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Objective: Previous studies have examined the relationships between structural brain char-
acteristics and early life stress in adults. However, there is limited evidence for functional brain
variation associated with early life stress in children. We hypothesized that early life stress and
trauma would be associated with increased functional brain activation response to negative
emotional faces in children with and without a history of depression. Method: Psychiatric
diagnosis and life events in children (starting at age 3-5 years) were assessed in a longitudinal
study. A follow-up magnetic resonance imaging (MRI) study acquired data (N = 115 at ages
7-12, 51% girls) on functional brain response to fearful, sad, and happy faces relative to neutral
faces. We used a region-of-interest mask within cortico-limbic areas and conducted regression
analyses and repeated-measures analysis of covariance. Results: Greater activation responses
to fearful, sad, and happy faces in the amygdala and its neighboring regions were found in
children with greater life stress. Moreover, an association between life stress and left hippo-
campal and globus pallidus activity depended on children’s diagnostic status. Finally, all chil-
dren with greater life trauma showed greater bilateral amygdala and cingulate activity specific to
sad faces but not the other emotional faces, although right amygdala activity was moderated by
psychiatric status. Conclusions: These findings suggest that limbic hyperactivity may be a
biomarker of early life stress and trauma in children and may have implications in the risk
trajectory for depression and other stress-related disorders. However, this pattern varied based
on emotion type and history of psychopathology. J. Am. Acad. Child Adolesc. Psychiatry,

2014;53(7):800-813. Key Words: early life stress, early life trauma, fMRI, emotion, child

xperiences of chronic stress and trauma

have deleterious effects on neurobiological,

affective, and behavioral functions.! For
example, animal studies have found that chronic
exposure to stress changes molecular and cellular
activities, such as dendritic remodeling,2 shifts
in the dendritic spine population,® reduced axon
density,* decreased astroglial cells,” and altered
neuropeptide mRNA expression® in the cortico-
limbic-striatal system, including the prefrontal
cortex (PFC), amygdala, hippocampus, caudate
putamen, and nucleus accumbens. Likewise, hu-
man adults who report chronic stress exhibit

@ Clinical guidance is available at the end of this article.

- Supplemental material cited in this arficle is available online.

reduced volume in the amygdala, hippocampus,
medial and dorsolateral PFC, anterior cingulate
cortex (ACC), and subgenual ACC (sgACC),
striatum, and insula,” ' as well as increased
functional response to emotional stimuli in the
amygdala, hippocampus, ventromedial PFC, and
ACC 10-12

Structural and functional brain differences
similar to those found in currently stressed
adults may also be present in previously stressed
individuals."® Animal studies have shown that
early life stress (e.g., abuse by mother) leads to
functional amygdala changes in adolescence,
including increased activation of protein kinase'*
and increased cFos-labeled neural activation.'
In humans, adults who retrospectively report
child maltreatment show altered volume or
functional activity in the hippocampus, amyg-
dala, PFC, ACC, and other limbic regions.g'w'12
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Some additional studies have focused on children
who experienced a specific type of stressor
(e.g., low maternal support) and have found that
these children showed altered volume in the
hippocampus,'®!”  orbitofrontal cortex,'® and
amygdala."

In contrast to these structural imaging studies,
evidence for functional brain changes in children
with cumulative stress/trauma is limited. Some
functional magnetic resonance imaging (fMRI)
studies report that, compared to healthy child-
ren, children with a history of institutional care
showed increased bilateral amygdala activity in
response to fearful faces.”® Although these previ-
ous studies provided evidence of a relationship
between early life stress/trauma and functional
amygdala activity in children, it focused on a
unique type of early life stress/trauma (i.e., insti-
tutional rearing) in a sample of children both with
and without psychopathology. Hence, it still re-
mains unclear whether amygdala hyperactivity
occurs in relation to stressful / traumatic life events
other than early institutionalization, and whether
the presence or absence of psychopathology in
children influences the relationship between early
stress and functional amygdala changes.

It is important to investigate the influence of
psychopathology, particularly major depressive
disorder (MDD), on the relationship between
early life stress or trauma and functional brain
activity in children, because stress is thought to
contribute to the development of MDD,*"** and
high levels of stressful or traumatic life events in
childhood increase the risk for preschool-onset
MDD (PO-MDD).?® Thus, the goal of the current
study was to examine the relationships between
early life stress/trauma and functional brain
response to faces portraying negative emotions in
a sample of school-aged children with and
without a history of psychiatric disorders.

To achieve this goal, we tested 2 hypotheses.
First, we hypothesized that early life stress/
trauma would be associated with an increased
functional activation response to negative emotion
stimuli in the amygdala, hippocampus, basal
ganglia, medial and dorsolateral PFC, and/or
ACC. These regions have been shown to be sen-
sitive to stress in previous animal and human
studies,'*'?**?*? and functional hyperactivity
response to negative emotion in some of these
brain regions has been associated with a history
of child maltreatment.'®'** To clarify whether
these functional brain changes were specific to
negatively valenced emotions, the present study

examined functional brain response to both
negative and positive stimuli in relation to
early life stress and trauma. The present study
used fearful and sad faces as negative stimuli
and happy faces as positive stimuli because
these stimuli have been commonly used in neu-
roimaging research on the effects of maltreat-
ment,*%? MDD,**?! and mood-congruent brain
reactivity,”*>* compared to the other facial stimuli.

Second, wealso hypothesized that the effects of life
stress/trauma on functional brain activity would be
exacerbated in the context of a positive early history of
MDD. This hypothesis was based in part on the
findings that PO-MDD is associated with neurobi-
ological alterations in stress-responsive brain re-
gions, including reduced hippocampal volume,*
decreased functional connectivity between sgACC
and cognitive control regions,*® and greater func-
tional activation response to sad faces in the amyg-
dala and hippocampus.®®>!

METHOD

Study Participants

Between 2003 and 2005, preschoolers between the
ages of 3.0 and 5.11 years were recruited from the St.
Louis metropolitan area, using the Preschool Feelings
Checklist,””*® and preschoolers with symptoms of
MDD were oversampled. With written consent from
parents and assent from the children, a sample of 306
children without head trauma, neurological disease,
severe developmental delays, or premature birth were
enrolled in the Validation of Preschool Depression
Study, a longitudinal study approved by the Institu-
tional Review Board at the Washington University
School of Medicine.

A total of 168 children completed follow-up annual
waves over a 5- to 8-year period, after which an MRI
study at school age was conducted. Forty-one addi-
tional healthy children were recruited for the MRI study
to increase the size of the healthy control group (age
matched to the children with psychiatric disorders).
A total of 209 children between the ages of 7 and 12
years participated in a training sequence using a mock
scanner, as described previously.*® After applying
criteria for image quality (detailed below), 148 children
were screened, and 115 medication-free children who
did not show structural brain abnormalities (59 girls
and 56 boys; mean age, 9.88 + 1.33 years) were inclu-
ded in the present study. A total of 33 subjects were
excluded because of these, 27 had psychotropic medi-
cation before scanning, 3 had brain abnormalities, 1 had
both, and 2 had missing diagnostic data.

Diagnostic Assessment
Trained interviewers conducted in-person annual
interview sessions using an age-appropriate diagnostic
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interview: the Preschool Age Psychiatric Assessment
(PAPA) for preschool-age children®*° and the Child
and Adolescent Psychiatric Assessment (CAPA) for
school-age children.**> Methods to avoid drift and to
maintain reliability and quality control, including re-
view of 20% audiotaped interviews with a master
clinician, were used.**> The PAPA and CAPA consist of
a series of developmentally appropriate questions
covering the DSM-IV criteria for Axis I disorders of
childhood. Parent-reports were used for children
less than 8.0 years of age, and child- and parent-reports
were combined for children 8.0 years or more of age.
Standard DSM-IV algorithms were applied to derive all
diagnoses, with the exception that the 2-week duration
of symptoms requirement for MDD was set aside for
subjects who were younger than 6.0 years based on
data suggesting that it is not an appropriate threshold
for this developmental period.*®***>

Based on diagnoses using the PAPA and CAPA,
children were classified into 1 of the following 3
groups: the MDD group (n = 42) if they met DSM-IV
criteria for MDD at any annual wave before the MRI
scan; the other psychiatric control (OPC) group
(n = 22) if they met DSM-IV criteria for any Axis I
disorder (ADHD, ODD, CD, and anxiety disorders)
without MDD comorbidity at any wave before the
scan; and the healthy control group (n = 51) if they did
not meet DSM-IV criteria for any Axis I disorder across
all waves prior to scan. In addition, PAPA and
CAPA items in the MDD module were used to derive a
‘core’ DSM-IV MDD symptom score at each wave.*®
Then, the number of core MDD symptoms at the time
of scan was summed into a core MDD severity score.

Life Events

The PAPA and CAPA also assessed how frequently
children experienced stressful and traumatic life events
within the last year, as reported by their caregiver
annually at each study wave. A subgroup of healthy
children who were newly added to the MRI study
retrospectively reported how frequently they had ever
experienced any stressful and traumatic events in their
lives. The PAPA and CAPA have established test-
retest reliability for parental reports of life events*” and
define early life trauma as any type of emotionally
harmful life events up to school age (i.e., in the past 7-
12 years), including, for example, physical and sexual
abuse, automobile accidents, natural disaster, or death
of sibling; we defined early life stress as any type of
less intense but still distressing life event up to school
age, including, for example, death of a pet, change in
daycare/school, and birth of a new sibling.

Functional Task and Stimuli

The fMRI task was a facial emotion—processing task
using the MacArthur Network Face Stimuli Set, a
validated stimulus set that contains 43 different actors
from different ethnic/cultural backgrounds.48 Children

were shown faces that varied in affective content
(fearful, sad, angry, happy, and neutral) from 10 sets of
adults and were asked to decide whether the face was
male or female. The purpose of this gender judgment
was to ensure that all subjects were awake and viewed
the stimuli, and accuracy was very high. We chose to
use a task that did not require explicit attention to the
emotional content because of evidence that heightened
amygdala responses associated with MDD may be
more apparent with tasks that do not explicitly require
a focus on the emotional content.*** In addition, we
created intermediate affective expressions by morphing
the neutral expression for each individual with that
individual’s emotional expression (MorphAge soft-
ware). We included these stimuli because behavioral
and brain activation biases in depression may be more
apparent when viewing emotional expressions that are
less intense. Thus, each “actor” in the stimulus set
provided a total of 9 facial expressions (neutral, 50%
fearful, sad, angry, and happy, 100% fearful, sad,
angry, and happy). Children had not previously seen
any of these faces, and each stimulus was presented
once (no repeats) for 2,500 milliseconds, followed by an
intertrial interval (ITI) ranging between 500 and 6,500
milliseconds. The task was programmed in PsyScope,
and behavioral responses in the scanner were acquired
via a fiberoptic button box interfaced with the Psy-
Scope button box. Each run consisted of 45 stimuli,
5 from each of the 9 conditions. Selection of the specific
face to be presented on each trial was determined by
PsyScope using a random without replacement algo-
rithm, within the constraint of the number of faces of
each type to be presented in a run. The image projected
on a screen behind the subject’s head was viewed by a
mirror positioned approximately 8 cm above the sub-
ject’s face. For the current analyses, activation values
for the fear (50% and 100% fear > neutral), the sad
(50% and 100% sad > neutral), and the happy (50% and
100% happy > neutral) conditions were used.

Imaging Data Acquisition

Imaging data acquisition, including structural, func-
tional, and diffusion tensor imaging, was performed
on a 3.0-Tesla TIM TRIO Siemens whole-body system.
The whole MRI session took approximately 1 hour and
15 minutes. During the scan, children completed a film-
processing task (~5 minutes), 2 face task runs (~12
minutes), 2 resting state runs (~12 minutes), and
2 diffusion tensor imaging runs (~15 minutes). Only
functional imaging data acquired during the facial
emotion-processing task were used for the present
study. Two 3-dimensional T1l-weighted magnetiza-
tion prepared rapid gradient echo (MPRAGE) scans
(~6 minutes each; TR = 2,400 milliseconds, TE = 3.16
milliseconds, flip angle = 8°, voxel size 1 mm3) were
acquired in the sagittal plane. Blood oxygen level-
dependent (BOLD) images during the face task were
acquired with a T2*-weighted asymmetric spin-echo
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echo-planar sequence (~5 minutes; TR = 2500 milli-
seconds, TE = 27 milliseconds, flip angle = 90°, voxel
size = 4 mm3) with a 12-channel head coil; for each
functional run, 99 sets of 36 contiguous axial images
with isotropic voxels (4 mm®) were acquired parallel to
the anterior-posterior commissure plane.

Functional Data Preprocessing

The fMRI data were preprocessed using the following
steps: compensation for slice-dependent time shifts;
removal of the first 4 images of each run to allow the
BOLD signal to reach steady state; elimination of odd/
even slice intensity differences due to interpolated
acquisition; realignment of data acquired in each sub-
ject within and across runs to compensate for rigid
body motion®}; intensity normalization to a whole
brain mode of 1,000; registration of the 3-dimensional
structural volume (T1) to the atlas representative tem-
plate in the Talairach coordinate system®” using a 12-

parameter affine transform and resampling to 1-mm?®

representation®”%; coregistration of the 3-dimensional
fMRI volume to the T2, and the T2 to the participant’s
structuralimage; transformation of the fMRI to atlas space
using a single affine 12-parameter transform that included
resampling to a 3-mm°® representation; and spatial
smoothing using a 6-mm full-width-at-half-maximum
Gaussian filter. Prior research has validated the use of
this approach with children in our age range.”*
Further processing of fMRI data was performed us-
ing in-house software (FIDL analysis package, http://
www.nil.wustl.edu/labs/fidl/index.html) that was
used in previously published studies.’**"*5°%¢! Egti-
mates of BOLD response to each face type in each
subject were obtained using fixed-effects general linear
models incorporating regressors for linear trend and
baseline shifts. A hemodynamic response shape was
assumed (Boynton function) and used to derive
magnitude estimates relative to fixation baseline. These
single-subject estimates were then entered into group-
level analyses that treated subjects as random effects.

Image Quality Criteria

We applied stringent criteria for image data quality.
First, the signal-to-noise ratio was calculated on the
face task runs, and subjects with a signal-to-noise ratio
greater than 200 were initially screened (n = 174 of
209). This is a loss rate of approximately 17%, which is
typical for developmental neuroimaging studies. Sec-
ond, a “motion scrubbing” procedure, previously
validated corrections for head motion used for func-
tional connectivity analysis,®* was applied to the pre-
sent task-related fMRI analysis by assessing framewise
displacement based on the movement parameters.®®
In this procedure, framewise displacement detects the
differential head motion from the previous frame
summing across linear (x, y, z) and rotational dis-
placements (yaw, pitch, roll, where degrees of rotation
are converted to millimeters of movement by

calculating displacement on the surface of a sphere
with a radius of 50 mm) for any given frame (i.e.,
timepoint). A temporal mask was created to remove
any frame with a sum displacement greater than
0.9 mm. This threshold was selected to be stringent and
to remove any spikes in head motion while still
maintaining the majority of the data. We retained 148
subjects who had more than 100 frames of data that
survived scrubbing. Details on the validity and efficacy
of this procedure have been reported previously.**

Data Analysis

Demographic and clinical differences (age, gender,
handedness, family income at scan, average core MDD
severity score across the assessments, and comorbidity)
among the MDD, healthy, and OPC groups were tested
using one-way analyses of variance (ANOVAs) or %>
tests. If the ANOVAs revealed significant group dif-
ferences, post hoc tests with a Bonferroni correction
were used. The total number of each of stressful and
traumatic life events up to the scan was also compared
between the groups. Each variable had 1 to 3 outliers
with a standard score of 3 or greater, thus Winsorizing
was performed such that these extreme values were set
to the closest nonextreme value (with a standard
score <3). If any demographic variable was related to
diagnostic group or life events, we included that vari-
able as covariate in subsequent analyses.

To examine the relationship between life events
and functional brain activity, we used a priori region-
of-interest (ROI) mask. As described above, the
selected ROIs were those demonstrated to be relevant
in affective processing associated with MDD: namely,
the amygdala, hippocampus, basal ganglia, medial and
dorsolateral PFC, and ACC. Anatomical templates for
our mask were derived from prior work®™®” (Figure S1,
available online). The PFC mask was defined on an
atlas-representative image using the boundaries
described by Rajkowska and Goldman-Rakic.®®’ The
cingulate mask used centroids of activation identified
in prior studies**”*”" around which we drew 25-mm
diameter spherical ROIs edited to respect gray matter
boundaries on an atlas-representative image.

We computed 6 sets of voxelwise regression ana-
lyses within the mask described above. For the
dependent variables, we subtracted the magnitude of
BOLD response to neutral faces from the magnitude
of BOLD response to fearful faces, sad faces, and
happy faces for each participant. The predictor vari-
ables were MDD status, OPC status, either cumulative
stressful or traumatic life events, and their in-
teractions. These regression analyses were conducted
with correction for multiple comparisons using sim-
ulations to generate a p value and cluster size criterion
that provide a false-positive rate of p < .05 for the
whole ROI mask.”>”® This threshold/cluster-size
requirement provides protection against type I error
and was chosen based on Monte-Carlo simulations via
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AlphaSim”* and was set at a threshold of z = 2.6 atp <
.0094 and 20 voxels. If any effect was found to be sig-
nificant, multivariate outliers were evaluated, assess-
ing the probability of Mahalanobis distance. If any
multivariate outliers were detected (i.e., Mahalanobis
D? with p < .001), we removed them and tested the
effect again. All results reported below were those that
survived when multivariate outliers were removed.
For exploratory purposes, we also ran whole-brain
analyses of life stress and trauma relationships to
fearful, sad, and happy faces (presented in Tables S2
and S3, available online).

Moreover, for some regions, we found significant
relationships between life events and brain activity in
response to 1 facial emotion type, but not for another
emotion type. To determine whether such relationships
were significantly stronger for 1 emotion type versus
another, we used repeated-measures analyses of co-
variance (ANCOV As) for each identified region. These
follow-up ANCOVAs added emotional face type and
all possible interactions with emotional face type as
within-subject variables to each original regression
model. When the interaction with emotional face type
was significant, we computed partial correlations be-
tween an identified predictor and BOLD response
(covarying for the other predictors) for each emotional
face type to confirm the pattern of relationships.

RESULTS

Demographic and Clinical Characteristics
As shown in Table 1, there were no significant
differences in age, gender, handedness, or family

income among the MDD, healthy, and OPC
groups. However, the groups differed in stressful
(F2112 = 9.15, p < .01) and traumatic life events
(F2,112 = 14.16, p < .01). Post hoc contrasts indi-
cated that the MDD group experienced more
stressful and traumatic life events than the healthy
control group (p < .01). Moreover, the OPC group
showed more traumatic life events than the
healthy control group (p < .05). Within the healthy
control group, those whose life events were
assessed retrospectively reported less stressful
(Fr40 = 16.02, p < .01) and traumatic life events
(F140 = 37.62, p < .01) than those who were
enrolled since the baseline assessment.

We also assessed whether age, gender, or
family income was associated with stressful or
traumatic life events, respectively. Age was not
related to stressful life events, but it was related
to traumatic life events (r;13 = 0.23, p < .05).
There were no gender differences in stressful or
traumatic life events. Finally, family income was
related to stressful life events (ry13 = —0.35, p <
.01) but not traumatic life events. Therefore, we
subsequently controlled for family income in the
analysis of stressful life events and age in the
analysis of traumatic life events.

Table 1 also indicates that comorbidity rates
within the MDD group were 57% for any exter-
nalizing disorders and 62% for non-MDD
internalizing disorders; 40% of the MDD group

TABLE 1 Demographic and Clinical Characteristics of the Study Sample (N = 115)
Other Psychiatric
MDD Healthy Disorders

Variable (n = 42) (n = 51) (n=22) F or x2
Age (y)® 9.81  (1.23) 9.80 (1.34) 10.18  (1.47) 0.70
Gender (girls/boys) 22/20 24/27 13/9 0.92
Handedness (left/right/both) 2/40/0 7/43/1 2/20/0 3.51
Family income at scan

<$20,000 13 7 3 8.69

$20,001-$40,000 8 11 3

$40,001-$60,000 6 1 2

>$60,000 15 22 14
Cumulative life events®

Stress 11.71  (6.32) 6.45  (5.34) 9.41  (6.46) 9.15*

Trauma 8.21 (7.80) 2.47  (2.00) 6.36 (4.52) 14.16*
Average core MDD severity across assessments®
Comorbidity 3.13  (1.14) 1.10 (0.92) 1.77  (0.84) 48.42**

Externalizing 24 (17)P 0 8 (5)° 38.44*

Non-MDD internalizing 26 (17)° 0 17 (5)° 56.19**
Note: MDD = major depressive disorder.

“Data are presented as mean (standard deviation).

bA value within parentheses indicates the number of subjects who showed both externalizing and non-MDD infernalizing comorbidities.

**p < .0l
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TABLE 2 Region-of-Interest Analysis of Stressful Life Events (SLE; N = 115)

Brain Region

Outcome Variable: Fearful > Neutral
Predictor Variable: Main Effect of SLE
R PEC (BA28)/amygdala
R lateral GP
No other significant main effects or interactions
Outcome Variable: Sad > Neutral
Predictor Variable: Main Effect of SLE
L amygdala
Predictor Variable: Main Effect of MDD
No main effect
Predictor Variable: Main Effect of OPC
L pgACC (BA32)
Predictor Variable: Interaction of SLE x MDD
L hippocampus
Predictor Variable: Interaction of SLE x OPC
L medial GP
Outcome Variable: Happy > Neutral
Predictor Variable: Main Effect of SLE
L medial GP
R amygdala
No other significant main effects or interactions

Regression Coefficient

Talairach Coordinate

0.033
0.011

0.016

—0.404

0.016

0.041

0.025
0.020

SEB

0.009
0.003

0.008

0.108

0.007

0.016

0.007
0.010

8

0.464
0.518

0.293

—0.624

0.469

0.541

0.463
0.318

3.61*
417

2.15*

3.76*

2.38*

2.61*

3.46**
2.06*

X

19
16

-17
19

Y

—14

z

—10

-8
-12

Cluster Size

25
27

32

20

20

31

31
22

Interaction With Emotion

F

3.14*
1.00

0.36

2.12

1.04

1.31
2.74

*p<.05 **p < .0l

pgACC = perigenual anterior cingulate cortex; R = right hemisphere; SE B = standard error of B.

Note: Multivariate outliers were excluded. The column “Interaction With Emotion” represents the F ratio for the interaction between emotional face type and the variable indicated in each row. B = nonstandardized
coefficient; B = standardized coefficient; BA = Brodmann area; GP = globus pallidus; L = left hemisphere; MDD = major depressive disorder; OPC = other psychiatric control; PEC = posterior entorhinal cortex;
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FIGURE 1

(A) Brain activity response to negative faces (green areas activated by fearful faces; blue areas activated by

sad faces) and happy faces (red areas) increased as a function of cumulative stressful life events. Note: sccmerp|ots
illustrate interactions between (B) cumulative stressful life events and major depressive disorder (MDD) status and

(C) cumulative stressful life events and other psychiatric control (OPC) status. BOLD
R = right side.
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TABLE 3 Region-of-Interest Analysis of Traumatic Life Events (TLE; N = 115)

Brain Region

Qutcome Variable: Fearful > Neutral
No significant main effects or inferactions
Outcome Variable: Sad > Neutral
Predictor Variable: Main Effect of TLE
L PEC (BA28)/amygdala
R amygdala
Bi sgACC (BA25)
Bi pgACC (BA32)
Predictor Variable: Main Effect of MDD
No main effect
Predictor Variable: Main Effect of OPC
L PEC (BA28)/amygdala
R amygdala
Bi pgACC (BA32)
Bi caudate head
Predictor Variable: Interaction of TLE x MDD
No interaction effect
Predictor Variable: Interaction of TLE x OPC
R amygdala
Outcome Variable: Happy > Neutral
Predictor Variable: Main Effect of OPC
R PEC (BA28)/Amygdala
Bi dorsal
ACC (BA32)

No significant main effects or interactions

Regression Coefficient

Talairach Coordinate

0.034
0.042
0.041
0.029

-0.292
—0.534
—0.442
—0.286

0.086

—0.300
—0.346

SEB

0.012
0.009
0.009
0.007

0.083
0.126
0.114
0.079

0.025

0.115
0.099

8

0.377
0.619
0.522
0.596

—0.586
—0.669
—0.637
-0.610

1.070

—0.443
—0.582

2.79*
4.93*
4.34*
4.48*

3.53*
4.14*
3.86**
3.63**

3.50**

2.60*
3.49*

X

=17
24
-1
-1

—22
24
-3

24

Y

=11
-1
19
41

—14
-2
43

10

-13
16

VA

-18
-15

-19
34

Cluster Size

40
32
31
49

24
34
73
52

26

24
37

Interaction With Emotion

F

0.33
10.79**
10.25*

7.98*

4.90*
7.59*
4.89*
4.04*

2.66

1.59
2.99

*p < .05 **p < .0l

Note: Multivariate outliers were excluded. The column “Interaction With Emotion” represents the F ratio for the interaction between emotional face type and the variable indicated in each row. ACC = anterior cingulate
cortex; B = nonstandardized coefficient; § = standardized coefficient; BA = Brodmann area; Bi = bilateral; L = left hemisphere; MDD = major depressive disorder; OPC = other psychiatric control; PEC = posterior
enforhinal cortex; pg = perigenual; R = right hemisphere; SE B = standard error of B; sg = subgenual.
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FIGURE 2 Brain activity response to sad faces predicted by each effect. (A) Voxels predicted by each effect and
(B) scatterplot illustrating an interaction between cumulative traumatic life events and other psychiatric control (OPC)

status. Note: R = right side.

Effect of Life Trauma

Effect of OPC
B Overlapping Effects of Life Trauma and OPC

Overlapping Effects of Life Trauma, OPC,
and Life Trauma X OPC

showed both externalizing and internalizing
comorbid disorders. Table S1 (available online)
illustrates a comparison of each Axis I disorder
between the MDD and OPC groups. Within the
OPC group, there were relatively high proportions
of anxiety disorders. However, there were no
significant differences in the proportion of each
specific Axis I disorder, except MDD (by defini-
tion), between the MDD and OPC groups.

Stressful Life Events

As shown in Table 2, stressful life events predicted
the following: increased BOLD response to fearful
faces in the right amygdala/posterior entorhinal
cortex and lateral globus pallidus; increased
BOLD response to sad faces in the left amygdala;
and increased BOLD response to happy faces in
the left medial globus pallidus and right amyg-
dala (Figure 1A). Furthermore, stressful life events
significantly interacted with MDD status to pre-
dict BOLD response to sad faces in the left hip-
pocampus, and OPC status to predict BOLD
response to sad faces in the left medial globus
pallidus. As shown in Figure 1B, the MDD group
tended to show a positive relationship between
stressful life events and left hippocampal activity,

W
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whereas the non-MDD groups tended to show a
negative relationship. For sad faces, there was also
a main effect of OPC status; children with other
psychiatric disorders showed less activation in the
left perigenual ACC (pgACC) than the other
children, despite their stressful experience. As
shown in Figure 1C, the OPC group demonstrated
a positive relationship between stressful life
events and left medial globus pallidus activity
compared to the non-OPC groups.

Even after accounting for family income as a co-
variate, stressful life events continued to predict left
amygdala activity response to sad faces (8 = 0.25,
tios = 1.75, p = .083) and right amygdala activity
response to happy faces (8 =0.27, t10s=1.72,p = .089)
at a marginal level. The other effects and interac-
tions remained significant at p < .05. Finally, as
described above, someregions showed relationships
between stressful life events and responses to an
emotional face type. Follow-up ANCOV As showed
that the right amygdala identified in the regression
for fearful faces showed a significant interaction with
emotion type (Table 2). The relationship between
stressful life events and right amygdala activity was
significant only when children viewed fearful faces
(p < .01) and happy faces (p < .01), but not sad faces.
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Traumatic Life Events

As shown in Table 3, none of the variables pre-
dicted BOLD response to fearful faces. However,
when processing sad faces (Figure 2A), traumatic
life events were associated with greater func-
tional activation in the left amygdala/posterior
entorhinal cortex, the right amygdala, and the
bilateral sgACC and pgACC. Moreover, there
was a main effect of OPC status, such that des-
pite their traumatic experience, the OPC group
showed less activity in the bilateral amygdala,
pgACC, and caudate head, compared to the non-
OPC groups. Finally, there was a significant
interaction between traumatic life events and
OPC status predicting right amygdala a response
to sad faces; Figure 2B shows that the positive
relationship between traumatic life events and
right amygdala response to sad faces was present
only in the children with other psychiatric dis-
orders. Thus, traumatic life events influenced left
amygdala response to sad faces among all chil-
dren, but the effects of traumatic life events on
right amygdala response to sad faces depended
on OPC status (Figure 2A). All of the above ef-
fects remained significant at p < .05 when con-
trolling for age.

When processing happy faces, despite their
traumatic experience, the OPC group showed less
brain activity in the left dorsal ACC and right
amygdala/posterior entorhinal cortex. Again,
these main effects remained significant at p < .05
when controlling for age.

As with stressful life events, specificity between
traumatic life events and responses by emotion
type was also found in some regions. Follow-up
ANCOVAs identified that traumatic life events
significantly interacted with emotional face type
in predicting right amygdala activity, bilateral
sgACC activity, and bilateral pgACC activity,
and that OPC status significantly interacted
with emotional face type in predicting left amyg-
dala, right amygdala, bilateral pgACC, and bilat-
eral caudate head activity (Table 3). Subsequent
partial correlations confirmed that the relation-
ships between trauma and activity in the right
amygdala, bilateral sgACC, and bilateral pgACC
were present for sad (p < .01) and happy faces
(p < .05), but not for fearful faces. Moreover,
the relationships to OPC status indicated that
children with other psychiatric disorders showed
reduced activation in the left amygdala and
bilateral pgACC on sad faces (p < .01), as well as
the right amygdala and caudate on sad (p < .01)
and happy (p < .05) faces.

DISCUSSION

The aim of the present study was to examine
our hypotheses that a greater number of stressful
and traumatic life events would predict greater
cortico-limbic activation in children, particularly
in response to fearful or sad faces, depending on
the child’s history of MDD. Three major findings
were obtained.

First, our results revealed that both stressful
and traumatic life events show similar relation-
ships to amygdala reactivity. That is, an increase
in the number of life events, including both stress
and trauma, was associated with increased
functional activation response to emotional faces
in the amygdala, particularly the centromedial
subregion and even extending dorsally. These
results demonstrate that increased amygdala
reactivity can occur not only in individuals with
a history of child deprivation and maltreat-
ment,'%?° but also in individuals who have
experienced a broader array of life stressors and
traumas. However, the pattern of effects across
face types was somewhat different, depending on
whether children experienced stressful or trau-
matic life events. Children exposed to stressful life
events showed increased functional reactivity to
emotional face processing across a number of
facial emotion types (Figure 1A). Although the
effect of stressful life events on right amygdala
activity was exceptionally specific to fearful and
happy faces, no other valence-specific effects were
found (Table 2). Thus, exposure to stressful life
events increases reactivity to emotional
faces relatively generally. In contrast, children
exposed to traumatic life events demonstrated
increased amygdala and ACC activity response
only to sad faces (Table 3), suggesting a more
specific effect of this experience. It was somewhat
surprising that amygdala reactivity to fearful faces
was not related to traumatic life events. This could
be consistent with desensitization or “burn-out” to
fearful stimuli in those experiencing early trauma,
although directed study of this issue is needed.
Interestingly, there is mixed evidence regarding
the effects of stressors on amygdala reactivity, as
relationships are sometimes found across
emotional valence’® but also sometimes found
only with sad stimuli.”® Our findings suggest that
the pattern of effects across emotion types may
vary as a function of stressor severity, and more
research is needed to examine this issue.

Another interesting finding about stress/
trauma effects was that early life trauma was
associated with increased functional activity in the
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bilateral sgACC (close to ventral medial PFC) and
pgACC, and this relationship was present only
while viewing sad faces; in contrast, emotional
ACC reactivity was not related to early life stress.
The sgACC and pgACC are involved in the neu-
rocircuitry of anxiety, sadness, and MDD.”””” For
example, a high proportion (46%) of neuro-
imaging studies have found that functional acti-
vation in the ACC is associated with the induction
of sad mood,®® and structural differences in the
ACC have been consistently reported in adults
and adolescents with MDD.?®2 Moreover, it has
been reported that electrical stimulation of the
sgACC helps recovery in patients with treatment-
resistant MDD.?!#>%* Our results suggest that the
ACC function during sadness processing may be
altered as a function of early life trauma, which
may provide a neurobiological explanation for
why early life trauma is a risk factor for increasing
depression severity.'>*%?%%

The second major finding was that there was
an interaction between early life stress and MDD
status in predicting left hippocampal activity
(Table 2). Specifically, children with a history of
MDD tended to show greater functional activa-
tion in the hippocampus in response to sad faces
as the amount of early life stress increased. A few
studies have reported that adults and children
with MDD show increased right (but not left)
hippocampal activity when processing sad
faces.> % Interestingly, MDD is frequently asso-
ciated with a bias toward sad faces,®® and, in
prior work, patients with MDD showed increased
left hippocampal activity while viewing sad faces
relative to happy faces.” In contrast, healthy in-
dividuals typically show a bias toward happy
faces,®® and, in prior work, healthy individuals
showed increased left hippocampal activity while
viewing happy faces relative to sad faces.*” These
studies (i.e., the differing face conditions during
which MDD versus healthy controls showed
increased left hippocampal activity) suggest the
possibility, albeit speculative, that the left hip-
pocampus may be involved in subjects’ atten-
tional bias. However, the present study did not
measure an attentional bias, and additional
work will be needed to test this hypothesis more
directly. Furthermore, we did not find any other
main effect or interaction relating specifically
to MDD. For instance, there was no interaction
between traumatic life events and MDD status
in predicting amygdala or ACC reactivity. One
speculative hypothesis is that interactions be-
tween MDD status and life events may become

more apparent as these children pass through
puberty and into adulthood, but this hypothesis
needs to be tested through longitudinal follow-up.

The third major finding was that there were
interactions between life events and other psy-
chiatric status in predicting functional brain ac-
tivity. Children with psychiatric disorders other
than MDD (mostly anxiety disorders, as shown
in Table S1, available online) showed increased
left medial globus pallidus activity response to
sad faces when they had experienced a greater
number of stressful life events (Table 2). They
also demonstrated increased right amygdala ac-
tivity response to sad faces with an increased
number of traumatic life events (Table 3). In
contrast, children with a history of MDD and
healthy children did not show a change in func-
tional response in these regions as a function of
life events. Hence, although traumatic life
events had a main effect on left amygdala activity
response to sad faces in children with or without
any psychiatric disorder, the functional change in
the right amygdala was more pronounced in
children with a history of non-MDD psychiatric
disorders. This may be consistent with prior
findings that children with a history of institu-
tional care who exhibit any externalizing or
internalizing problem showed bilateral amygdala
hyperactivity response to negative stimuli.”
Furthermore, early life trauma and altered right
amygdala activity response to sadness could be
important in understanding the developmental
trajectory of these disorders.

Some limitations in our study should be
mentioned. First, although we found significant
associations between stress or trauma and func-
tional brain changes, inferences about causal
relationships cannot be made. Second, approxi-
mately half of the healthy control group was
recruited at the scan wave (28 of 51 children)
and reported stress and trauma retrospectively.
Because their retrospective reporting showed less
stressful and traumatic life events than did the
other healthy children (discussed above), the
occurrence of life events might be underestimated
in this group. Third, our MDD group showed
high levels of comorbid anxiety or other psychi-
atric disorders (common in childhood MDD),
making it difficult to test stress or trauma effects
between the MDD and OPC groups. Neverthe-
less, as shown in Table S1 (available online), there
was no group difference in the proportion of any
Axis I disorder except MDD. Hence, our results
suggest that differential effects of stress or
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trauma on brain activity between the MDD and
OPC groups are present. Fourth, although the
present study followed a common procedure in
the literature where neutral faces were used as
baseline, functional brain response to neutral
faces themselves could vary in relation to life
events and/or diagnostic status.” If this is the
case, then neutral faces may not be an ideal
control condition. Future research would benefit
from administering other types of control condi-
tions (e.g.,, nonfacial images) in addition to
neutral faces to examine any stress/MDD effects
on functional brain activity response to neutral
faces relative to nonfacial stimuli.

In summary, our data extend the previous
literature and highlight the critical neurobiological

@ Clinical Guidance

e Children with a history of high life stress, whether
or not they had a psychiatric disorder, showed
increased functional reactivity to both negative
and positive emotional faces; such increased
activity was found in the amygdala and globus
pallidus.

o Children with a hisfory of high life trauma, whether
or not they had a psychiatric disorder, showed
increased functional reactivity to only sad faces;
such increased activity was found in the amygdala
and subgenual and perigenual anterior cingulate
cortex.

o Children with a hisfory of MDD showed increased
left hippocampal reactivity to sad faces if their life
stress was high, whereas this relationship was not
present in the other children.

e Children with a hisfory of non-MDD psychiatric
disorder showed increased left globus pallidus
reactivity (when their life stress was high) or right
amygdala reactivity (when their life frauma was
high) to sad faces, but the other children did not
show this relationship.
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FIGURE S1 Region-of-interest (ROI) mask used in the present study (shown in blue).
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TABLE S1 Composition of Axis | Disorders in the Major Depressive Disorder (MDD) Group and the Other Psychiatric
Control Group (n = 64)

MDD
Axis | Disorder, n (%) (n=42) Other Psychiatric Disorders (n = 22) x2
ADHD 17 (40.5) 5(22.7) 2.02
ODD 20 (47.6) 7 (31.8) 1.48
CD 12 (28.6) 4(18.2) 0.83
PTSD 8 (19.0) 2 (9.1) 1.09
Anxiety disorders except PTSD 26 (61.9) 14 (63.6) 0.02
GAD 16 (38.1) 8 (36.4) 0.02
Separation anxiety 17 (40.5) 7 (31.8) 0.46
Panic attack 1(2.4) 0 (0.0) 0.52
Agoraphobia 0 (0.0) 1(4.5) 1.98
Social phobia 7 (16.7) 5(22.7) 0.35
OCD 2 (4.8) 3 (13.9) 1.66
MDD 42 (100.0) 0 (0.0) 64.00*
Note: Some subjects showed comorbidity. ADHD = attention-deficit/hyperactivity disorder; CD = conduct disorder; GAD = generalized anxiety disorder;
OCD = obsessivecompulsive disorder; ODD = oppositional defiant disorder; PTSD = postiraumatic stress disorder.
*p<.0l.
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TABLE S2 Whole-Brain Analysis of Stressful Life Events (SLE; N = 115)

Regression Coefficient Talairach Coordinate
Brain Region B SEB g t X Y Y4 Cluster Size
Outcome Variable: Fearful > Neutral

Predictor Variable: Main Effect of SLE
L DEC (BA34) 0.050 0.010 0.618 5.18* —-16 -5 —22 20
L superior TG (BA38) 0.052 0.009 0.639 5.64** —-35 16 —28 61
L middle TG (BA21) 0.049 0.010 0.602 4.99* —47 o) —29 30
L cuneus (BA18) 0.009 0.002 0.490 3.90** —15 -79 29 23
L pons 0.022 0.004 0.610 511 -5 —-20 —22 18
R thalamus 0.015 0.003 0.539 4.31* 15 -8 5 17
R superior TG (BA38) —0.085 0.018 —0.536 4.65* 37 14 -31 30
R middle TG (BA39) 0.011 0.003 0.510 4.08** 37 —-67 29 24
R middle TG (BA22) 0.014 0.004 0.502 4.04* 54 -33 5 35
R middle TG 0.010 0.002 0.490 3.87** 43 —43 4 44
R inferior TG (BA20) 0.039 0.007 0.644 5.59* 47 -7 —22 112
R cuneus (BA19) 0.015 0.003 0.565 4.60** 11 —88 24 74
R red nucleus 0.030 0.005 0.670 573 3 -18 -10 63
R cerebellum (tonsil) 0.045 0.009 0.592 4.84* 44 -57 —46 39

Predictor Variable: Main Effect of MDD
No main effect

Predictor Variable: Main Effect of OPC
R superior TG (BA38) 1.388 0.315 0.693 4.41* 37 10 -32 59
R inferior TG (BA20) —0.291 0.068 —0.671 4.31* 46 -9 -16 25
R inferior TG (BA20) —1.724 0.336 —-0.781 5.14* 62 —24 —24 20
R precuneus (BA7) —0.533 0.137 —0.626 3.89* 6 -78 39 23

Predictor Variable: Interaction of SLE x MDD
No interaction effect

Predictor Variable: Interaction of SLE x OPC
L superior TG (BA38) 0.093 0.019 0.899 4.99* —-37 17 —25 33
L middle TG (BA21) 0.111 0.026 0.806 4.30* —48 6 -32 18
R DEC (BA34) —-0.198 0.035 —1.034 5.67** 13 4 —-16 18
R superior TG (BA38) —0.160 0.033 —0.873 4.84* 37 12 -31 48
R middle TG (BA22) 0.033 0.008 834 4.33* 57 -33 5 49
R inferior TG (BA20) 0.179 0.034 0.978 5.35* 60 —25 —24 36
R inferior TG (BA20) 0.037 0.007 0.968 5.35* 47 -9 —18 78
R postcentral gyrus (BA7) 0.054 0.014 0.685 3.79** 26 —48 66 18
R inferior PL (BA40) 0.019 0.005 0.764 4.05* 22 -37 53 43
R middle OG (BA19) 0.042 0.010 0.789 4.17* 8 —81 32 80
Pons 0.060 0.013 0.864 4.58** 0 —-17 —25 17

P42 NZNS
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TABLE S2 Continued

Brain Region

QOutcome Variable: Sad > Neutral
Predictor Variable: Main Effect of SLE
L lateral GP
L superior TG (BA38)
R superior TG (BA38)
R middle TG (BA21)
R middle TG (BA22)
R inferior PL (BA40)
Predictor Variable: Main Effect of MDD
L precuneus (BA7)
R superior TG (BA39)
Predictor Variable: Main Effect of OPC
L perigenual ACC (BA32)
R superior TG (BA38)
R superior TG (BA22)
R middle TG (BA21)
R cerebellum (uvula)
Predictor Variable: Interaction of SLE x MDD
No interaction effect
Predictor Variable: Interaction of SLE x OPC
L medial GP
L superior TG (BA38)
L mammillary body
R superior TG (BA38)
R middle TG (BA22)
R inferior TG (BA20)
Outcome Variable: Happy > Neutral
Predictor Variable: Main Effect of SLE
L PRC (BA35)
L ventral ACC (BA24)
L substantia nigra
L superior TG (BA38)
L middle TG (BA21)
L postcentral gyrus (BA43)
L precuneus (BA19)
L celleberum (declive)
R ventral ACC (BA24)

Regression Coefficient

0.035
0.069
-0.074
0.014
0.015
0.014

0.460
—-0.230

-0.417

1.242
-0.278
—0.656
—1.724

0.071
0.129
-0.118
—0.156
0.027
0.084

0.035
0.014
0.033
0.081
—0.065
0.027
0.026
0.011
0.010

SEB

0.007
0.014
0.013
0.006
0.003
0.002

0.120
0.052

0.095
0.299
0.065
0.118
0.436

0.017
0.026
0.025
0.028
0.007
0.012

0.007
0.004
0.005
0.013
0.014
0.005
0.006
0.002
0.002

8

0.566
0.587
-0.618
0.702
0.567
0.732

0.697
-0.771

-0.713

0.621
—0.695
-0.757
—0.651

0.802
0.902
—0.885
-0.982
0.736
1.131

0.587
0.502
0.760
0.695
—0.530
0.598
0.540
0.539
0.534

4.64*
4.96*
5.50**
6.61*
4.61*
6.44*

3.82*
4.41*

4.37*
4.16*
4.32*
5.56**
3.96**

4.24*
4.90**
4.81*
5.63*
3.87*
6.86**

4.94*
3.97*
6.87*
6.24*
4.52*
4.91*
4.39*
4.31*
4.41*

Talairach Coordinate

-19
-35
33
47
55
52

=21
46

-10
34
50
52
30

-18
—38

33
52
49

=21

-8
-36
—40
-59
—38

11

Y

-16
17

—34
—51

-73
-59

42

—38
-9
-89

—14
15
-10

-35

—24
-19
-19
14
-1
-8
-75
-55
2

—28
-33
-18

23

49
19

-32

-16
-22

—28
-8
~34

-18

-22
39
-8

—27

-32

14
39

-13

28

Cluster Size

53
48
118
392
57
94

21
38

30
52
28
150
17

33
71
19
130
18
452

17
22
168
198
40
26
35
37
21
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TABLE S2 Continued

P42 NZNS

Regression Coefficient Talairach Coordinate
Brain Region B SEB g t X Y V4 Cluster Size

Predictor Variable: Main Effect of SLE

R dorsal PCC (BA31) 0.014 0.004 0.448 3.52* 2 =50 32 24

R ventral lateral thalamus 0.015 0.003 0.581 4.77* 14 -9 5 17

R OFC (BA11) 0.171 0.029 0.648 5.79* 5 11 —22 17

R superior TG (BA22) 0.012 0.003 0.565 4.63* 48 -35 1 116

R superior TG (BA39) 0.031 0.005 0.677 5.82** 58 -59 19 61

R middle TG (BA21) 0.032 0.005 0.692 6.29* 48 =11 -15 555

R middle TG (BA21) 0.090 0.017 0.602 5.41* 48 11 -33 22

R inferior PL (BA40) 0.012 0.003 0.571 4.62* 49 —46 25 67

R middle OG (BA19) 0.029 0.006 0.555 4.47* 52 —74 5 21
Predictor Variable: Main Effect of MDD

No main effect
Predictor Variable: Main Effect of OPC

L superior TG (BA38) -1.616 0.431 —0.586 3.75* -33 11 -33 34

L middle TG (BA21) -1.189 0.257 —0.697 4.62* =51 7 =31 20

L lateral geniculum body —-0.507 0.127 -0.616 3.99* —21 -22 —4 18

L red nucleus —0.664 0.131 —0.731 5.06* 0 -16 -9 42

R subgenual ACC (BA25) 2.739 0.478 0.887 5.73* 14 15 =17 24

R middle TG (BA21) —0.674 0.132 -0.725 5.11* 49 -10 -16 214
Predictor Variable: Interaction of SLE x MDD

No inferaction effect
Predictor Variable: Interaction of SLE x OPC

L superior TG (BA38) 0.162 0.029 0.954 551 —36 14 —28 148

L middle TG (BA21) —0.109 0.025 —0.785 4.30* —41 -1 -29 45

L red nucleus 0.072 0.013 0.970 5.66* -1 -17 -10 66

R subgenual ACC (BA25) —0.234 0.039 —1.070 6.04** 14 11 -16 23

R OFC (BA11) 0.362 0.062 1.008 5.85* 4 10 -22 19

R inferior FG (BA47) 0.101 0.020 0.912 4.93* 50 22 -7 17

R superior TG (BA22) 0.026 0.006 0.839 4.48* 48 -35 1 60

R middle TG (BA21) 0.193 0.035 0.955 5.50* 49 10 -32 21

R inferior TG (BA20) 0.072 0.011 1.077 6.37* 49 -12 -16 557

R lingual gyrus (BA17) 0.026 0.007 0.756 3.86** 10 —86 2 22

R medial geniculum body 0.039 0.008 0.941 5.05* 18 -25 -1 21

Note: Blood oxygen leveldependent responses to emotional faces. Threshold of z= 3.0 at p < .0026 and 17 voxels. Multivariate outliers were not assessed. ACC = anterior cingulate cortex; B = nonstandardized

coefficient; 8 = standardized coefficient; BA = Brodmann area; Bi = bilateral; DEC = dorsal entorhinal cortex; FG = frontal gyrus; GP = globus pallidus; | = left hemisphere; MDD = major depressive disorder;
OFC = orbitofrontal cortex; OG = occipital gyrus; OPC = other psychiatric conirol; PCC = posterior cingulate cortex; PL = pariefal lobule; PRC = perirhinal cortex; R = right hemisphere, SE B = standard error of B;
TG = temporal gyrus.
*p < .05 **p < .0l
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TABLE S3 Whole-Brain Andlysis of Traumatic Life Events (TLE; N = 115)

Brain Region

Outcome Variable: Fearful > Neutral
Predictor Variable: Main Effect of TLE
L medial FG (BAY)
L superior TG (BA22)
L superior TG (BA42)
L superior TG (BA38)
L middle TG (BA19)
L precentral gyrus (BA4)
L cuneus (BA18)
L inferior PL (BA40)
L middle OG (BA19)
L cerebellum (anterior)
L cerebellum (culmen)
L cerebellum (tonsil)
L cerebellum (ISL)
R DLPFC (BA46)
R superior TG (BA38)
R superior TG (BA41)
R superior TG (BA13)
R superior TG (BA22)
R middle TG (BA39)
R middle TG (BA22)
R inferior TG (BA20)
R postcentral gyrus (BA3)
R inferior PL
R cuneus (BA19)
R lingual gyrus (BA18)
R cerebellum (culmen)
R cerebellum (culmen)
R cerebellum (tonsil)
R pons
Predictor Variable: Main Effect of MDD
L Precuneus (BA7)
Predictor Variable: Main Effect of OPC
L inferior FG (BA45)
L middle TG (BA21)

Regression Coefficient

0.024
0.071
0.048
0.072
0.010
0.026
0.010
0.011
0.012
0.019
0.015
0.032
—0.093
-0.037
—0.105
0.013
0.012
0.031
0.012
0.024
0.066
0.026
0.016
0.027
0.014
0.021
0.015
0.059
0.056

0.471

0.898
-0.929

SEB 8
0.006 0.587
0.012 0.765
0.009 0.744
0.012 0.795
0.003 0.521
0.006 0.612
0.002 0.597
0.003 0.572
0.003 0.642
0.004 0.694
0.004 0.545
0.008 0.612
0.021 ~0.646
0.007 —0.711
0.027 ~0.566
0.003 0.572
0.003 0.579
0.006 0.723
0.003 0.653
0.005 0.625
0.013 0.719
0.004 0.823
0.003 0.662
0.005 0.688
0.004 0.547
0.004 0.679
0.004 0.542
0.011 0.724
0.010 0.774
0.127 0.517
0.205 0.704
0.197 ~0.701

4.22*
6.04*
5.65*
6.05**
3.63*
4.39*
4.21*
4.09**
4.53*
5.00**
3.76*
4.31*
4.52*
516"
3.94*
3.97*
4.01*
5.32*
4.62**
4.46*
5.25*
6.69**
4.87*
5.24*
3.84*
4.89*
3.75*
5.26*
575"

3.71+

4.39*
4.71*

Talairach Coordinate

—58
—65
-39
=31
=37
=15
=31
—41
=15

—28
-33
42
37
43
43
56
37
59
45
29
46
10
14
14

44

—54
—45

Y

=21

—26

10
—63
-20
—82
-36
—72
-39
-54
—55
—78

41

15
—28
—46

-8
—69
=31

=31
-37
—82
—80
-59
—52
—56
-17

-77

24

Cluster Size

24
27
31
167
17
107
18
24
24
133
29
22
37
17
23
17
28
53
97
37
92
488
117
222
20
63
18
33
164

23

21
54
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TABLE S3  Continued

Regression Coefficient Talairach Coordinate
Brain Region B SEB i} t X Y z Cluster Size

L middle TG (BA21) -0.997 0.190 —0.758 5.25* -57 4 -6 30
L precentral gyrus (BA4) —0.303 0.087 —0.550 3.50* —-32 —26 56 18
R subgenual ACC (BA25) 20.386 0.428 0.842 5.57* 11 6 -17 21

Predictor Variable: Main Effect of OPC
R middle TG (BA38) 1.693 0.451 0.617 3.76* 36 6 -36 25
R postcentral gyrus (BA7) —0.583 0.143 —0.566 4.07* 22 -53 66 23
R postcentral gyrus (BA5) —0.283 0.067 —0.600 4.23* 26 —38 59 48
R precentral gyrus (BA4) -0.327 0.091 —0.572 3.59* 34 —22 55 24
R cuneus (BA19) —0.453 0.106 -0.614 4.28* 10 —-83 36 64
R pons —0.679 0.176 —0.621 3.85* 7 -19 —22 28

Predictor Variable: Interaction of TLE x MDD
L Superior PL (BA7) —0.088 0.019 —1.200 4.55* -27 —61 58 22

Predictor Variable: Interaction of TLE x OPC
L superior TG (BA42) 0.161 0.031 1.367 5.13* —66 -25 9 20
L middle TG (BA21) 0.193 .036 1.414 5.30** =57 4 -6 29
L precentral gyrus (BA4) 0.057 0.016 1.047 3.65* -30 -25 55 28
L lingual gyrus (BA18) 0.041 0.009 1.338 4.54 -13 —80 —1 42
L lingual gyrus (BA19) 0.038 0.010 1.197 3.99* 27 —64 0 19
R middle TG (BA22) 0.082 0.018 1.358 4.71* 62 -30 4 56
R postcentral gyrus (BA7) 0.133 0.031 1.056 4.31* 23 -50 68 31
R postcentral gyrus 0.032 0.009 1.095 3.66** 27 —26 34 20
R postcentral gyrus (BA5) 0.090 0.023 1.024 3.95* 35 -39 62 21
R inferior PL (BA40) 0.036 0.009 1.080 3.90* 21 -37 55 23
R inferior PL (BA40) 0.057 0.013 1.216 4.33* 49 =31 26 60
R lingual gyrus (BA19) 0.050 0.010 1.409 4.92* 21 —62 2 91
R pons 0.479 0.090 1.430 5.35* 8 -5 —21 19

Outcome Variable: Sad > Neutral

Predictor Variable: Main Effect of TLE
L ventral ACC (BA24) 0.021 0.005 0.593 4.09* -1 -7 34 21
L ventral ACC (BA24) 0.035 0.006 0.767 5.61* -1 28 -3 71
L lateral GP 0.046 0.010 0.667 4.74 —20 -15 -8 48
L fusiform gyrus (BA20) 0.137 0.026 0.745 5.36* —-58 -39 —24 20
L superior TG (BA38) 0.070 0.013 0.736 5.43* —40 12 —28 137
L superior TG (BA42) 0.033 0.006 0.758 5.58* =61 =31 7 59
L middle TG (BA39) 0.012 0.003 0.612 431 =31 —64 25 26
L angular gyrus (BA39) 0.033 0.007 0.656 4.60* -53 —64 31 28
L precentral gyrus (BA4) 0.022 0.005 0.688 4.88** —36 —21 53 88
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TABLE S3  Continued

Brain Region

L paracentral lobule (BAY)

L superior PL (BA7)

L cerebellum (culmen)

L cerebellum (declive)

R superior TG (BA22)
Predictor Variable: Main Effect of TLE

R middle TG (BA39)

R inferior TG (BA20)

R precentral gyrus (BAS)

R postcentral gyrus (BAS)

R postcentral gyrus (BA5)

R precuneus (BA31)

R cuneus (BA19)

R cerebellum (culmen)

R cerebellum (declive)

R cerebellum (tonsil)
Predictor Variable: Main Effect of MDD

No Main Effect
Predictor Variable: Main Effect of OPC

L perigenual ACC (BA32)

L anterior PFC (BA10)

L inferior FG (BA47)

L superior TG (BA38)

L superior TG (BA42)

L middle TG (BA39)

L middle TG (BA21)

L cuneus (BA18)

R amygdala

R caudate head

R superior TG (BA22)

R middle TG (BA21)

R postcentral gyrus (BA7)

R cuneus (BA17)

R cuneus (BA19)

R middle OG (BA19)

R cerebellum (declive)

Regression Coefficient

0.017
0.047
0.019
0.099
0.041

0.014
-0.077
0.023
0.118
0.032
0.015
0.032
0.022
0.087
0.052

-0.470
—0.244
—0.649
—1.046
—0.665
—0.201
-0.716
-0.194
—0.848
—0.464
-0.287
—0.400
-1.180
—0.304
—0.578
—0.206
—1.588

SEB

0.004
0.010
0.004
0.021
0.005

0.003
0.016
0.005
0.027
0.005
0.004
0.006
0.005
0.018
0.011

0.090
0.063
0.131
0.252
0.148
0.049
0.123
0.047
0.155
0.092
0.059
0.088
0.241
0.079
0.116
0.051
0.311

B

0.654
0.649
0.720
0.669
1.020

0.703
—0.663
0.691
0.620
0.878
0.569
0.776
0.652
0.665
0.667

-0.815
—0.636
—0.776
—0.639
—0.685
—0.657
—0.880
—0.639
—0.792
—0.794
—0.746
—0.657
—0.751
—0.626
—0.754
—0.639
-0.787

4.58*
4.63*
5.22*
4.70*
8.76**

4.99*
4.70**
4.91*
4.43*
6.82*
3.93**
5.72*
4.56**
4.87*
4.75*

5.23*
3.90**
4.96*
4.15*
4.50*
4.12*
5.83**
417
5.47*
5.02*
4.85**
4.57*
4.90**
3.86**
5.00**
4.02**
5.11*

Talairach Coordinate

-3
—27
=11

49
39
31
35
22
13

25
47

Y

—27
-50
—56
—68
-19

—71
1
-6
—48
—43
—52
—86
—63
-89
—53

41
43
13
13
—28
—65
-3
-85

14
-29
-8

—91
—84
—74
-89

YA

49
65

—22
-2

15
-32
55
70
64
34
26

-20
—43

13
=11
=31

26
-13
18
=17

-13
69

35
14
-19

Cluster Size

90
20
91
23
769

160
65
115
23
285
43
514
30
34
29

93
29
27
46
17
22
81
23
53
64
71
28
151
20
185
25
47
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TABLE S3  Continued

Regression Coefficient Talairach Coordinate
Brain Region B SEB i} t X Y z Cluster Size

Predictor Variable: Interaction of TLE x MDD
R PHG (BA30) 0.039 0.010 1.115 4.07* 28 -52 4 17

Predictor Variable: Interaction of TLE x OPC
L caudate head 0.077 0.016 1.375 4.81* -1 17 2 20
L superior TG (BA38) 0.173 0.039 1.224 4.46* -39 17 —28 21
L middle TG (BA39) 0.038 0.009 1.215 417 -30 —64 25 20
L middle TG (BA21) 0.074 0.018 1.230 4.21* —41 -3 —7 19
R PHG (BA30) 0.046 0.011 1.268 4.29* 27 -50 3 20

Predictor Variable: Interaction of TLE x OPC
R insula (BA13) 0.049 0.012 1.209 4.22* 45 -33 24 18
R superior TG (BA38) 0.138 0.026 1.339 5.34* 32 1 -17 42
R superior TG (BA22) 0.058 0.012 1.317 4.69* 56 -25 6 60
R inferior TG (BA20) 0.364 0.081 1.223 4.50** 52 —11 -30 29
R postcentral gyrus (BA7) 0.142 0.031 1.184 4.54* 21 —52 69 19
R cuneus (BAT19) 0.115 0.028 1.112 4.08* 12 -85 37 48

Outcome Variable: Happy > Neutral

Predictor Variable: Main Effect of TLE
L medial FG (BA9) 0.027 0.006 0.613 4.26* -3 50 20 28
L superior FG (BAY) 0.033 0.007 0.654 4.60* -2 19 60 24
L superior TG (BA38) 0.095 0.017 0.754 5.55* =37 12 -29 192
L superior TG (BA22) 0.075 0.011 0.857 6.79* -59 1 —4 32
L superior TG (BA42) 0.038 0.007 0.773 5.69** —63 —28 8 37
L angular gyrus (BA39) 0.037 0.008 0.638 4.46* —54 —63 31 32
L precentral gyrus (BA43) 0.029 0.007 0.608 4.23* —58 -9 13 19
L superior PL (BA7) 0.038 0.009 0.586 4.29* -27 -50 65 18
L middle OG (BA18) 0.022 0.005 0.635 4.43* —26 —95 4 18
L red nucleus 0.051 0.011 0.684 4.86* -2 —-18 -13 56
L lateral geniculum body 0.033 0.008 0.574 3.99* -21 -21 —4 19
L cerebellum (tuber) 0.099 0.018 0.742 5.37 —48 —69 —24 36
L cerebellum 0.040 0.009 0.608 4.32* -2 —82 —24 24
R middle FG (BAY) 0.037 0.007 0.754 5.53* 31 -2 61 42
R superior TG (BA41) 0.020 0.003 0.803 5.98* 53 —26 6 216
R inferior TG (BA20) 0.111 0.021 0.724 5.35* 37 -19 -33 20
R inferior TG (BA20) 0.058 0.009 0.816 6.19** 48 -11 -20 279
R precentral gyrus (BAS) 0.025 0.005 0.692 4.94* 47 -6 49 40
R postcentral gyrus (BA3) 0.071 0.014 0.668 4.97* 15 —40 71 70
R postcentral gyrus (BA5) 0.031 0.006 0.751 5.60** 31 —44 63 84
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TABLE S3  Continued

Regression Coefficient Talairach Coordinate
Brain Region B SEB g t X Y z Cluster Size

R inferior PL (BA40) 0.018 0.003 0.831 6.20** 48 —44 25 126

R cuneus (BA19) 0.040 0.008 0.688 4.98* 11 —-86 37 81

R lingual gyrus (BA17) 0.032 0.007 0.665 4.75* 10 —92 0 63

R middle OG (BA19) 0.012 0.003 0.600 4.18* 38 —66 14 46

R cerebellum (declive) 0.072 0.016 0.635 4.47* 31 -85 -19 17

R cerebellum (tonsil) 0.044 0.010 0.619 4.30* 43 =55 —46 18
Predictor Variable: Main Effect of MDD

No main effect
Predictor Variable: Main Effect of OPC

L Middle TG (BA21) —1.154 0.267 —0.661 4.32* —40 9 =31 68
Predictor Variable: Main Effect of OPC

L middle TG (BA21) —0.942 0.150 —0.907 6.26** -59 -1 -6 51

R inferior FG (BA47) —0.163 0.038 —0.590 4.34* 16 19 -20 18

R fusiform gyrus (BA20) 0.048 0.012 0.590 4.17* 45 —4 -23 54

R postcentral gyrus (BA3) -1.319 0.270 —0.754 4.89** 15 —40 72 93

R postcentral gyrus (BA7) —0.616 0.110 —0.832 5.59* 25 —48 65 73

R cuneus (BA19) —0.557 0.134 —0.642 4.15* 10 —-86 37 44

R lingual gyrus (BA17) —0.553 0.126 —0.693 4.40** 9 —95 -2 42
Predictor Variable: Interaction of TLE x MDD

No interaction effect
Predictor Variable: Interaction of TLE x OPC

R fusiform gyrus (BA20) 0.122 0.032 1.081 3.75* 45 -9 -22 33

R middle TG 0.060 0.013 1.265 4.48* 53 -32 2 34

R lingual gyrus (BA17) 0.060 0.015 1.136 3.88** 12 —93 1 22

Note: Blood oxygen leveldependent responses to emotional faces. Threshold of z = 3.0 at p < .0026 and 17 voxels. Multivariate outliers were not assessed. ACC = anferior cingulate cortex; B = nonstandardized

coefficient; § = standardized coefficient; BA = Brodmann area; DIPFC = dorsolateral prefrontal cortex; FG = frontal gyrus; GP = globus pallidus; ISL = inferior semilunar lobule; L = left hemisphere; MDD = major
depressive disorder; OG = occipital gyrus; OPC = other psychiatric control; PFC = prefrontal cortex; PL = pariefal lobule; R = right hemisphere; SE B = standard error of B; TG = temporal gyrus.
*p < .05 **p < .0l
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