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Abstract

Background: Childhood maltreatment (CM) is a potential risk factor for some neuropsychiatric disorders in adulthood (e.g. depression
and anxiety) and alters trajectories of brain development. Accumulating evidence suggests that functional connectivity of the limbic
system, especially the amygdala, is highly associated with childhood maltreatment, although not all studies have found this. These
inconsistent results may be due to differential alterations of amygdala resting-state functional connectivity (rsFC) following childhood
maltreatment.

Objective: Our aim was to investigate the relationship between the rsFC of amygdala subregions and CM severity, as well as to develop
a stable rsFC-based model for inferring the severity of CM.

Methods: In this study, we employed the Childhood Trauma Questionnaire (CTQ) to assess CM severity in each individual. We explored
the relationship between the rsFC of amygdala subregions (i.e. centromedial -CMA, basolateral -BLA, superficial-SFA amygdala) and
CM experience in a discovery dataset of n = 110 healthy Chinese participants by linear multiple regression analysis. Subsequent
dimensional and categorical approach were performed to elucidate the relationship between rsFCs and CM severity and CM subtypes,
respectively. A support vector regression model was then conducted to validate the associations between rsFCs and total CTQ scores.
Moreover, we also verified the model into another independent replication dataset (n = 38).

Results: Our findings suggested that childhood maltreatment was negatively associated with rsFC between the right superficial amyg-
dala and perigenual anterior cingulate cortex (pgACC)/postcentral gyrus (PCG) but not the other two amygdala subregions. Moreover,
SFA-pgACC coupling was more associated with physical neglect whereas the SFA-PCG was more related to emotional neglect. In addi-
tion, supervised machine learning confirmed that using these two rsFCs as predictors could stably estimate continuous maltreatment
severity in both discovery and replication datasets.

Conclusion: The current study supports that the rsFCs of superficial amygdala are related to childhood maltreatment and which may
be a potential biomarker for the effects of childhood maltreatment-related psychiatric disorders (i.e. depression and anxiety).
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Introduction type of CM, including emotional, physical, or sexual abuse, as well

Childhood maltreatment (CM), including exposure to abuse and
neglect, are stressors and harmful experiences severely impact-
ing on a child’s development. CM has been identified as a key con-
tributory factor for neuropsychiatric disorders in adulthood, such
as major depressive disorder (MDD), posttraumatic stress disor-
der (PTSD), anxiety and schizophrenia (Popovic et al., 2019; Yu et
al., 2019; Sistad et al., 2021). Some studies have shown that chil-
dren who experienced multiple forms of maltreatment are three
times more likely to suffer mental disorders in adulthood (McKay
et al., 2021). Patients with MDD also report higher levels of emo-
tional and physical neglect compared to healthy controls (Frodl et
al., 2010a). Meanwhile, a recent meta-analysis study showed that
64.7% of Chinese college students experienced at least one sub-

as physical or emotional neglect, at a mild or higher level (Fu et
al., 2018). Converging studies suggest that CM experience is asso-
ciated with structural or functional changes in specific brain re-
gions (e.g. limbic system; default mode network, DMN; salience
network, SN), involved in threat and fear regulation, emotional
processing and cognitive control (Sergerie et al., 2008; Maren et
al., 2013). Additionally, a relationship between brain findings and
specific categories of abuse and neglect was also found. For ex-
ample, decreases in the volumes of dorsolateral and orbitofrontal
cortices, insula and ventral striatum were associated with phys-
ical abuse, in the cerebellum with physical neglect, and in dor-
solateral, orbitofrontal and subgenual prefrontal cortices, stria-
tum, amygdala, hippocampus and cerebellum with emotional
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neglect in adolescents without psychiatric disorders (Edmiston
et al., 2011). Furthermore, hippocampal and striatal alterations
in adults have been associated with childhood emotional neglect
(Frodl et al., 2010b). Although the severe consequences of CM on
brain structure or function have been widely reported (Teicher et
al., 2016) using structural or functional magnetic resonance imag-
ing (SMRI or fMRI) techniques, few studies have identified reliable
brain-based biomarkers for tracking an individual’s CM experi-
ence burden.

The amygdala, as a key component of the limbic system, is in-
volved in human social and emotional behaviors (Bos et al., 2013),
and plays a crucial role in linking external stimuli to defensive
responses (LeDoux, 2003). Recent studies have found that mor-
phometry and functional connectivity of the amygdala may pave
a new way in gaining insight into how to understand the neu-
ral mechanisms of mental disorders (Teicher and Khan, 2019;
Sylvester et al, 2020). Structural magnetic resonance imaging
(sMRI) studies have consistently reported that the experience of
CM alters the structure of the limbic system, resulting in smaller
gray matter volumes in the amygdala and hippocampus (Aas et al.,
2012; Paquola et al., 2016). However, resting-state functional con-
nectivity effects of CM have produced inconsistent findings (Te-
icher and Samson, 2016; Goltermann et al.,, 2022). Some studies
reported a significant negative correlation between CM severity
and resting-state functional connectivity (rsFC) between amyg-
dala and cortical regions, such as anterior cingulate cortex (ACC),
in both healthy controls and individuals with psychopathology
(Birn et al., 2014; Teicher et al., 2016; Popovic et al.,, 2019), while a
recent large-scale study (n = 701) did not find this correlation in
healthy controls (Goltermann et al., 2022). These inconsistent find-
ings may due to the different functions of amygdala subregions in
CM given that the morphometry or rsFC of specific amygdala nu-
clei improve the accuracy of prediction of psychological disorders
compared to the whole amygdala (Saygin et al., 2017; Wang et al.,
2021, Phillips et al., 2021; Klein-Fligge et al., 2022).

The anatomical amygdala consists of at least 6 subregions, in-
cluding left/right centromedial (CMA), basolateral (BLA), and su-
perficial (SFA) amygdala (Roy et al., 2009; Pessoa, 2010). Previous
studies have consistently claimed that BLA contributes to the ac-
quisition and elimination of conditioned fear memories (Krabbe
et al., 2018), whereas the CMA is more involved in the process of
information integration within the amygdala and behavioral re-
sponse switching (Lei et al., 2015). In addition, only abnormal func-
tional connectivity with CMA was associated with CM experience
(Luo et al., 2022a), although significant results were also found in
the anatomical structure of the BLA (Giotakos, 2020). While the
SFA was originally established to be important for olfactory pro-
cessing (Heimer and Van Hoesen, 2006), growing evidence exten-
sively has shown its activity to be highly correlated with social in-
formation processing as well as emotional regulation (Goossens
et al., 2009; Mancke et al., 2018; Luders et al., 2021) given that ol-
factory input is associated with intraspecific communication and
social functioning (Moreno and Gonzélez, 2007; Bzdok et al., 2013).

Thus, previously the majority of studies have mainly exam-
ined the relationship between CM experience and the function
or structure of the whole amygdala, rather than its specific sub-
regions (Johnson et al., 2018; Peverill et al,, 2019), and this may
have produced inconsistent results given that different amyg-
dala subregions are involved in distinct functions. Against this
background, the present study aimed: (1) to explore distinct CM
effects on these amygdala subregions using rsFC analyses and
establishing a rsFC-based model to discriminate CM experience
severity in one cohort; (2) to validate the established rsFC-based

model in another independent dataset. Thus, we applied subfield-
specific amygdala characterization to a resting-state fMRI dataset
from n = 110 healthy adult male participants, and then employed
support vector regression (SVR) to determine whether these rs-
FCs could be used to discriminate individual-level CM experience
severity. Finally, we evaluated the rsFC-based model in an inde-
pendent dataset (n = 38).

Methods

Participants

Two datasets including high-resolution T1-weighted (T1w) images
and resting-state fMRI (rs-fMRI) data were used in the current
study: one as discovery data and the other as replication data,
respectively.

The discovery dataset included 110 right-handed male Chi-
nese University participants. Twwo participants were excluded due
to head movements > 3 mm and resulted in a total of 108 par-
ticipants (age range = 18-27 years, mean + SD = 20.97 + 2.00
years) in the subsequent analyses. The replication dataset in-
cluded 92 right-handed Chinese University participants, but
only 38 participants (19 males, age range = 18-26 years,
mean + SD = 20.87 + 2.45 years) completed the required question-
naire within 2-3.5 months after scanning. All participants were
recruited via the campus bulletin board system (BBS). None of the
participants had any neurological or psychiatric disorders, head
trauma, drug, alcohol or cigarette abuse, or MRI contraindications.
Both studies were approved by the local ethics committee and
were performed in accordance with the latest revision of the Dec-
laration of Helsinki. All participants provided written informed
consent before the formal experiment began.

Measurements

The Childhood Trauma Questionnaire Short Form (CTQ-SF) is an
extensively validated retrospective questionnaire, and its Chinese
version has been demonstrated to be a validated and reliable tool
for assessing severity of experienced childhood trauma among
Chinese populations (Wang et al., 2020). The questionnaire con-
sists of 25 clinical items (1-5 points for each) and 3 validity items
(Bernstein et al., 2003), resulting in five subtypes of trauma: Emo-
tional Abuse, Physical Abuse, Sexual Abuse, Emotional Neglect,
Physical Neglect. The following recommended cutoffs of subtype
scores were used to divide participants into CM- (not conform to
any standard), CM+ (conform to any standard) and CM++ (con-
form to two or more standards) subgroups: Emotional Abuse > 9;
Physical Abuse > 8; Sexual Abuse > 6; Emotional Neglect > 10;
and Physical Neglect > 8 (Pham et al., 2021).

Imaging data acquisition and preprocessing

The following imaging data acquisition and preprocessing pro-
cedures were used for both discovery and replication datasets.
All participants underwent the resting-state scanning on a 3T
GE Discovery MR750 system (General Electric, Milwaukee, WI,
USA). High-resolution T1-weighted images were acquired using a
spoiled gradient echo pulse sequence: repetition time (TR) = 6 ms;
echo time (TE) = 1.964 ms; number of slices = 156; thickness = 1
mm; FOV = 256 x 256 mm?; flip angle = 9°; matrix = 256 x 256.
The scanning parameters for functional images were as followed:
repetition time (TR) = 2 000 ms; echo time (TE) = 30 ms; flip an-
gle = 90°; field of view (FOV) = 240 x 240 mm; resolution ma-
trix = 64 x 64; slices = 36; voxel size = 3.1 x 3.1 x 3.8 mm?>.
The total resting-state scanning lasted 7 minutes, resulting in 210
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Figure 1: Six regions of interest (ROIs) for rsFC analysis, including the left/right BLA (yellow), CMA (blue) and SFA (red). a Left view. b Vertical view.

c Right view.

volumes for each participant. During the scanning, participants
were instructed to fixate a white cross centered on a black back-
ground and to stay relaxed while not falling asleep. Structural MRI
and resting-state fMRI data were processed using {MRIPrep 20.2.1
(Esteban et al,, 2019a,b), which is based on Nipype 1.5.1 (Gor-
golewski et al., 2011, 2018) (See Supplementary Materials for de-
tails).

Statistical analysis and machine learning
ROI-based functional connectivity analysis

To investigate the relationship between amygdala subregions and
CM, we firstly defined six subregions of bilateral amygdala includ-
ing the left/right CMA, BLA and SFA (see Fig. 1) as regions of in-
terest (ROIs) by SPM Anatomy Toolbox 1.8 (Eickhoff et al., 2005;
Amunts et al., 2005).

To obtain ROI-based rsFCs, Pearson’s correlation coefficients
between the mean BOLD signal series of each ROI (i.e. 6 ROIs)
and other voxels in the whole brain were calculated, implemented
in DPABI v5.2 (Yan and Zang, 2010). We performed Fisher's r-
to-z transformation to obtain z-maps with a normal distribu-
tion (Cohen et al., 2014). Next, to explore the association between
the intrinsic connectivity of amygdala subregions and childhood
trauma (CTQ total scores), we performed a whole-brain linear
multiple regression analysis using SPM12 (https://www.fil.ion.u
cl.ac.uk/spm/software/spm12) with age as a covariate. For vi-
sualization, scatter plot showing the relationship between the
extracted values of rsFCs and total CTQ scores was presented.
Threshold significance was set at cluster-level P < 0.008 after false
discovery rate (FDR) correction (multiple Bonferroni correction,
P =0.05/6 = 0.008).

We extracted the Fisher’s z scores of rsFCs with a 6 mm sphere
radius at the peak coordinates (Gao et al., 2016; Zhang et al., 2018;
Ramot et al., 2019) connected to the amygdala subregions that
were significantly correlated with total CTQ scores for subsequent
statistical analysis and machine learning. We conducted both di-
mensional approach (individual variations in CTQ, magnitudes of
CTQ scores) and categorical approach (subgroups of CTQ scores,
CM-, CM + and CM++) to elucidate the relationship between rs-
FCs and CM experience as follows: (1) Using a dimensional ap-
proach, we performed stepwise linear regression analyses (SPSS
25.0, IBM SPSS Statistics) to further confirm the contribution of
each CTQ subscale in theses rsFCs. Stepwise regression is the
step-by-step iterative construction of a regression model that in-
volves the selection of CTQ subscales to be used in the final model.
(2) Using a categorical approach, we employed one-way ANOVA
with CM subgroups (CM-, CM + and CM++) as between-subject
factor to examine the differences among the three CM severity
sub-groups in the corresponding rsFCs. Bayesian ANOVAs (includ-
ing post hoc tests) were conducted and BF10 were reported using

JASP 0.14.10 (https://jasp-stats.org/), effect sizes using partial eta-
squared for F statistics and Cohen’s d for T statistics were also
reported.

Functional connectivity to infer maltreatment severity

To validate our findings, we first trained a support vector regres-
sion (SVR, RBF kernel with default parameters, LIBSVM, https://
www.csie.ntu.edu.tw/~cjlin/libsvm/) model to estimate CM sever-
ity of each participant (estimated CTQ scores) based on the ex-
tracted rsFCs values in our discovery cohort (n = 108). The leave-
one-out-cross-validation (LOOCV, N-1 sets of data are used for
model training and 1 set of data is used for model testing, repeated
N times) was used for SVR model training and testing. A nonpara-
metric permutation test was conducted to test the significance
level of the correlation between the estimated and observed CTQ
scores as follows: (1) the CTQ scores were randomly reshuffled
among all participants; (2) the same estimation procedure was re-
peated 5000 permutations;(3) the permutation p-value (reliability)
was estimated by calculating the percentage of permutations that
yield higher estimated -observed correlation values than the esti-
mated -observed correlation based on the original data (Wang et
al., 2020).

Moreover, we also verified the generalization of the trained SVR
model with an independent dataset (n = 38) using the continuous
CTQ scores. In brief, the rsFCs of the same positions as the dis-
covery dataset were directly extracted and normalized as inputs
of the model to evaluate the individual's CTQ score. Then, the cor-
relation between the estimated and observed CTQ scores was also
evaluated.

Results
Demographic information

Descriptive statistical analyses of questionnaires and demo-
graphic variables between the discovery dataset (total: n = 108;
CM-: n = 25; CM+: n = 43; CM++: n = 40) and replication dataset
(n = 38) were shown in Table 1. There were no significant differ-
ences between these two datasets in terms of age, total CTQ scores
and CTQ subscales (P > 0.15, FDR correction). No significant dif-
ference was found in age among three CTQ subgroups (CM-, CM+,
CM++).

Functional connectivity of amygdala subregions

In the discovery dataset, the whole-brain rsFC analyses revealed
significant negative correlations between total CTQ scores and
right SFA-pgACC (perigenual anterior cingulate cortex, cluster
size = 28 voxels, peak MNIy,  ,: —4, 44, 6, peak t value = 4.75,
Puncorr < 0.001, Prpr-corr = 0.008) and right SFA- PCG (postcen-
tral gyrus, cluster size = 28 voxels, peak MNIy y ,: 37, —33, 44,
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Table 1: Descriptive: statistics of demographic data.

Means =+ Standard Deviations

Discovery (n = 108) Replication Statistical analysis
Variables CM- (n = 25) CM+ (n = 43) CM++ (n=40)  All(n=108) (n = 38) F/prpr T/pror
Age (years) 20.88 + 2.05 21.05 + 2.07 20.95 £ 1.93 20.97 + 2.00 20.87 + 2.45 0.058/0.944 0.259/0.796
Sex 25 males 43 males 40 males 108 males 19 males/ - -

19 females

Total Childhood 27.92 £+ 1.89**  33.05 &+ 3.01"*  41.30 £ 7.08*** 3492 +£7.12 3324 +£ 624  65.222/<0.001 1.290/0.199
Trauma Questionnaire
(€1Q
- Emotional Abuse 5.52 +£ 0.87 5.77 £ 0.87 7.55 £ 2.15 6.37 £ 1.73 6.55 + 1.74 20.416/<0.001 —0.559/0.577
- Physical Abuse 5.36 + 0.70 5.49 + 0.88 5.25 + 1.68 5.74 £ 1.26 5.32 £ 0.96 5.705/0.02 1.889/0.214
- Sexual Abuse 5.00 £ 0 5.30 £ 1.26 5.76 £ 1.01 5.33 £ 1.02 5.24 + 0.88 2.533/0.504 0.517/0.606
- Emotional Neglect 6.40 + 1.32 9.86 + 3.34 12.45 £ 3.99 10.02 + 3.98 8.34 + 3.35 26.221/<0.001 2.322/0.154
- Physical Neglect 5.64 £ 0.76 6.63 £ 1.62 9.48 + 2.77 7.45 £+ 2.56 7.79 £ 2.74 34.067/<0.001 —0.683/0.495

F-tests were performed among three subgroups (CM-, CM+, CM++) in the discovery dataset. Independent sample t-tests were performed between discovery dataset
and replication dataset, p values were adjusted to FDR correction. ***indicates significant differences at P < 0.001 among three subgroups.
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Figure 2: Association between rsFC and Childhood maltreatment severity. a Negative correlations with childhood maltreatment were found in right
SFA-pgACC (peak MNIy y, ;1 —4, 44, 6) and right SFA-PCG (peak MNIy y, ,: 37, —33, 44). b-c The visualized scatter plots show the negative correlation
between the total CTQ scores and the rsFC of right SFA-pgACC and right SFA-PCG. d-e The box bars show the difference in the rsFC of right SFA-pgACC
and right SFA-PCG in childhood maltreatment subgroups (CM-, CM+, CM++). Abbreviations: rsFC: resting-state functional connectivity; SFA:
superficial amygdala; pgACC: perigenual anterior cingulate cortex; PCG: postcentral gyrus. Confidence interval (CI), 95%. *P < 0.05 FDR correction,

**P < 0.01 FDR correction, *P < 0.05 uncorrected.

peak t value = 3.94, puncorr < 0.001, Prpr-corr = 0.008, Fig. 2a). No
significant connectivity results with the other five subregions as
seed regions were found at the whole-brain level. Scatter plots
showing negative correlation between total CTQ scores and right
SFA-pgACC (Fig. 2b) or right SFA-PCG (Fig. 2¢c) were presented for
visualization.

More importantly, stepwise linear regression analysis indi-
cated that physical neglect contributed most in the relation-
ship between CM and right SFA-pgACC coupling (model adjusted
R? = 0.123, F1106) = 16.014, P < 0.001, right SFA-pgACC = 0.421-

0.033 x physical neglect, Table 2) whereas emotional neglect
played crucial role in the regression model of right SFA-PCG cou-
pling (model adjusted R? = 0.058, F(; 105y = 7.607, P = 0.007, right
SFA-PCG = 0.345-0.015 x emotional neglect).

With a categorical approach, one-way-ANOVA also indicated
significant differences in CM-, CM + and CM++ subgroups in the
rsFGCs of right SFA-pgACC (F(, 105 = 5.753, P = 0.004, #?, = 0.099,
Fig. 2d) and right SFA-PCG (F; 105) = 3.159, P = 0.047, 5%, = 0.057,
Fig. 2e). Specifically, for the rsFC of right SFA-pgACC, post-
hoc analysis with FDR correction showed rsFC of CM++ was



Table 2: Linear: regression model using CTQ subscales.
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Statistical values

Dependent variables Predictors Standardized Coefficients (B) T P

rsFC of SFA-pgACC Physical Neglect —0.362 —4.002 <0.001**
Emotional Abuse -0.177 —1.828 0.070
Physical Abuse —0.097 —1.065 0.289
Sexual Abuse 0.018 0.197 0.084
Emotional Neglect —0.139 —1.365 0.175

1sFC of SFA-PCG Emotional Neglect —0.259 —2.758 0.007**
Emotional Abuse -0.111 —1.048 0.297
Physical Abuse —0.204 —2.204 0.030*
Sexual Abuse —0.052 —0.547 0.585
Physical Neglect —0.114 —1.074 0.285

Linear regression model results from discovery dataset indicating the contribution of five subscale scores (physical/emotional neglect, emotional/physical/sexual
abuse) for two functional connectivity (superficial amygdala (SFA) -perigenual anterior cingulate cortex (pgACC)/-postcentral gyrus (PCG)) separately. Statistic (both
unstandardized and standardized coefficients g values) and p values for linear regression model analysis. **P < 0.01, ***P < 0.001.
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Figure 3: Functional connectivity can predict CTQ scores in both discovery dataset and replication dataset. a Functional connectivity of right SFA can
predict total CTQ scores in discovery dataset. The blue histogram represents the distribution of correlation coefficients obtained from 5000
permutation tests, and the red line represents the original correlation coefficient. b The model of discovery dataset can be used to predict total CTQ
scores for replication dataset. Abbreviations: CTQ: Childhood trauma questionnaire; SFA: superficial amygdala. Confidence interval (CI), 95%.

significantly lower than CM+ (tg) = 2.313, Cohen’s d = 0.64,
pepr = 0.036, BF10 = 2.270) and CM- (te3) = 3.297, Cohen's d = 0.84,
pror = 0.005, BF10 = 20.662), while right SFA-PCG couple in
CM++ was decreased than CM- (tg3 = 2.237, Cohen’s d = 0.57,
Puncorrected = 0.029, BF10 = 2.055) but not CM+ (tey = 1.782,
P=0.078).

Functional connectivity as an estimation of
childhood maltreatment severity

To confirm the robustness of these observed rsFCs, we first trained
an SVR model with the discovery dataset using these two rsFC
values as predictors and total CTQ scores as labels. Using LOOCYV,
we found that both right SFA-pgACC and right SFA-PCG could sig-
nificantly estimate the participants’ total CTQ scores (mean av-
erage error, MAE = 4.837, r = 0.410, P < 0.001, 5000 permuta-
tion tests Fig. 3a). At the same time, right SFA-pgACC and right
SFA-PCG could also estimation physical neglect (MAE = 1.844,
r = 0.359, P < 0.001, 5000 permutation tests) and emotional
neglect (MAE = 3.161, r = 0.241, P = 0.003, 5000 permutation
tests), respectively. In addition, we also tested this in an indepen-
dent replication dataset and consistent estimated results of CTQ
(MAE = 4.977, 1 = 0.328, P = 0.044, Fig. 3b) were found.

Discussion

The present study aimed to investigate the underlying relation-
ship between CM and the resting-state functional connectivity
of amygdala subregions and examine whether the strength of
functional coupling could stably estimate CM scores through su-
pervised learning. Our findings demonstrated that CM was only
negatively correlated with the intrinsic connectivity between the
right superficial amygdala (SFA) and perigenual anterior cingu-
late cortex (pgACC)/postcentral gyrus (PCG), which is engaged in
emotion regulation and somatosensory information processing in
adulthood (Hakamata et al., 2017; Zhang et al., 2022), but not as-
sociated with other amygdala subregions. The CM induced alter-
ations in these pathways may contribute to increased vulnera-
bility for psychiatric disorders in individuals exposed to adverse
childhood experience. More importantly, SFA-pgACC coupling was
more associated with physical neglect whereas SFA-PCG coupling
was more related to emotional neglect, suggesting distinct func-
tions of these two pathways. Furthermore, the severity of CM can
be consistently strongly estimated by a SVR model with two inde-
pendent datasets suggesting a highly generalizable effect. These
findings revealed the underlying mechanism by which CM impairs
the functional network of amygdala subregions, and provides a
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possible clinical utility for the diagnosis, prognosis, and potential
treatment selection of related psychiatric disorders (i.e. PTSD and
anxiety).

Our neural results showed that CM experience significantly cor-
related with the resting-state functional connectivity of right SFA
in adulthood, with lower connectivity strength being associated
with worse CM experience, consistent with both animal models
and human studies. Rodent studies have found that early life
stress disrupted fear recall and fear conditioning circuits involv-
ing the amygdala, medial prefrontal cortex (mPFC) and hippocam-
pus (Ishikawa et al., 2015; Lesuis et al., 2019). For humans, adverse
childhood experiences consistently reduced the functional con-
nectivity of amygdala in adulthood (Herringa et al.,, 2013; Fan et
al., 2014). However, the results for amygdala subregions remain
controversial. Accumulating evidence suggested that SFA is in-
volved in emotional and social information processing, especially
fear (Goossens et al., 2009; Bzdok et al., 2013). Specifically, the ac-
tivation of SFA was significantly higher than other amygdala sub-
regions in response to emotional face stimuli (i.e. fearful expres-
sions) compared with non-social stimuli, and fear-evoking music
stimulated the SFA more than joy-evoking music (Goossens et al.,
2009; Skouras et al., 2014). In addition, recent studies have shown
atypical functional connectivity in the SFA in internalizing psychi-
atric disorders (such as PTSD and anxiety) associated with child
maltreatment (Wang et al.,, 2021; Leite et al., 2022). Taken together,
these studies suggested that adverse childhood experiences may
affect emotions, especially fear information processing circuits,
by reducing functional connectivity in the SFA, which in turn pre-
disposes individuals to psychiatric disorders in adulthood.

Interestingly, the effect of adverse childhood experiences was
only found on the rsFC of the right but not the left SFA. Although
previous studies on the lateralization of CM effects have been in-
consistent (Barker et al., 2016; Ahmed-Leitao et al., 2016), more
and more studies support CM influencing the structure or func-
tion of the right amygdala more (Veer et al.,, 2015; Fowler et al.,
2021). A recent study found that the functional connectivity of
right amygdala-mPFC was positively associated with child emo-
tion regulation ability and negatively correlated with child nega-
tive affect (Gaffrey et al., 2021). We supposed that the association
of the rsFC of the right SFA with CM in this study may reflect ad-
verse childhood experiences altered brain functional activity in
childhood which persists into adulthood.

Given that the pgACC, one important node in the salience net-
work, plays a pivotal role in emotion processing, especially emo-
tion regulation and emotional conflicts, and anxiety (Egner et al.,
2008; Hakamata et al, 2017; Korgaonkar et al, 2021), it is not
surprising that the coupling of right SFA and pgACC was nega-
tively associated with childhood trauma, in particular with phys-
ical neglect. One previous study on bipolar disorder supported
that the functional connectivity between the ventromedial pre-
frontal cortex (vmPFC, which includes the pgACC) and the limbic
system (amygdala and hippocampus) was negatively associated
with emotional and physical neglect (Souza-Queiroz et al., 2016).
Although one study claimed that the functional connectivity of
vmPFC-amygdala when viewing negative pictures was more neg-
ative in abuse-exposed adolescents compared with ones with no
history of maltreatment and correlated with abuse severity (Pev-
erill et al.,, 2019), we did not find any significant associations with
childhood abuse. This may be due to relatively low scores of abuse
in healthy adult college students based with the reported propor-
tion of college students exposed to physical and sexual abuse be-
ing only 17.4% and 15.7% (Fu et al., 2018). Overall, functional un-
coupling of the right SFA-pgACC associated with CM may lead to

impaired regulation of negative emotions and inability to extin-
guish fear responses.

On the other hand, emotional neglect contributed more to the
FC between right SFA and PCG. The PCG, as primary somatosen-
sory cortex, is involved in perceptual proprioception and emotion
regulation (Kropf et al., 2018). Childhood trauma, especially emo-
tional neglect, is associated with volume reductions in a neural
emotional regulation system including frontal regions, amygdala
and hippocampus (Sinha et al., 2004), and trauma also leads to ab-
normal fALFF in PCG (Luo et al., 2022b). Similarly, healthy individ-
uals who were depressed during the COVID-19 pandemic exhib-
ited reduced functional connectivity between the amygdala and
PCG (Zhang et al., 2022). However, Blair et al., 2019 only observed
the extent of adolescent abuse was associated with reduced activ-
ity in the postcentral gyrus, rather than neglect, during an affec-
tive Stroop task. Above all, CM, especially physical and emotional
neglect, may alter two different pathways and then impact the
development of the emotional regulation system, thereby further
increasing risk for the development of mood disorders.

There are some limitations in our current study. Firstly, lateral-
ization of the amygdala may be related to gender and age (Schnei-
der et al., 2011; Clewett et al., 2014; Lungu et al., 2015) even though
no studies to date have reported significant gender differences in
childhood trauma (Fu et al., 2018; Nogovitsyn et al., 2022). We only
included male participants in the discovery dataset and the cur-
rent findings should be validated in both genders. Further studies
should also consider the effects of age on CM. Secondly, our cur-
rent findings were from healthy controls and more clinical stud-
ies, especially some CM-related psychiatric disorders (i.e. PTSD,
depression, etc.), should be explored to confirm the reliability of
these two pathways as biomarkers. Finally, there was a gap (i.e.
2-3.5 months) between questionnaire data collection and scan-
ning in the replication dataset, however CTQ as a retrospective
questionnaire has a good replicability (Jiang et al., 2018) and thus
the time gap should have only had minimal effects on scores. In
addition, the current replication sample size is relatively small al-
though some previous studies with a small sample found a highly
generalizable effect (Zhou et al., 2020, 2021).

In conclusion, the current study supports the specific involve-
ment of SFA in the impact of childhood maltreatment on brain
function in adulthood. Importantly, the resting-state functional
connectivity of right SFA-pgACC is more associated with physical
neglect whereas that of the right SFA-PCG with emotional neglect.
Overall, these two functional pathways can be used as predic-
tors to consistently and stably estimated the severity of adverse
childhood experiences. Therefore, our findings may provide reli-
able neural biomarkers for childhood maltreatment-related psy-
chiatric disorders.

Supplementary Data
Supplementary data is available at PSYRAD Jjournal online.

Funding

This work was supported by the Fundamental Research Funds for
the Central Universities, UESTC [grant number ZYGX2020]J027-
WHZ], Natural Science Foundation of Sichuan Province [grant
number 2022NSFSC1375-WHZ], Guangdong Basic and Applied
Basic Research Foundation [grant number 2021A1515110511-
WHZ] and Sichuan Science and Technology Program [grant num-
ber 2020YFS0484-WXY].


https://academic.oup.com/psyrad/article-lookup/doi/10.1093/psyrad/kkad004#supplementary-data

Author Contributions

Qi Liu (Conceptualization [equal], Formal analysis [lead], Method-
ology [equal], Resources [equal], Software [lead], Writing - orig-
inal draft [lead]); Xinwei Song (Data curation [equal], Method-
ology [equal], Resources [equal], Software [supporting]); Xingi
Zhou (Conceptualization [equal], Methodology [equal], Writing —
review & editing [supporting]); Linghong Huang (Data curation
[equal], Investigation [equal], Resources [equal]); Xiaodong Zhang
(Investigation [equal], Resources [equal]); Lan Wang (Investiga-
tion [equal], Resources [equal]); Siyu Zhu (Methodology [equal],
Writing — review & editing [supporting]); Chunmei Lan (Investi-
gation [equal], Writing — review & editing [supporting]); Wenxu
Yang (Conceptualization [equal], Funding acquisition [support-
ing], Writing - review & editing [supporting]) and Weihua Zhao
(Conceptualization [equal], Funding acquisition [lead], Methodol-
ogy [equal], Supervision [lead], Writing - review & editing [lead])

Conflict of Interest

The authors report no conflict of interest.

Acknowledgments

We would like to thank the volunteers for participating in the
study.

Data Availability

Data and code used in the present study can be made available
upon request to the primary contact author.

References

Aas M, Navari S, Gibbs A, et al. (2012) Is there a link between child-
hood trauma, cognition, and amygdala and hippocampus volume
in first-episode psychosis? Schizophr Res 137:73-9.

Ahmed-Leitao F, Spies G, van den Heuvel L, et al. (2016) Hippocampal
and amygdala volumes in adults with posttraumatic stress disor-
der secondary to childhood abuse or maltreatment: a systematic
review. Psychiatry Research: Neuroimaging 256:33-43.

Amunts K, Kedo O, Kindler M, et al. (2005) Cytoarchitectonic mapping
of the human amygdala, hippocampal region and entorhinal cor-
tex: intersubject variability and probability maps. Anat Embryol
210:343-52.

Barker V, Bois C, Neilson E, et al. (2016) Childhood adversity and hip-
pocampal and amygdala volumes in a population at familial high
risk of schizophrenia. Schizophr Res 175:42-7.

Bernstein DP, Stein JA, Newcomb MD, et al. (2003) Development and
validation of a brief screening version of the Childhood Trauma
Questionnaire. Child Abuse Negl 27:169-90.

Birn RM, Patriat R, Phillips ML, et al. (2014) Childhood maltreatment
and combat post-traumatic stress differentially predict fear—
related fronto-subcortical connectivity. Depress Anxiety 31:880—
92.

Blair KS, Aloi J, Crum K, et al. (2019) Association of different types
of childhood maltreatment with emotional responding and re-
sponse control among youths. JAMA Netw Open 2:194604.

Bos PA, van Honk J, Ramsey NF, et al. (2013) Testosterone adminis-
tration in women increases amygdala responses to fearful and
happy faces. Psychoneuroendocrinology 38:808-17.

Superficial amygdala rsFC infers childhood maltreatment | 7

Bzdok D, Laird AR, Zilles K, et al. (2013) An investigation of the struc-
tural, connectional, and functional subspecialization in the hu-
man amygdala. Hum Brain Mapp 34:3247-66.

Clewett D, Bachman S, Mather M. (2014) Age-related reduced
prefrontal-amygdala structural connectivity is associated with
lower trait anxiety. Neuropsychology 28:631-42.

Cohen P, Cohen P, West SG, et al. (2014) Applied Multiple Regres-
sion/Correlation Analysis for the Behavioral Sciences, 2nd edn. Psy-
chology Press, New York.

Edmiston EE, Wang F, Mazure CM, et al. (2011) Corticostriatal-
limbic gray matter morphology in adolescents with self-reported
exposure to childhood maltreatment. Arch Pediatr Adolesc Med
165:1069-77.

Egner T, Etkin A, Gale S, et al. (2008) Dissociable neural systems re-
solve conflict from emotional versus nonemotional distracters.
Cereb Cortex 18:1475-84.

Eickhoff SB, Stephan KE, Mohlberg H, et al. (2005) A new SPM tool-
box for combining probabilistic cytoarchitectonic maps and func-
tional imaging data. Neuroimage 25:1325-35.

Esteban O, Blair RW, Nielson DM, et al. (2019a) Crowdsourced MRI
quality metrics and expert quality annotations for training of hu-
mans and machines. Sci Data 6:30.

Esteban O, Markiewicz CJ, Blair RW, et al. (2019b) fMRIPrep: a robust
preprocessing pipeline for functional MRI. Nat Methods 16:111-6.

Fan Y, Herrera-Melendez AL, Pestke K, et al. (2014) Early life
stress modulates amygdala-prefrontal functional connectiv-
ity: implications for oxytocin effects. Hum Brain Mapp 35:
5328-39.

Fowler CH, Bogdan R, Gaffrey MS. (2021) Stress-induced cortisol re-
sponse is associated with right amygdala volume in early child-
hood. Neurobiol Stress 14:100329.

Frodl T, Reinhold E, Koutsouleris N, et al. (2010a) Childhood stress,
serotonin transporter gene and brain structures in major depres-
sion. Neuropsychopharmacology 35:1383-90.

Frodl T, Reinhold E, Koutsouleris N, et al. (2010b) Interaction of child-
hood stress with hippocampus and prefrontal cortex volume re-
duction in major depression. ] Psychiatr Res 44:799-807.

FuH,Feng T, Qin]J, et al. (2018) Reported prevalence of childhood mal-
treatment among Chinese college students: a systematic review
and meta-analysis. PLoS One 13:e0205808.

Gaffrey MS, Barch DM, Luby JL, et al. (2021) Amygdala functional con-
nectivity is associated with emotion regulation and Amygdala re-
activity in 4- to 6-year-olds. Journal of the American Academy of Child
& Adolescent Psychiatry 60:176-85.

Gao S, Becker B, Luo L, et al. (2016) Oxytocin, the peptide that bonds
the sexes also divides them. Proc Natl Acad Sci U S A 113:7650-4.

Giotakos O. (2020) Neurobiology of emotional trauma. Psychiatriki
31:162-71.

Goltermann J, Winter NR, Meinert S, et al. (2022) Resting-state func-
tional connectivity patterns associated with childhood maltreat-
mentin a large bicentric cohort of adults with and without major
depression. Psychol Med 1-12.

Goossens L, Kukolja J, Onur OA, et al. (2009) Selective processing of so-
cial stimuli in the superficial amygdala. Hum Brain Mapp 30:3332—
8.

Gorgolewski K, Burns CD, Madison C, et al. (2011) Nipype: a flexible,
lightweight and extensible neuroimaging data processing frame-
work in python. Front Neuroinform 5:13.

Gorgolewski KJ, Nichols T, Kennedy DN, et al. (2018) Making replica-
tion prestigious. Behav Brain Sci 41:e131.

Hakamata Y, Komi S, Moriguchi Y, et al. (2017) Amygdala-centred
functional connectivity affects daily cortisol concentrations: a
putative link with anxiety. Sci Rep 7:8313.



8 | Psychoradiology, 2023, Vol. 3

Heimer L, Van Hoesen GW. (2006) The limbic lobe and its output
channels: implications for emotional functions and adaptive be-
havior. Neuroscience & Biobehavioral Reviews 30:126-47.

Herringa RJ, Birn RM, Ruttle PL, et al. (2013) Childhood maltreat-
ment is associated with altered fear circuitry and increased in-
ternalizing symptoms by late adolescence. Proc Natl Acad Sci U S
A 110:19119-24.

Ishikawa J, Nishimura R, Ishikawa A. (2015) Early-life stress induces
anxiety-like behaviors and activity imbalances in the medial pre-
frontal cortex and amygdala in adult rats. Eur J] Neurosci 41:442—
53.

Jiang W-J, Zhong B-L, Liu L-Z, et al. (2018) Reliability and validity of the
Chinese version of the Childhood Trauma Questionnaire-short
Form for inpatients with schizophrenia. PLoS One 13:0208779.

Johnson FK, Delpech J-C, Thompson GJ, et al. (2018) Amygdala hyper-
connectivity in a mouse model of unpredictable early life stress.
Transl Psychiatry 8:1-14.

Klein-Fligge MC, Jensen DEA, Takagi Y, et al. (2022) Relationship be-
tween nuclei-specific amygdala connectivity and mental health
dimensions in humans. Nat Hum Behav 6:1705-22.

Korgaonkar MS, Tran ], Felmingham KL, et al. (2021) Neural corre-
lates of emotional processing in panic disorder. NeuroImage: Clin-
ical 32:102902.

Krabbe S, GrindemannJ, Lithi A. (2018) Amygdala inhibitory circuits
regulate associative fear conditioning. Biol Psychiatry 83:800-9.
Kropf E, Syan SK, Minuzzi L, et al. (2018) From anatomy to function:
the role of the somatosensory cortex in emotional regulation.

Braz ] Psychiatry 41:261-9.

LeDoux J. (2003) The emotional brain, fear, and the amygdala. Cell
Mol Neurobiol 23:727-38.

Lei Y, Shao Y, Wang L, et al. (2015) Altered superficial amygdala-
cortical functional link in resting state after 36 hours of total
sleep deprivation. J Neurosci Res 93:1795-803.

Leite L, Esper NB, Junior JRML, et al. (2022) An exploratory study of
resting-state functional connectivity of amygdala subregions in
posttraumatic stress disorder following trauma in adulthood. Sci
Rep 12:9558.

Lesuis SL, Lucassen PJ, Krugers HJ. (2019) Early life stress impairs fear
memory and synaptic plasticity; a potential role for GluN2B. Neu-
ropharmacology 149:195-203.

Luders E, Gaser C, Gingnell M, et al. (2021) Significant increases of the
amygdala between immediate and late postpartum: pronounced
effects within the superficial subregion. ] Neurosci Res 99:2261-70.

Lungu O, Potvin S, Tikasz A, et al. (2015) Sex differences in effective
fronto-limbic connectivity during negative emotion processing.
Psychoneuroendocrinology 62:180-8.

Luo L, Yang T, Zheng X, et al. (2022a) Altered centromedial amyg-
dala functional connectivity in adults is associated with child-
hood emotional abuse and predicts levels of depression and anx-
iety. ] Affect Disord 303:148-54.

Luo Q, Chen J, Li Y, et al. (2022b) Altered regional brain activity
and functional connectivity patterns in major depressive disor-
der: a function of childhood trauma or diagnosis? ] Psychiatr Res
147:237-47.

Mancke F, Herpertz SC, Hirjak D, et al. (2018) Amygdala structure and
aggressiveness in borderline personality disorder. Eur Arch Psychi-
atry Clin Neurosci 268:417-27.

Maren S, Phan KL, Liberzon I. (2013) The contextual brain: implica-
tions for fear conditioning, extinction and psychopathology. Nat
Rev Neurosci 14:417-28.

McKay MT, Cannon M, Chambers D, et al. (2021) Childhood trauma
and adult mental disorder: a systematic review and meta-

analysis of longitudinal cohort studies. Acta Psychiatr Scand
143:189-205.

Moreno N, Gonzélez A. (2007) Evolution of the amygdaloid complex
in vertebrates, with special reference to the anamnio-amniotic
transition. ] Anat 211:151-63.

Nogovitsyn N, Addington J, Souza R, et al. (2022) Childhood trauma
and amygdala nuclei volumes in youth at risk for mental illness.
Psychol Med 52:1192-9.

Paquola C, Bennett MR, Lagopoulos J. (2016) Understanding het-
erogeneity in grey matter research of adults with childhood
maltreatment—A meta-analysis and review. Neuroscience & Biobe-
havioral Reviews 69:299-312.

Pessoa L. (2010) Emotion and cognition and the amygdala: from
“what is it?” to “what’s to be done?” Neuropsychologia 48:3416-29.

Peverill M, Sheridan MA, Busso DS, et al. (2019) Atypical prefrontal-
amygdala circuitry following childhood exposure to abuse:
links with adolescent psychopathology. Child Maltreat 24:
411-23.

Pham TS, Qi H, Chen D, et al. (2021) Prevalences of and correlations
between childhood trauma and depressive symptoms, anxiety
symptoms, and suicidal behavior among institutionalized ado-
lescents in Vietnam. Child Abuse Negl 115:105022.

Phillips RD, De Bellis MD, Brumback T, et al. (2021) Volumetric trajec-
tories of hippocampal subfields and amygdala nuclei influenced
by adolescent alcohol use and lifetime trauma. Transl Psychiatry
11:1-13.

Popovic D, Schmitt A, Kaurani L, et al. (2019) Childhood trauma in
schizophrenia: current findings and research perspectives. Fron-
tiers in Neuroscience 13.

Ramot M, Walsh C, Martin A. (2019) Multifaceted integration: mem-
ory for faces is subserved by widespread connections between
visual, memory, auditory, and social networks. ] Neurosci 39:4976—
85.

Roy AK, Shehzad Z, Margulies DS, et al. (2009) Functional connectiv-
ity of the human amygdala using resting state fMRI. Neuroimage
45:614-26.

Saygin ZM, Kliemann D, Iglesias JE, et al. (2017) High-resolution mag-
netic resonance imaging reveals nuclei of the human amyg-
dala: manual segmentation to automatic atlas. Neuroimage 155:
370-82.

Schneider S, Peters J, Bromberg U, et al. (2011) Boys do it the right way:
sex-dependent amygdala lateralization during face processing in
adolescents. Neuroimage 56:1847-53.

Sergerie K, Chochol C, Armony JL. (2008) The role of the amygdala in
emotional processing: a quantitative meta-analysis of functional
neuroimaging studies. Neuroscience & Biobehavioral Reviews 32:
811-30.

Sinha R, Lacadie C, Skudlarski P, et al. (2004) Neural circuits underly-
ing emotional distress in humans. Ann NY Acad Sci 1032:254—7.

Sistad RE, Simons RM, Mojallal M, et al. (2021) The indirect effect from
childhood maltreatment to PTSD symptoms via thought suppres-
sion and cognitive reappraisal. Child Abuse Negl 114:104939.

Skouras S, Gray M, Critchley H, et al. (2014) Superficial amygdala and
hippocampal activity during affective music listening observed
at 3 T but not 1.5 T fMRI. Neuroimage 101:364-9.

Souza-Queiroz ], Boisgontier ], Etain B, et al. (2016) Childhood
trauma and the limbic network: a multimodal MRI study in
patients with bipolar disorder and controls. ] Affect Disord 200:
159-64.

Sylvester CM, Yu Q, Srivastava AB, et al. (2020) Individual-specific
functional connectivity of the amygdala: a substrate for preci-
sion psychiatry. Proc Natl Acad Sci 117:3808-18.



Teicher MH, Khan A. (2019) Childhood maltreatment, cortical and
amygdala morphometry, functional connectivity, laterality, and
psychopathology. Child Maltreat 24:458-65.

Teicher MH, Samson JA. (2016) Annual Research Review: enduring
neurobiological effects of childhood abuse and neglect. J Child Psy-
chol Psychiatr 57:241-66.

Teicher MH, Samson JA, Anderson CM, et al. (2016) The effects of
childhood maltreatment on brain structure, function and con-
nectivity. Nat Rev Neurosci 17:652-66.

Veer IM, Oei NYL, van Buchem MA, et al. (2015) Evidence for smaller
right amygdala volumes in posttraumatic stress disorder follow-
ing childhood trauma. Psychiatry Research: Neuroimaging 233:436—
42.

Wang C, Wang Y, Lau WKW, et al. (2021) Anomalous static and dy-
namic functional connectivity of amygdala subregions in individ-
uals with high trait anxiety. Depress Anxiety 38:860-73.

Wang D, Li M, Wang M, et al. (2020) Individual-specific functional con-
nectivity markers track dimensional and categorical features of
psychotic illness. Mol Psychiatry 25:2119-29.

Superficial amygdala rsFC infers childhood maltreatment | 9

Yan C, Zang Y. (2010) DPARSF: a MATLAB toolbox for “pipeline” data
analysis of resting-state fMRI. Frontiers in Systems Neuroscience
4:13.

Yu M, Linn KA, Shinohara RT, et al. (2019) Childhood trauma history
islinked to abnormal brain connectivity in major depression. Proc
Natl Acad Sci 116:8582-90.

Zhang S, Becker B, Chen Q, et al. (2018) Insufficient task-
outcome association promotes task procrastination through a
decrease of hippocampal-striatal interaction. Hum Brain Mapp 40:
597-607.

Zhang S, Cul J, Zhang Z, et al. (2022) Functional connectiv-
ity of amygdala subregions predicts vulnerability to depres-
sion following the COVID-19 pandemic. J Affect Disord 297:
421-9.

Zhou F, Li ], Zhao W, et al. (2020) Empathic pain evoked by sensory
and emotional-communicative cues share common and process-
specific neural representations. Elife 9:e56929.

Zhou F, Zhao W, Qi Z, et al. (2021) A distributed fMRI-based sig-
nature for the subjective experience of fear. Nat Commun 12:
6643.



