
plementary Materials.

MRI data preprocessing was performed using the Data Pro-
cessing Assistant for Resting-State fMRI (DPARSF_V4.3) in DPABI
(http://rfmri.org/dpabi) (Yan et al., 2016), which is based on SPM
(https://www.fil.ion.ucl.ac.uk/spm/). Considering the magnetiza-
tion saturation effects and participants’ adaptation to the scan-
ning conditions, the first 5 vol of each data set were discarded.
The remaining 200 consecutive functional volumes were first slice-
time corrected and then motion corrected. As described above,
data from three PTSD patients and one TEHC were discarded due
to excessive head motion (translational or rotational parameters
exceeded + 1.5mm or + 1.5° or the mean framewise displacement
(FD) exceeded 0.3 mm). Nuisance covariates were regressed out,
including linear trends, white matter signal, cerebrospinal fluid sig-
nal, the Friston 24-parameter model (Friston et al., 1996), and
spike regression (Satterthwaite et al., 2013; Yan et al., 2013) (for
more details see the Supplementary Materials). Global signal re-
gression (GSR) was not performed as it was demonstrated that GSR
may induce network-specific negative biases in connectivity mea-
sures (Glasser et al., 2016; Yang et al., 2016) and distort group dif-
ferences and correlation patterns (Saad et al., 2012). Then, the T1
images were registered to the averaged EPIl image and spatial nor-
malization was performed to a 3-mm Montreal Neurological Insti-
tute template. Smoothing was performed using a 6-mm, full-width
half maximum (FWHM) Gaussian kernel inconsistent with previous
studies (Wang et al., 2015; Zhao et al., 2018). Finally, band-pass fil-
tering with a frequency window of 0.01 to 0.1 Hz was performed to
reduce the effects of low-frequency machine magnetic field drifts
and high-frequency respiratory and cardiac noise.

2.3. Region of interest definition and functional
connectivity analysis

Amygdala subregion masks were derived from the Juelich Histo-
logical Atlas (Amunts et al., 2005). In accordance with previous
studies (Aghajani et al., 2016; Qiu et al., 2018), voxels were in-
cluded in the subregion masks only if the probability of their as-
sighment to the BLA or CMA was higher than that for other nearby
structures and greater than 40% likelihood. Each voxel was exclu-
sively assigned to a single subregion, resulting in four seed regions
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Table 1 Demographic and clinical information.

Characteristics PTSD all TEHC p PTSD+MDD PTSD-alone p
(n=46) (n=>50) (PTSD vs. TEHC) (n=18) (n=28) (MDD vs. PTSD-a)

Age (years) 45.6 +£6.7 45.0+6.6 0.657 45.3+5.9 45.8+7.3 0.786

Sex (female/male) 34/12 32/18 0.295 17/1 17/11 0.028°
Education (years) 8.5+3.5 8.8+ 3.1 0.689 7.6+3.9 9.0+3.2 0.157

HAMD-24 15.5+7.9 4.1+£4.0 <0.001 22.4+6.1 11.0+5.2 <0.001
HAMA-14 13.7+7.0 3.3+£3.7 <0.001 18.7+5.9 10.5+5.6 <0.001
CAPS-total 73.9+22.2 6.9+6.4 <0.001 85.6 +20.7 66.3+£20.0 0.003

Abbreviations: HAMD, Hamilton Depression Scale; HAMA, Hamilton Anxiety Scale; CAPS, Clinician-Administered PTSD Scale; TEHC, trauma-

exposed healthy controls; MDD, major depressive disorder.
a Chi-Square Test Continuity Correction.

(left BLA: 2160 mm?3, right BLA: 2295 mm3, left CMA: 378 mm3, right
CMA: 486 mm?3) for subsequent functional connectivity (FC) analy-
ses. The average time series for each seed was computed across
all voxels and correlated with the time series of every voxel in the
brain in order to create four FC maps per participant. Both positive
and inverse correlations were examined. FC maps were standard-
ized using a Fisher z transformation, resulting in individual z-maps
for second-level group analysis.

2.4, Statistical analyses

The second-level group analysis was conducted using SPM12. A
whole-brain 3 (group) x 2 (subregion) full-factorial analysis of co-
variance (ANCOVA) was conducted for each hemisphere, with age,
sex, education level and mean FD included as covariates.

The group x subregion interaction, main effects of group
(PTSD+MDD, PTSD-alone and TEHC groups) and subregion (BLA and
CMA seed regions) on rsFC were determined. The statistical F-maps
were corrected for multiple comparisons using family-wise error
(FWE) cluster-corrected (cluster-level p < 0.05) when using a pri-
mary cluster determining threshold of p < 0.001. The FC values
(average z-values) were extracted from the voxel clusters show-
ing significant differences in the group x subregion interaction us-
ing Marsbar (Brett et al., 2002). To test our first hypothesis, post-
hoc, two-sample between-group contrasts were explored for each
seed region based on these FC values, comparing both PTSD pa-
tient groups, and each patient group to TEHC group. For the com-
parison between PTSD+MDD and PTSD alone, baseline CAPS scores
were used as covariates to ensure that between-group differences
in rsFC were attributable to group effect as opposed to an effect
of symptom severity. In addition, one-sample within-group analyses
were conducted for each of the three diagnostic groups, individu-
ally for each amygdala seed region to test our second hypothesis,
which produced thresholded z-maps of both positively and nega-
tively correlated voxels associated with each amygdala subregion
in each group for each hemisphere.

In addition, correlation analyses were performed between the
FC values in PTSD+MDD and PTSD-alone and PTSD and MDD symp-

tom severity (i.e., CAPS score and HAMD score) respectively. We
also examined the association between the whole-brain FC maps
and CAPS and HAMD scores respectively in a linear regression model
in SPM 12, without grouping the participants (n=96) to better ex-
plore the relationship between FC values and dimensional PTSD and
depression severity. Details of the analyses were presented in Sup-
plementary Materials.

3. Results

3.1. Demographics and clinical variables

As shown in Table 1, differences were found between all pa-
tients with PTSD and TEHCs in CAPS, HAMD, HAMA scores
(p < 0.001), while no group difference was found with re-
spect to age, sex or education level (p > 0.05). When com-
paring PTSD+MDD with PTSD-alone groups, as expected, we
observed greater symptom severity in the PTSD+MDD group
with respect to depression (p < 0.001), PTSD (p=0.003),
and anxiety symptoms (p < 0.001). In addition, there were
more females in the PTSD+MDD group than the PTSD-alone
group (p < 0.05).

3.2. Group differences in BLA and CMA functional
connectivity

No main effect of group on the functional connectivity
profiles was observed when considering both subregions of
amygdala together. A significant group x subregion interac-
tion for BLA and CMA seed regions in the right hemisphere
on rsFC was observed from the ANCOVA, yielding three sig-
nificant (FWE cluster-corrected threshold, p < 0.05) gray
matter clusters (Table 2, Fig. 1). No group x subregion inter-
action was observed for the seed regions in the left hemi-
sphere. For the post-hoc group comparisons, the PTSD+MDD

Table 2 Brain regions of significance from group xSubregion interaction.

Hemisphere Brain region Cluster size MNI coordinate F (2, 184) Z-score p FWE

of seed region . " -

Right Right putamen/pallidum 72 27 —-12 0 20.33 5.60 0.016
Left ACC/left SMA 302 —6 —6 54 15.13 4.79 <0.001
Left putamen/pallidum 71 —15 9 3 12.25 4.26 0.017

Left None

Abbreviations: ACC, anterior cingulate cortex; SMA, supplementary motor area; FWE, family-wise error cluster-corrected threshold.
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Fig. 1 Brain regions of significance from the group x subregion
interaction for the BLA and CMA seed regions in the right
hemisphere (FWE cluster-corrected threshold, cluster-level
p < 0.05 when using a primary cluster determining threshold of
p < 0.001) on resting-state functional connectivity. Three gray
matter clusters were identified: the right putamen/pallidum,
the left ACC/SMA and the left putamen/pallidum. ACC, ante-
rior cingulate cortex; SMA, supplementary motor area; BLA, ba-
solateral amygdala; CMA, centromedial amygdala.

group showed weaker BLA connectivities with left ACC/SMA
and bilateral putamen/pallidum, and higher CMA connec-
tivities left ACC/SMA, generated from the group x subregion
interaction, compared with the PTSD-alone group (p < 0.05,
FDR corrected). The following statistical directions were

also observed, but none surviving FDR correction (p < 0.05,
uncorrected): PTSD+MDD also showed higher CMA-left puta-
men/pallidum connectivities compared with PTSD-alone;
PTSD-alone exhibited higher BLA- left ACC/SMA connectiv-
ities and BLA-right putamen/pallidum connectivities com-
pared with TEHC (Fig. 2).

3.3. BLA and CMA connectivity profiles within
PTSD+MDD, PTSD-alone and tehc groups

A main effect of subregion on rsFC was observed from the
ANCOVA (p < 0.05, FWE corrected, k=10), indicating dis-
tinct BLA and CMA connectivity profiles across all PTSD and
TEHC subjects. As shown in Fig. 3, whole-brain within-group
rsFC analysis revealed different BLA and CMA connectivity
profiles with cortical and subcortical regions in each group
p < 0.05, FWE corrected, k=10). No significant negative
correlations with the amygdala subregions were observed
for within-group connectivity maps. The BLA and CMA con-
nectivity profiles, observed in PTSD+MDD and PTSD-alone
group, are generally consistent with established models of
amygdalar circuitry in PTSD (Aghajani et al., 2016; Brown
et al., 2014; LeDoux, 2007).

3.4. Relationship between functional
connectivity and clinical measures

Post-hoc correlation analyses between the FC values ex-
tracted from the ANCOVA interaction clusters of signifi-
cance and CAPS and HAMD scores were performed within
both patient groups separately. A negative relationship be-
tween BLA-right putamen/ pallidum connectivity and HAMD
(r=-0.570, p=0.014, uncorrected) was observed in the
PTSD+MDD group (Fig. 4). No significant correlations were
observed between the FC values and clinical measures in
PTSD-alone patients. For dimensional depression severity
(HAMD scores across groups), a negative correlation with
rsFC between left BLA and bilateral putamen/pallidum (FWE
cluster-corrected, p < 0.05) (Table S1, Fig. S1) was also ob-
served. We did not observe any correlation with FC values
for PTSD symptom across groups.

12
LA 4 == - A
12 " 0.8 L
g 1 0.6 i 08
= 0.8 - [ 04 ‘ L T T V [
= 0. T k - ‘, — 0.6 ‘
> L \ -
0.6 0.2 t — o i) =1
2 W = BT LT = =
=04 Ii,f [ 0 | v 02 = ‘ Lr
0.2 t;] | 1 0.2 0 [ =
’ CMA-righ Pallidum 02
. ‘MA-rlg t Putamen/Pallidum BLA-left ACC/SMA  CMA-left ACC/SMA CMA-left Putamen/Pallidum
BLA-right Putamen/Pallidum BLA-left Putamen/Pallidum
[JPTSD+MDD  [] PTSD-alone TEHC

Fig. 2 Box and Whisker plot showing group differences of the mean zFC values and standard deviations extracted from the BLA and
CMA pathways. * p < 0.05 (FDR corrected); zFC, Fisher z transformed functional connectivity; BLA, basolateral amygdala; CMA,
centromedial amygdala; ACC, anterior cingulate cortex; SMA, supplementary motor area.
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Fig. 3 Whole-brain voxel-wise resting-state function connectivity profiles with left basolateral amygdala (BLA) and centromedial
amygdala (CMA) seeds and right and BLA and CMA seeds are displayed in the PTSD+MDD group, the PTSD-alone group and TEHC

group, separately (FWE corrected, p < 0.05).

4. Discussion

The present study compares the whole-brain connectivity
patterns of basolateral and centromedial subnuclei of the
amygdala between PTSD patients with or without MDD and
TEHCs. The entire study population is derived from a cohort
exposed to the same massive earthquake. Group differences

were found in three functional connectivity pathways.
The connectivities between right BLA and left ACC/SMA,
and between right BLA and bilateral putamen/pallidum,
were weaker in PTSD+MDD compared with PTSD-alone.
We also found distinct BLA and CMA connectivity profiles
in each group, which complemented and extended previ-
ous research into the circuitry of anxiety and depression
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BLA-right putamen/ pallidum zFC values
/

HAMD Score

Fig. 4 Correlations between HAMD scores and zFC values
of BLA- right putamen/ pallidum connectivity (r=-0.570,
p=0.014, uncorrected). HAMD, Hamilton Depression Rating
Scale; zFC, Fisher z transformed functional connectivity; BLA,
basolateral amygdala.

(LeDoux, 2007; Nicholson et al., 2015; Roy et al., 2009). The
negative correlation between BLA-right putamen/pallidum
connectivity values and HAMD score in PTSD+MDD patients,
further links MDD comorbidity in the context of PTSD to this
stress pathway.

We found weaker rsFC between the BLA and bilateral
putamen/pallidum in PTSD+MDD versus PTSD-alone, along
with an inverse correlation between depressive symptoms
(i.e., HAMD scores) and BLA-right putamen/pallidum con-
nectivity. Analyses of association between dimensional de-
pression severity and rsFC confirmed this finding. Because
we did not find any correlation between the connectivity
values of any of the significant pathways with PTSD symp-
toms (i.e., CAPS scores) in either PTSD+MDD or PTSD-alone,
this indicated that the between-group differences in rsFC
may be more closely related to severity of MDD comor-
bidity, as opposed to greater PTSD symptom severity in
PTSD+MDD. The BLA connects with striatal areas in addi-
tion to connecting with the central nucleus (LeDoux, 2007).
Previous fMRI studies found that individuals with depression
have lower activation in the putamen during the percep-
tion of happy faces (Lawrence et al., 2004; Phan et al.,
2002). Moreover, females with MDD displayed attenuated
functional connectivity between amygdala and the cortico-
striatal-pallidal-thalamic circuit (Yang et al., 2017), which
is involved in the maintenance of information in working
memory (Levy et al., 1997). There is an association be-
tween working memory as a main cognitive deficit and PTSD
(McNally, 2006; Wisdom et al., 2014). Therefore, the weaker
BLA-putamen/pallidum connectivity in PTSD+MDD in our
study may subserve emotionally-mediated working memory
impairment.

We also found weaker functional connectivity between
right BLA and a cluster including mostly the dorsal portion of
left ACC (dACC), extending into the left SMA, in PTSD-+MDD
compared with PTSD-alone. Although the post-hoc differ-
ences between PTSD+MDD and TEHCs were not significant
after correction for multiple comparison, PTSD-+MDD pa-
tients showed less connectivity between BLA and ACC than
either PTSD-alone or TEHC groups. The dACC has been rec-
ognized as key nodes of the salience network (SN), which
is responsible for detecting both interoceptive and exter-
nal salient changes in the environment (Biswal et al., 2010;
Seeley et al., 2007). Studies have observed intrinsic con-

nectivity of the dACC with subcortical nodes consisting of
the sublenticular extended amygdala (Menon, 2011; Seeley
et al., 2007). Less BLA-dACC connectivity may underlie the
difficulty of PTSD+MDD patients in distinguishing relevant
salient cues and avoidance of situations that could generate
interoceptive or environmental stimulus overload (Williams,
2016). Moreover, imbalances of amygdala and ACC/PFC acti-
vation, as well as impaired amygdala-ACC connectivity have
also been consistently observed in MDD (Carballedo et al.,
2011; Disner et al., 2011; Matthews et al., 2008). The SMA
was believed to be among the network of neural regions me-
diating top-down control of negative affect (Ray and Zald,
2012) and has previously been implicated in emotion reg-
ulation success (Wager et al., 2008). Taken together, our
findings indicated that the impairment in the frontal-limbic
circuit is aggravated in PTSD with comorbid MDD, reflecting
more severe problems with detecting relevant salient cues
and emotion regulation in this group.

We found higher CMA connectivities with left ACC/SMA in
PTSD+MDD versus PTSD-alone, suggesting exaggerated fear
expression in PTSD+MDD, which is in accordance with pre-
vious findings showing higher CMA connectivity with regula-
tory prefrontal regions in adolescents with PTSD compared
with HCs (Aghajani et al., 2016). However, other studies ob-
served no areas showing altered connectivity with the CMA
(Brown et al., 2014; Zhu et al., 2017). This disagreement
in the literature may be due to diversity of the study pop-
ulation, such as different trauma type of PTSD, medication
history of PTSD patients, PTSD comorbidity, and different
control groups in different studies. Nevertheless, it should
be pointed out that the relatively small size of the CMA, as
the seed region for functional connectivity, could also con-
tribute to the lack of CMA connectivity differences found
between groups. Studies comparing the connectivity pat-
terns of different trauma sources of PTSD to both TEHCs
and HCs are needed to replicate these findings and better
define the role of CMA in PTSD.

The BLA and CMA connectivity profiles observed in each
PTSD patient group are in agreement with functional con-
nectivity patterns of the amygdala subregions shown previ-
ously in another PTSD group (Aghajani et al., 2016; Brown
et al., 2014), specifically in that the BLA connectivity net-
work targeted largely prefrontal cortex as well as some
subcortical areas. Additionally, the CMA connectivity net-
work targets mainly subcortical regions involved in fear ex-
pression, such as striatum and thalamus (LeDoux, 1998), as
well as other brain regions including ACC and medial PFC.
Moreover, our findings extend previous work (Brown et al.,
2014) by showing different BLA and CMA connectivity pro-
files in different PTSD subgroups, which can lead to fur-
ther understanding of the distinct roles of the BLA and CMA
amygdala subregions in PTSD. The BLA and CMA functional
connectivity patterns observed in the TEHC group were
more widespread compared with previously reported results
(Brown et al., 2014), possibly due to different trauma type
of the participants and different motion correction meth-
ods (i.e. either removing or regressing out motion-corrupted
time points) (Power et al., 2012; Yan et al., 2013).

Limitations of this study include the small number of
males in PTSD+MDD group (1 male out of 18 patients), which
may limit the generalizability of our results, as others report
sex-related differences in amygdala functional connectiv-
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ity (Kilpatrick et al., 2006). Furthermore, we did not per-
form multiple comparison correction for the relationship
between the BLA-right putamen/ pallidum connectivity and
HAMD in the PTSD+MDD group, as these were exploratory
analyses. Nevertheless, this finding was confirmed by anal-
yses of association between dimensional depression sever-
ity and rsFC. Future studies with larger sample size, testing
these specific hypotheses, may better clarify the relation-
ships. Four PTSD+MDD patients also had comorbidity other
than depression, which may potentially affect the speci-
ficity of our results. As such, we repeated the main sta-
tistical analysis excluding the four patients and found that
the main results remained the same (Supplementary Mate-
rials Table S2). Last, a MDD-only group was not included in
the current study, preventing direct comparison of the func-
tional connectivity in PTSD+MDD with only MDD.

In conclusion, the present study revealed differences be-
tween PTSD+MDD and PTSD-alone in resting-state func-
tional connectivity of the amygdala subnuclei BLA and
CMA, and differences from TEHC. Weaker BLA-right puta-
men/pallidum connectivity was more closely related to
severity of MDD comorbidity, as opposed to greater PTSD
symptom severity in PTSD+MDD, indicating an important
role of MDD comorbidity in the neural pathophysiology in
PTSD. Weaker BLA-ACC/SMA connectivity in PTSD+MDD may
be related to difficulties in distinguishing relevant salient
cues and avoidance of situations that could generate inte-
roceptive or environmental stimulus overload and deficits in
emotion regulation.

These findings indicate a relationship between the neural
pathophysiology of PTSD+MDD compared with PTSD-alone
and TEHC and may inform future clinical interventions.
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