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A B S T R A C T   

Major depressive disorder (MDD) with childhood maltreatment is a heterogeneous clinical phenotype of 
depression with prominent features of brain disconnectivity in areas linked to maltreatment-related emotion 
processing (e.g., the amygdala). However, static and dynamic alterations of functional connectivity in amygdala 
subregions have not been investigated in MDD with childhood maltreatment. Here, we explored whether 
amygdala subregions (i.e., medial amygdala [MeA] and lateral amygdala [LA]) exhibited static functional 
connectivity (sFC) and dynamic functional connectivity (dFC) disruption, and whether these disruptions were 
related to childhood maltreatment. We compared sFC and dFC patterns in MDD with childhood maltreatment (n 
= 48), MDD without childhood maltreatment (n = 30), healthy controls with childhood maltreatment (n = 57), 
and healthy controls without childhood maltreatment (n = 46). The bilateral MeA and LA were selected as the 
seeds in the FC analysis. The results revealed a functional connectivity disruption pattern in maltreated MDD 
patients, characterized by sFC and dFC abnormalities involving the MeA, LA, and theory of mind-related brain 
areas including the middle occipital area, middle frontal gyrus, superior medial frontal gyrus, angular gyrus, 
supplementary motor areas, middle temporal gyrus, middle cingulate gyrus, and calcarine gyrus. Significant 
correlations were detected between impaired dFC patterns and childhood maltreatment. Furthermore, the dFC 
disruption pattern served as a moderator in the relationship between sexual abuse and depression severity. Our 
findings revealed neurobiological features of childhood maltreatment, providing new evidence regarding 
vulnerability to psychiatric disorders.   

1. Introduction 

Childhood maltreatment, including experiences of abuse and neglect 
(Teicher et al. 2016), has a substantial societal burden (Gilbert et al. 
2009). Childhood maltreatment causes both physical impairments (e.g., 
coronary heart disease (Llabre et al. 2017) and diabetes (Hughes et al. 
2017)) and mental illness (e.g., major depressive disorder, MDD (Nelson 
et al. 2017)) among victims, throughout their lives. Previous studies 
have reported that MDD patients with cumulative adversity in childhood 
show stronger anti-treatment responses (Nikkheslat et al. 2020) and 
poorer social functioning (McLaughlin et al. 2020). Researchers have 

proposed that MDD with childhood maltreatment should be considered 
as a heterogeneous clinical phenotype of depression (Misiak et al. 2017). 
Although there is a clear relationship between childhood maltreatment 
and depression, clarifying how childhood maltreatment increases the 
risk of MDD is of crucial importance. Fig. 1. 

The amygdala has long been linked to motivation and emotion, 
acting as a core region for processing rewarding and fearful environ-
mental stimuli. Emerging evidence indicates that childhood maltreat-
ment leads to functional and structural alterations in the amygdala, 
affecting the circuits involved in emotional regulation (Regev et al. 
2011), threat detection (Coccaro et al. 2007), and reward anticipation 
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(Liu et al. 2011). These alterations constitute susceptibility to depres-
sion, further contributing to the development of MDD (Alexopoulos 
2005;Wurtman 2005). In the past decade, the amygdala was considered 
as a single homogeneous structure that functioned as a whole. However, 
animal and human studies have shown that the amygdala is composed of 
functionally and structurally heterogeneous nuclei (Amaral and Price 
1984;Bzdok et al. 2013;LeDoux 2003;Roy et al. 2009). A ground-
breaking study developed a connectivity-based parcellation framework 
to determine the subdivisions of the amygdala (i.e., medial amygdala 
[MeA] and lateral amygdala [LA]), revealing the architecture of subre-
gional connectivity in the amygdala (Fan et al. 2016). The MeA has been 
proposed to function as a key node for socio-sexual behavior in humans 
(Li et al. 2017). Substantial evidence indicates that the MeA is recruited 
in parental care and the control of aggression (Sano et al. 2013;Wang 
et al. 2013). Evidence from lesion (LeDoux 2000) and electrophysio-
logical recording studies (Quirk et al. 1995;Rogan et al. 1997;Romanski 
et al. 1993) indicates that the LA is a key region of plasticity underlying 
fear learning (Grosso et al. 2018). Specifically, hyperactivation of LA 
appears to facilitate fear expression, while the inactivation of LA causes 
the excessive inhibition of fear reactions (i.e., freezing response to high 
threat (Grosso et al. 2018;Schafe et al. 2005). Moreover, impaired 
functional connectivity (FC) in the LA may reflect increased sensitivity 
to fear-related stimuli from the surrounding environment. To date, no 
studies have investigated abnormal FC patterns in the amygdala at the 
subregional level in MDD patients with childhood maltreatment. The 
amygdala subregions facilitate the understanding of brain dysfunction 
from a single anatomical dimension to an integrated dimension that 
includes function, structure, connectivity, and other potential sources of 
information (Fan et al. 2016). 

FC is a fundamental method for characterizing interregional brain 
activity, including static FC (sFC) and dynamic FC (dFC), according to 
different hypotheses regarding the temporal and spatial stationarity of 
functional interactions (Allen et al. 2014;Calhoun et al. 2014). sFC has 
been applied to investigate the temporal correlation of blood oxygen 
level-dependent signals among distinct brain regions on the basis of the 
assumption that intrinsic brain activity is stable across the time series 
(Biswal et al. 1995). The sFC approach could provide valuable infor-
mation regarding normal and abnormal brain organization (Biswal et al. 
1995). However, to achieve more comprehensive comprehension of 
large-scale network activity, the dFC approach should be considered and 
evaluated (Hutchison et al. 2013). dFC was developed to examine the 
altered interactions across brain regions over time, and to enable the 
characterization of the spontaneous variability and fluctuation of FC 
across multiple time windows (Hutchison et al. 2013). dFC approaches 
enable exploration of temporal-dynamic integration in the brain 
(Hutchison et al. 2013). Existing study suggested that dFC indexes al-
terations in neural activity patterns underlying critical aspects of 
emotion and behavior from a macroscopic perspective (Hutchison et al. 
2013). A number of researchers have suggested that combining the sFC 

and dFC approaches could provide more comprehensive understanding 
of the neuropathological alterations underlying MDD compared with the 
use of a single approach (Guo et al. 2012;Cui et al. 2020; Fu et al. 2019; 
Lewis et al. 2020;Liu et al. 2013; Liu et al., 2017;Wang et al. 2021;Xue 
et al. 2020). Considering the respective advantages of sFC and dFC, 
combined sFC and dFC analyses were adopted in the current study. 

Previous studies have investigated anomalous sFC or dFC findings in 
cases of MDD with childhood maltreatment. For instance, one study 
confirmed the association between childhood maltreatment and 
abnormal amygdala-based functional networks in healthy adults using 
sFC analysis (Luo et al. 2022). In addition, Luo et al. linked the 
maltreatment history with altered sFC between the lingual and fusiform 
gyrus in MDD patients with childhood maltreatment, revealing that 
MDD patients with and without maltreatment are neurobiologically and 
clinically distinct (Luo et al. 2022). Moreover, another study reported 
that childhood abuse is positively correlated with increased sFC between 
the brainstem and amygdala among school-aged children, indicating 
overactivity of fear neurocircuitry in children with a history of abuse. 
Using dFC and large-scale network models of brain function, the rela-
tionship between early life maltreatment and aberrant brain activity was 
examined in young females (Cisler 2017). The studies mentioned above 
mainly focused on sFC alterations in MDD with childhood maltreatment, 
ignoring dFC alterations with underlying abundant neurobiological in-
formation. However, it remains unclear whether MDD with childhood 
maltreatment involves anomalous dFC function. Moreover, the differ-
ences between sFC and dFC patterns in MDD with childhood maltreat-
ment are also unclear. Thus, studies combining static and dynamic 
approaches are urgently needed to explore abnormal sFC and dFC in 
MDD with childhood maltreatment. 

In the current study, we explored sFC and dFC differences in MDD 
patients with childhood maltreatment, MDD patients without childhood 
maltreatment, healthy controls (HCs) with childhood maltreatment, and 
HCs without childhood maltreatment. We sought to examine the asso-
ciation between brain functional alterations, psychopathology, and 
childhood maltreatment, investigating whether these alterations reflect 
psychological effects of childhood maltreatment or etiological effects of 
MDD. Moreover, we aimed to identify the differences between sFC and 
dFC, further revealing the differential sFC and dFC patterns in MDD 
patients with childhood maltreatment. Informed by previous FC studies 
of MDD with childhood maltreatment (Fan et al. 2021; Hakamata et al. 
2021; Luo et al. 2022; Wu et al. 2021), we hypothesized that (i) relative 
to MDD patients without childhood maltreatment, aberrant sFC and dFC 
patterns would be widely detected in the subregions of the amygdala in 
MDD patients with childhood maltreatment; (ii) compared with MDD 
patients without childhood maltreatment, abnormal dFC patterns would 
exist in MeA (related to socio-sexual behavior and adversity related to 
parental care) in MDD patients with childhood maltreatment; (iii) 
Between-group differences in sFC and dFC patterns would be exhibited 
in different brain regions; and (iv) sFC and dFC abnormalities would be 

Fig. 1. The four subregions of the amygdala in the bilateral hemisphere.  
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associated with childhood maltreatment. To examine our hypothesis, we 
applied combined sFC and dFC analyses to investigate the association 
between abnormal FC patterns and the impacts of childhood maltreat-
ment in MDD patients. These findings extend current understanding of 
the underlying neurobiological basis of MDD with childhood maltreat-
ment, and could potentially be adopted as a diagnostic neuroimaging 
biomarker. 

2. Methods 

2.1. Participants 

A total of 78 MDD patients and 103 HCs were included in the current 
study. Diagnoses of MDD were made by two psychiatrists using DSM-5 
diagnostic criteria. Severity of depression and anxiety were assessed 
using the Hamilton Depressive Rating Scale (HAMD) (Helmreich et al. 
2012) and Hamilton Anxiety Scale (HAMA) (Maier et al. 1988), 
respectively. Childhood maltreatment was evaluated using the child-
hood trauma questionnaire (CTQ) (Bernstein et al. 1994; Bernstein et al., 
1997; Bernstein et al., 2003). The CTQ has been confirmed as a reliable 
tool for quantifying the psychological impact of childhood maltreatment 
on maltreated subjects before the age of sixteen (Bernstein et al. 2003; 
Bernstein et al., 1997; Bernstein et al., 1994). The CTQ is reported to 
exhibit a high level of criterion-related validity internationally (Bern-
stein et al. 1994; Bernstein et al., 1997; Bernstein et al., 2003). Ac-
cording to different types of childhood maltreatment, CTQ can be 
divided into five subscales: emotional abuse (EA), physical abuse (PA), 
sexual abuse (SA), emotional neglect (EN), and physical neglect (PN). 
The cutoff points of CTQ subscales are as follows: EA score ≥ 13, PA 
score ≥ 10, SA score ≥ 8, EN score ≥ 15, and PN score ≥ 10. Classifi-
cation of participants with or without a history of childhood maltreat-
ment using the cutoff points for the CTQ subscale scores has been 
validated in multiple previous studies (Geng et al. 2014;Gong et al. 
2017;Xu et al. 2011). Thus, we used the same criterion to identify 
whether the participants suffered from childhood maltreatment. Spe-
cifically, we used CTQ subscale scores to determine whether each 
participant had been exposed to childhood maltreatment, and the CTQ 
total score was used to evaluate the severity of maltreatment-related 
adversity (Bernstein et al. 1994;Popovic et al. 2020). In the current 
study, participants with an above-threshold score in any childhood 
maltreatment subtype were considered as having been exposed to 
childhood maltreatment (Bernstein et al. 1997; Fink et al. 1995). 

According to the above criterion, each participant was classified as 
belonging to the MDD with childhood maltreatment group (n = 48), the 
MDD without childhood maltreatment group (n = 30), the HC with 
childhood maltreatment group (n = 57), or the HC without childhood 
maltreatment group (n = 46). Of note, the age-, gender-, and educational 
level-matched HC were also undergo screening test for latent mental 
problems before recruited. The exclusion criteria were as follows: (i) 
patients suffered from any other major psychiatric illness apart from 
depression (e.g., posttraumatic stress disorder, bipolar disorder, anxi-
ety); (ii) patients received psychotropic medication or had undergone 
electroconvulsive therapy before; (iii) patients had contraindications for 
rs-fMRI. All participants were undergoing their first episode of MDD (for 
MDD patients), drug-naive (for MDD patients), and right-handed. We 
received written informed consent from each participant before enroll-
ment. This study was approved by the ethics committees of the Affiliated 
Brain Hospital of Guangzhou Medical University. 

2.2. MRI data acquisition 

MRI data were collected at the radiology department, The Affiliated 
Brain Hospital of Guangzhou Medical University, China, with a 3.0 T 
Philips scanner. During the scanning, participants were required to keep 
the eyes closed, keep awake, remain motionless, and stay relax. The 
blood-oxygen-level-dependent (BOLD) signals were obtained within an 

8 min scan with 240 time points. Resting state functional scans were 
conducted by using a gradient-echo echoplanar imaging sequence with 
the following parameters: 33 slices; repetition time = 2000 ms; echo 
time = 30 ms; flip angle = 90

◦

; field of view = 220×220 mm2; slice 
thickness = 4 mm; inter slice gap = 0.6 mm; acquisition matrix =
64×64. 

2.3. MRI data preprocessing 

The rs-fMRI image preprocessing was conducted using Data Pro-
cessing Assistant for Resting-State fMRI (DPABI V3.0) (Yan et al. 2016). 
For each subject, the first 10 volumes were removed to reach steady- 
state longitudinal magnetization. Subsequently, the remaining 230 
volumes were performed slice-time correction and head motion 
correction. The head motion correction was performed using a six mo-
tions parameter (rigid body). The average value of framewise displace-
ment (FD) from every time point for each subject were computed to 
result the mean FD (Jenkinson et al. 2002). Of note, the participants 
with mean FD <0.2 mm were included in the current study. Moreover, 
the images were spatially normalized into the standard Montreal 
Neurological Institute (MNI) space Echo-planar Imaging (EPI) template, 
and each voxel was then resampled to 3×3×3 mm3. After the spatially 
normalization, the images were smoothed using a 4-mm full-width at 
half maximum (FWHM) Gaussian kernel. In order to reduce the influ-
ence of the physiological artifacts, the rigid-body 6 model, the white 
matter signal, and the cerebrospinal fluid signal were treated as 
nuisance covariates to regressed out. Finally, the processed images were 
filtered with a temporal band-pass filter between 0.01 Hz − 0.08 Hz. 

2.4. Definition of regions of interest 

Derived from the Brainnetome atlas (Fan et al. 2016), four sub-
regions of the amygdala including bilateral LA and bilateral MeA were 
selected as regions of interest (ROIs) in the seed-based dFC analyses. 

2.5. Static functional connectivity analysis 

The static FC analyses were performed using the DPABI software. 
The four subregions of the amygdala were defined as seed when calcu-
lating the static FC. First, we extracted the time series within the selected 
seed. Subsequently, we conducted the voxel-wise correlation analyses 
between the amygdala subregions seed and the other brain regions to 
acquire static FC maps. Finally, the z transformation was applied to the 
resulted static FC maps to improve the normality of the data 
distribution. 

2.6. Dynamic functional connectivity analysis 

With the Hamming sliding-window method, dFC of amygdala were 
calculated using the temporal dynamic analysis toolkits integrated into 
DPABI software (DPABI, version 4.5) (Yan et al. 2016). As reported, a 
longer window length might affect the characterization of the temporal 
variability dynamics while a shorter window length might heighten the 
risk of introducing spurious fluctuations when observing dFC (Shunkai 
et al. 2021). Evidence have revealed that window length of 50 TRs is 
appropriate to maintain the balance between achieving FC reliable 
calculations and capturing high-speed FC time-varying alterations (Cui 
et al. 2020; Liao et al. 2019; Liu et al. 2021). Hence, the time series was 
segmented into 50 TR windows with a size of 100 s. A sliding window 
with a step size of 1 TR was applied, resulting in 181 consecutive win-
dows across the entire scan. Furthermore, dFC with window lengths of 
30 TRs and 70 TRs were also calculated to evaluate the impact of 
different window length on dFC (Liao et al. 2014). The correlation maps 
for each sliding window were generated by calculating the temporal 
correlation coefficients between the time series of the amygdala subre-
gion and all the other voxels. Thus, 181 sliding window correlation maps 
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were resulted for each subject. We then obtained dFC maps by calcu-
lating standard deviation maps for 181 sliding windows. The dFC maps 
represent the temporal variance of FC in each amygdala subregion and 
characterize the fluctuations of FC. We then performed a z-trans-
formation of the resulted dFC maps. The dFC maps were further 
smoothed with a 4 mm FWHM Gaussian kernel. To further examine the 
reliability of our findings, we reperormed our calculations of dFC 
pattern with sliding window length of 30 TRs and 70 TRs respectively 
(Liao et al. 2014). 

2.7. Statistical analysis 

The statistical analyses in the current study could be divided into the 
following five modules: 

(i) Behavioral analysis: between-group differences in the de-
mographic data (i.e. age, gender, educational level), clinical 
characteristics (i.e. HAMD score and HAMA score) and childhood 
maltreatment severity (i.e. total score and subscale score of CTQ) 
were analyzed using the method of t test, χ2 test, and one-way 
analyses of variance (ANOVA) in SPSS software version 19.0 
(IBM Corp., Armonk, NY, USA).  

(ii) Identification of the within-group dFC variability distribution: 
one-sample t-test was conducted to characterize the within-group 
dFC variability distribution of each amygdala subregion in MDD 
patients with childhood maltreatment, MDD patients without 
childhood maltreatment, and healthy subjects (p < 0.05, 
uncorrected).  

(iii) Analysis of group difference in dFC and sFC. Two-way ANOVA 
with Bonferroni adjusted post hoc tests was applied to further 
investigated the dFC and sFC differences between MDD with 
childhood maltreatment group, MDD without childhood 
maltreatment group, healthy controls with childhood maltreat-
ment group, and healthy controls without childhood maltreat-
ment group. With the two-way ANOVA analysis, we could 
examined whether altered FC pattern in maltreated MDD patients 
could be attributed to the psychological effects of childhood 
maltreatment or to the etiological effects of MDD. Specifically, we 
can distinguish the different effect on aberrant FC, including 
etiological effect, traumatic effect, and interaction effect 
(affected by MDD plus childhood maltreatment). 

We computed the etiological effect, traumatic effect, and interaction 
effect on dFC and sFC of each amygdala subregions, respectively. Bon-
ferroni adjusted post hoc tests was subsequently adopted for the multi-
ple comparisons. Of note, before calculating the dFC group differences 
with two-way ANOVA analysis, we generated the union mask of one- 
sample t test results of four groups. Correspondingly, two-way ANOVA 
of dFC was conducted within the resulted subregion dFC mask. De-
mographic characteristics were considered as nuisance covariates in the 
analyses (FDR corrected, padj < 0.05/12 = 0.004, corrected). 

(iv) Correlation analyses: the dFC values of the clusters with signifi-
cant group differences in two-way ANOVA were extracted. Then, 
partial correlation analysis with the Benjamini-Hochberg 
correction was conducted to analyze the associations between 
the dFC values and the childhood maltreatment severity (CTQ 
total and subscale scores). The demographic factors were treated 
as nuisance covariates. The whole datasets (i.e., MDD with 
childhood maltreatment, MDD without childhood maltreatment, 
healthy subjects) were used in the current correlation analyses.  

(v) Moderation analysis: Moderator analysis was subsequently 
applied to unpack the issue that whether abnormal dFC patterns 
affect the relationship between childhood maltreatment and the 
depression severity. Moderator analysis was performed with 
PROCESS 3.3 toolbox (https://processmacro.org/index.html) for 

SPSS software. Hierarchical moderated regression analysis was 
conducted to evaluate the effects of independent variable 
(childhood maltreatment) on the dependent variable (depression 
severity) and the effect of moderating variable (abnormal dFC 
variability) in the model. Before conducting the moderated 
regression analysis, values of the independent variable and 
moderator variable were both mean centered (Holmbeck 1997). 
During the moderated regression analysis, childhood maltreat-
ment (characterized by CTQ total score and its subscale score) 
and abnormal dFC variability were first entered in Step1. Then, 
their interaction (childhood maltreatment × abnormal dFC 
variability) was subsequently entered in Step2. When the inter-
action was significant, depiction of the moderating effect of M 
(abnormal dFC variability) by plotting the simple relationship 
between X (childhood maltreatment, characterized by CTQ total 
score and its subscale score) and Y (HAMD score) for different 
values of M (mean ± 1 SD). Conventional 5 % (two-tailed) was 
accepted as statistical significance. 

3. Results 

3.1. Demographics and clinical characteristics 

Demographic characteristics are shown in Table 1. In maltreated 
MDD patients, 48 participants met the criteria for more than one 
element of childhood maltreatment. No significant differences were 
found in age, gender, educational level, or mean FD in the MDD with 
childhood maltreatment, MDD without childhood maltreatment, HC 
with childhood maltreatment, or HC without childhood maltreatment 
groups (all p > 0.05). HAMD and HAMA scores did not differ between 
MDD patients with and without childhood maltreatment (all p > 0.05). 
In addition, significant differences were observed in CTQ total scores, 
EA, PA, SA, EN, and PN among four groups (all p < 0.05). 

3.2. Amygdala subregions seed-based static functional connectivity 

As shown in Table 2 and Fig. 2, significant sFC differences were only 
detected between the right LA seed and right calcarine gyrus, indicating 
a traumatic effect on abnormal sFC. Bonferroni adjusted post hoc tests 
were subsequently adopted in multiple comparisons. Decreased sFC 
between the right LA seed and the right calcarine gyrus was observed in 
MDD patients with childhood maltreatment, relative to MDD patients 
without childhood maltreatment (p = 0.003). Analogously, HCs with 
childhood maltreatment exhibited decreased sFC between the right LA 
seed and the right calcarine gyrus compared with HC without childhood 
maltreatment (p = 0.009). 

3.3. Within-group dFC patterns of amygdala subregions 

dFC patterns of each amygdala subregion in the MDD with childhood 
maltreatment, MDD without childhood maltreatment, HC with child-
hood maltreatment, and HC without childhood maltreatment groups are 
shown in Fig. S1. dFC spatial maps show the results of one-sample t tests 
(p < 0.05, uncorrected for visual inspection). Among the four groups, 
dFC of the amygdala subregions was mainly distributed in the post-
central gyrus, middle frontal gyrus (MFG), superior frontal gyrus, mid-
dle temporal gyrus (MTG), superior temporal gyrus, occipital lobe, 
precuneus, and limbic lobe. 

3.4. Between-group dFC patterns of amygdala subregions 

We could distinguish the etiological effects of MDD, traumatic effect, 
and interaction effect of MDD plus childhood maltreatment on aberrant 
dFC though two-way ANOVA analysis. Significant differences exhibited 
in the following pair brain regions (Table 2, Fig. 3 and Fig. 4): 
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(i) left MeA – left middle occipital area (MOA), left MeA – right MFG 
(effect of maltreatment); (ii) left MeA – left superior medial 
frontal gyrus (SMFG), left MeA – left angular gyrus (AG) (inter-
action effect); (iii) right MeA – right MFG (effect of maltreat-
ment); (iv) right MeA – right SMA (etiological effects of MDD); 
right MeA – left MTG (interaction effect); (v) left LA – right 
middle cingulate gyrus (MCG) (etiological effects of MDD); No 
significant difference was observed in the dFC analysis with the 
right LA selected as seed. Bonferroni adjusted post hoc tests was 
subsequently adopted for the multiple comparisons (padj < 0.05/ 
12 = 0.004, corrected).  

(ii) left MeA seed based dFC analysis: relative to MDD without 
childhood maltreatment, decreased dFC were observed in MDD 
with childhood maltreatment in the left MeA – left MOA, left MeA 
– left SMFG; Conversely, increased dFC were found in the left 
MeA – right MFG in MDD with childhood maltreatment, 
compared to MDD without childhood maltreatment. Moreover, 
relative to HC without childhood maltreatment group, HC with 
childhood maltreatment group showed increased dFC in left MeA 
– right MFG, left MeA – left AG.  

(iii) right MeA seed based dFC analysis: compared to MDD without 
childhood maltreatment group, MDD with childhood maltreat-
ment group showed higher dFC in right MeA – right MFG while 
lower dFC was observed in right MeA – left MTG. Compared with 
HC without childhood maltreatment group, higher dFC between 
right MeA and left MTG exhibited in HC with childhood 
maltreatment group.  

(iv) left LA seed based dFC analysis: the results revealed no significant 
difference between MDD with and without childhood maltreat-
ment as well as HC with and without childhood maltreatment. 

3.5. Correlation analyses 

We used the dataset of MDD patients for partial correlation analysis. 
Benjamini-Hochberg correction was applied to avoid reporting false 
positive results. As shown in Table 3 and Fig. 5, dFC between left MeA 
and left MOA was negatively correlated with emotional neglect (r =
− 0.358, padj = 0.012). dFC between left MeA and right MFG was posi-
tively correlated with emotional neglect (r = 0.315, padj = 0.0343). dFC 
between left MeA and left SMFG was negatively correlated with 
emotional neglect (r = − 0.451, padj < 0.001), physical neglect (r =
− 0.315, padj = 0.0343), and CTQ total score (r = − 0.350, padj = 0.0192). 
dFC between right MeA and right MFG was positively correlated with 
emotional neglect (r = 0.313, padj = 0.0343) and physical neglect (r =
0.300, padj = 0.0384). dFC between right MeA and left middle temporal 
gyrus was negatively correlated with emotional neglect (r = − 0.402, 
padj < 0.001), physical neglect (r = − 0.301, padj = 0.0373), and CTQ 
total score (r = − 0.404, padj < 0.001). 

3.6. Moderation analysis 

Multiple linear regression analysis was performed to determine 
whether abnormal dFC moderated the relationship between childhood 
maltreatment and MDD severity Baron and Kenny (1986). Table 4 shows 
the moderation model in detail. For predicting the severity of MDD, the 
step 1 predictor was significant (R2 = 0.041, p = 0.025). The step 2 
predictor (interactions) also reached significance (R2 = 0.091, p =
0.002). Specifically, the interaction of sexual maltreatment and 
abnormal dFC between right MeA and right SMA predicted the severity 
of MDD (B = 0.239; p = 0.002). The results of a simple slope test using 
the Johnson-Neyman approach are shown in Fig. 6. 

Table 1 
Demographic and clinical characteristics of MDD with childhood maltreatment, MDD without childhood maltreatment,and HC with childhood maltreatment, HC 
without childhood maltreatment groups.   

MDD with childhood 
maltreatment (n = 48) 

MDD without childhood 
maltreatment (n = 30) 

HC with childhood 
maltreatment (n = 57) 

HC without childhood 
maltreatment (n = 46) 

F/t/χ2 p 

Age 28.1 ± 6.524 29.07 ± 7.913 26.82 ± 7.033 27.28 ± 6.065  0.824  0.482 
Gender (male/ 

female) 
25/23 11/19 27/30 17/29  2.436  0.119 

Educational level 12.92 ± 3.319 13.73 ± 3.35 14.14 ± 2.799 14.54 ± 2.335  2.671  0.051 
HAMD score 29.46 ± 8.543 29.73 ± 5.458 – –  0.081  0.97 
HAMA score 24.09 ± 6.687 6.7 ± 4.276 – –  3.91  0.052 
Onset age 27.8 ± 4.23 28.3 ± 5.66 – –  0.673  0.529 
Illness duration 0.46 ± 0.23 0.55 ± 0.16 – –  2.732  0.069 
Mean FD (mm) 0.462 ± 0.214 0.559 ± 0.183 0.532 ± 0.119 0.521 ± 0.124  0.069  0.893 
CTQ score 55.33 ± 12.575 29.7 ± 4.535 43.6 ± 8.252 31.26 ± 4.234  85.943  <0.001 
Emotional abuse 11.02 ± 4.987 5.73 ± 1.461 7.81 ± 3.17 6.13 ± 1.47  23.49  <0.001 
Physical abuse 8.06 ± 4.503 5.57 ± 1.165 6.6 ± 2.137 5.41 ± 0.777  9.17  <0.001 
Sexual abuse 6.02 ± 2.686 5.2 ± 0.407 5.67 ± 1.286 5.3 ± 0.662  2.271  0.042 
Emotional 

neglect 
18.04 ± 3.984 7.43 ± 2.921 13.51 ± 4.822 8.22 ± 2.43  72.382  <0.001 

Physical neglect 12.19 ± 3.486 5.77 ± 1.04 10.02 ± 2.781 6.2 ± 1.24  65.192  <0.001  

Table 2 
Two-way ANOVA of amygdala seed based dynamic and static functional connectivity.   

Seed Effect Brain region Cluster size x y z F 

Dynamic left medial amygdala traumatic effect left middle occipital area 17 − 48 − 69 0  − 4.8276 
right middle frontal gyrus 16 42 57 3  4.33 

interaction effect left superior medial frontal gyrus 11 0 66 12  27.2794 
left angular gyrus 11 − 45 − 63 27  20.2398 

right medial amygdala traumatic effect right middle frontal gyrus 12 39 42 33  4.5342 
etiological effect right supplementary motor areas 12 3 24 54  4.3162 
interaction effect left middle temporal gyrus 10 − 45 − 60 18  19.3422 

left lateral amygdala etiological effect right middle cingulate gyrus 16 6 − 48 36  4.2578  

Static right lateral amygdala traumatic effect right calcarine gyrus 70 9 − 57 12  − 4.4811  
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3.7. Validation 

To examine the reliability of our findings, we repeated the calcula-
tion of dFC patterns using sliding window lengths of 30 TRs and 70 TRs. 
Most of the results remained consistent in the validation analyses. With a 
window length of 70 TRs, MDD patients with childhood maltreatment 
exhibited higher dFC in right MeA – right MFG, and lower dFC in left 
MeA – left SMFG, right MeA – left MTG, and right LA – left MFG 
compared with MDD patients without childhood maltreatment. With a 
window length of 30 TRs, MDD patients with childhood maltreatment 
consistently exhibited decreased dFC in right MeA – right MFG, right LA 
– left MTG, and right LA – left precuneus. Detailed information is pro-
vided in Supplementary Materials. 

4. Discussion 

In the current study, we combined the sFC and dFC approaches to 
investigate aberrant FC patterns in MDD patients with childhood 
maltreatment, MDD patients without childhood maltreatment, HCs with 
childhood maltreatment, and HCs without childhood maltreatment. 
Compared with MDD patients without childhood maltreatment, aber-
rant FC patterns of MDD patients with childhood maltreatment were 
characterized by: (i) decreased sFC between right LA and right calcarine 
gyrus, (ii) decreased dFC in left MeA – left MOA, left MeA – left SMFG, 
(iii) increased dFC in left MeA – right MFG, (iv) increased dFC in right 
MeA – right MFG, and (v) decreased dFC in right MeA – left MTG. 
Compared with HCs without childhood maltreatment, HCs with child-
hood maltreatment also exhibited unique FC patterns: (i) decreased sFC 
between the right LA seed and right calcarine gyrus, (ii) increased dFC in 
left MeA – right MFG, left MeA – left AG, and (iii) increased dFC between 
right MeA and left MTG. Significant correlations were detected between 
the aberrant dFC patterns and CTQ total and subscale scores (reflecting 

the negative effects of childhood maltreatment). Importantly, the 
abnormal dFC pattern between right MeA and right SMA was a 
moderator in the relationship between sexual abuse history and the 
depression severity. Collectively, our findings distinguished a 
maltreatment-related FC pattern and an MDD etiology-related FC 
pattern. Additionally, we contrasted the sFC and dFC patterns in MDD 
with childhood maltreatment, further characterizing the unique FC 
pattern in MDD with maltreatment. The enduring effect of childhood 
maltreatment was highlighted in MDD patients, indicating that child-
hood maltreatment cause aberrant interregional brain activity. Below, 
we distinguish subregion-specific anomalous connectivity in MDD with 
childhood maltreatment and discuss the anomalous sFC and dFC pat-
terns in the amygdala subregions. 

4.1. Anomalous sFC of the right lateral amygdala in MDD patients with 
childhood maltreatment 

In the current study, decreased sFC was observed between the right 
LA and right calcarine gyrus, revealing an effect of childhood 
maltreatment on altered FC patterns. The disrupted neural communi-
cation described above could be linked to the role of the right LA in 
freezing responses to high threat (LeDoux 2000). Pathological in-
vestigations have reported that serious damage to the LA inhibits fear 
conditioning (LeDoux 2000). MDD patients with childhood maltreat-
ment frequently exhibit affective inhibition and fear suppression. We 
speculate that threat-related adversity in childhood may lead to 
disruption of communication in LA, which may be a susceptibility factor 
predisposing individuals to depression. Susceptibility might develop 
through alterations in neuroplasticity (Uys et al. 2006). However, the 
neural basis underlying childhood maltreatment and enhanced vulner-
ability to depression has not been explored in depth. In accord with the 
current findings, Feldker and colleagues suggested that increased LA 

Fig. 2. Significant sFC differences between the four groups for amygdala seed. Fig. 3A show decreased sFC between right lateral amygdala seed and right 
calcarine gyrus. Fig. 3B displayed the multiple comparisons of sFC between right lateral amygdala seed and right calcarine gyrus. MDD: major depressive disorder; 
HC: healthy control. 
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Fig. 3. Significant dFC differences among MDD with childhood maltreatment, MDD without childhood maltreatment, HC with childhood maltreatment, 
and HC without childhood maltreatment. Fig. 4A shows decreased dFC between left medial amygdala and left middle occipital area; Fig. 3B ~ D display increased 
dFC between left medial amygdala and right middle frontal gyrus, left superior medial frontal gyrus, left angular gyrus, respectively. Fig. 3E ~ G present increased 
dFC between right medial amygdala and right middle frontal gyrus, right supplementary motor areas, respectively. Fig. 3H shows increased dFC between left lateral 
amygdala and right middle cingulate gyrus. Fig. 3I ~ J show multiple comparisons of dFC. MDD: major depressive disorder; HC: healthy control. 
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Fig. 4. Additive effects of MDD and childhood maltreatment on dFC pattern. MDD: major depressive disorder; HC: healthy control.  

Table 3 
Correlation analyses of CTQ and the dFC variability in MDD patients.  

Seed Effect brain region emotional 
abuse 

physical 
abuse 

sexual 
abuse 

emotional 
neglect 

physical 
neglect 

CTQ total 
score 

Left medial 
amygdala 

traumatic effect left middle occipital area  − 0.151  − 0.074  − 0.13  − 0.358*  − 0.201  − 0.271 
right middle frontal gyrus  0.183  0.113  0.198  0.315*  0.207  0.284 

interaction 
effect 

left superior medial frontal 
gyrus  

− 0.182  − 0.123  − 0.07  − 0.451**  − 0.315*  − 0.350* 

left angular gyrus  − 0.09  − 0.157  − 0.174  − 0.139  − 0.097  − 0.166  

Right medial 
amygdala 

traumatic effect right middle frontal gyrus  0.19  0.001  0.168  0.313*  0.300*  0.279 
etiological 
effect 

right supplementary motor 
areas  

− 0.078  0.059  − 0.002  − 0.059  0.022  − 0.026 

interaction 
effect 

left middle temporal gyrus  − 0.266  − 0.237  − 0.258  − 0.402**  − 0.301*  − 0.404**  

Left lateral 
amygdala 

etiological 
effect 

right middle cingulate gyrus  0.145  − 0.117  − 0.066  0.198  0.125  0.116  

* padj < 0.05. 
** padj < 0.01. 
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activation is associated with affective disorder and maltreatment-related 
disorders (Feldker et al. 2017). Teicher et al. reported that childhood 
maltreatment can cause brain morphological, structural, and functional 
alterations during development in childhood (Teicher and Samson 
2013). Brain developmental abnormalities in childhood may include the 
aberrant sFC in right LA detected in the current study. Our finding of 
decreased sFC might offer a better explanation of the pathological 
mechanism underlying MDD with childhood maltreatment and a 
nuanced perspective regarding the disrupted brain communications in 
MDD with childhood maltreatment. 

4.2. Anomalous dFC of the amygdala subregion in MDD with childhood 
maltreatment 

It has been well established that theory of mind (ToM) deficits are 
common in MDD with childhood maltreatment. ToM refers to the ability 
of an individual to make inferences about the beliefs, desires and in-
tentions of the self and others, and to comprehend that others have a 
mind that is distinct from one’s own (Premack and Woodruff 1978). 
Investigations into the neural mechanisms underlying ToM have impli-
cated a number of brain regions (including MOA (Caillaud et al. 2020), 
MFG (Völlm et al. 2006), SMFG (Kandylaki et al. 2015), AG (Kandylaki 
et al. 2015), SMA (Weng et al. 2022), MTG (Boccadoro et al. 2019), and 
MCG (O’Neill et al. 2015)) related to attention, executive functions, 
complex perceptual recognition, imitation, and emotion processing- 

Fig. 5. The correlation analyses between dFC pattern and CTQ total score in MDD patients.  
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recognition (Carrington and Bailey 2009;Korkmaz 2011). Compared 
with MDD patients without childhood maltreatment, the dFC in MDD 
patients with childhood maltreatment exhibited pathologically height-
ened activity in ToM-related brain areas in the current study. Specif-
ically, altered dFC was detected in MDD patients with childhood 
maltreatment between bilateral MeA and multiple areas, involving left 
MOA, left SMFG, right MFG, and left MTG. A previous study has 
confirmed our findings from a multivariate pattern analysis perspective. 
Pang et al. suggested that childhood maltreatment has an enduring ef-
fect on FC modulation within the ToM network, which may be preserved 
in adulthood (Pang et al. 2022). However, the current finding regarding 
maltreatment-related dFC abnormalities in MDD patients with child-
hood maltreatment could be interpreted from other perspectives. Evi-
dence from murine models has revealed a key role of MeA in processing 
socio-sexual behavior, particularly taking charge of aggression control 
(Sano et al. 2013;Wang et al. 2013). Nordman et al. suggested that 
potentiation of the MeA pathway heightens individual aggression levels. 
Overall, the current dFC results suggest that abnormalities in MeA and 
impairments in ToM processing might play critical roles in identifying 
neural features for the diagnosis and treatment of MDD patients with 
childhood maltreatment. 

4.3. Clinical correlation and moderation of the relationship between dFC 
abnormalities and childhood maltreatment 

As expected, a negative correlation between dFC abnormalities in 
bilateral MeA and child neglect history was confirmed. In accord with 
our finding, Puetz and colleagues investigated the neural patterns un-
derlying child neglect, reporting that the effects of neglect experiences 
could lead to more dispersed effects relative to child abuse (Puetz et al. 
2020). We observed that dFC variability served as a moderator in the 
relationship between sexual abuse and MDD severity, further high-
lighting the long-term influence on the psychological well-being. The 
impacts of child neglect and abuse should not to be underestimated, 
involving a lifelong burden for victims. 

The current findings should be interpreted in consideration of the 
following limitations. First, because childhood maltreatment was eval-
uated retrospectively using the CTQ, the results might have been 
influenced by the the mood of the subjects and/or the inherent subjec-
tivity of the evaluation. Second, because our investigation was cross- 
sectional, we could not determine causality in the current study. 
Third, because of our relatively small sample size, it was not possible to 
group the patients by childhood maltreatment subtype. Future in-
vestigations should investigate the impact of single subtypes of child-
hood maltreatment, such as neglect or abuse. Additionally, the 
robustness of the impaired FC patterns in MDD patients with childhood 
maltreatment needs further validation with a lager sample size. Fourth, 
more psychological and behavioral measures (e.g., MATRICS Consensus 
Cognitive Battery) should be included in the further study to explore the 
impact of childhood maltreatment on psychological functions in 
depressed patients. Finally, task-based fMRI data were not acquired in 
our study. Thus, some caution is warranted when interpreting the 
behavioral and functional significance of ToM-related FC abnormalities. 

Investigations of sFC and dFC patterns can significantly advance 
current understanding of functional neural organization in patients and 
healthy participants. Our findings confirmed an inextricable relation-
ship between impaired FC patterns and childhood maltreatment. The 
effects of childhood maltreatment were significant in both sFC and dFC 
abnormalities. Our findings revealed an aberrant FC pattern in MDD 
patients with childhood maltreatment, characterized by sFC and dFC 
abnormalities involving the MeA, LA, and ToM-related brain areas. Our 
findings revealed the neurobiological features of childhood maltreat-
ment and provided new clues regarding vulnerability to psychiatric 
disorders. 
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Table 4 
dFC variability of right medial amygdala seed – right supplementary motor areas 
as a moderator in the relationship between sexual abuse and the depression 
severity.  

Predictor variable R2 F B t 

Step 1 
Sexual abuse 0.041* 3.775*  − 0.022  − 0.3 
dFC between right medial amygdala 

and right supplementary motor 
areas  

0.201  2.732*  

Step 2 
Sexual abuse 0.091** 5.931**  − 0.094  − 1.247 
dFC between right medial amygdala 

and right supplementary motor 
areas  

0.238  3.28** 

Sexual abuse × dFC of right medial 
amygdala – right Supplementary 
motor areas  

0.239  3.141**  

* p < 0.05. 
** p < 0.01. 

Fig. 6. Abnormal dFC between right medial amygdala and right supple-
mentary motor areas is moderating the relationship between sexual abuse 
and the depression severity. HAMD: Hamilton Depressive Rating Scale. 
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