1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Neuroscience. Author manuscript; available in PMC 2024 July 01.

Published in final edited form as:
Neuroscience. 2023 July 01; 522: 81-97. doi:10.1016/j.neuroscience.2023.05.005.

Stress-induced changes in autonomic reactivity vary with
adolescent violence exposure and resting-state functional
connectivity

Heather E. Dark12, Nathaniel G. Harnett}:P., Adam M. Goodman.d, Muriah D. Wheelock!€,
Sylvie Mrug?, Mark A. Schuster?, Marc N. Elliott3, Susan Tortolero Emery#, David C. Knight,
Ph.D.1

1Department of Psychology, University of Alabama at Birmingham, Birmingham, AL

2Kaiser Permanente Bernard J. Tyson School of Medicine, Pasadena, CA
SRAND Corporation, Santa Monica, CA

4School of Public Health, The University of Texas Health Science Center at Houston, Houston, TX

Abstract

Exposure to violence during childhood can lead to functional changes in brain regions that

are important for emotion expression and regulation, which may increase susceptibility to
internalizing disorders in adulthood. Specifically, childhood violence exposure can disrupt

the functional connectivity among brain regions that include the prefrontal cortex (PFC),
hippocampus, and amygdala. Together, these regions are important for modulating autonomic
responses to stress. However, it is unclear to what extent changes in brain connectivity relate to
autonomic stress reactivity and how the relationship between brain connectivity and autonomic
responses to stress varies with childhood violence exposure. Thus, the present study examined
whether stress-induced changes in autonomic responses (e.g., heart rate, skin conductance level
(SCL)) varied with amygdala-, hippocampus-, and ventromedial prefrontal cortex (vmPFC)-whole
brain resting-state functional connectivity (rsFC) as a function of violence exposure. Two hundred
and ninety-seven participants completed two resting-state functional magnetic resonance imaging
scans prior to (pre-stress) and after (post-stress) a psychosocial stress task. Heart rate and SCL
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were recorded during each scan. Post-stress heart rate varied negatively with post-stress amygdala-
inferior parietal lobule rsFC and positively with post-stress hippocampus-anterior cingulate cortex

rsFC among those exposed to high, but not low, levels of violence. Results from the present

study suggest that post-stress fronto-limbic and parieto-limbic rsFC modulates heart rate and may

underlie differences in the stress response among those exposed to high levels of violence.

Keywords
functional connectivity; violence exposure; stress; heart rate; skin conductance

INTRODUCTION

Exposure to violence during childhood can have negative effects on emotional health that
often persist into adulthood. Specifically, childhood violence exposure has been linked to
internalizing symptomology (e.g., depression, anxiety) in both adolescence and adulthood
(Hanson et al., 2008; Mrug & Windle, 2010). Further, childhood violence exposure can

lead to stress-induced changes in brain regions that include the prefrontal cortex (PFC),
hippocampus, and amygdala (Hart & Rubia, 2012; McEwen, 2006; Mead et al., 2010;
Moffitt, 2013; Thomason & Marusak, 2017; Thomason et al., 2015). These brain regions
form a network responsible for identifying, evaluating, and responding to acute stressors
(Herringa et al., 2013; Orem et al., 2019; Thomason & Marusak, 2017). For example,

these brain regions are important for modulating the peripheral emotional response to stress
(Orem et al., 2019). The connectivity among the PFC, hippocampus, and amygdala appears
to be altered by childhood violence exposure, which may disrupt the peripheral emotional
response to stress during development and lead to changes in stress reactivity (e.g., a
prolonged or blunted response) in adulthood (Arnsten, 2009; Dark et al., 2020; Hart &
Rubia, 2012; Mead et al., 2010; Moffitt, 2013; Popoli et al., 2012; Thomason & Marusak,
2017; van Rooij et al., 2020). Further, prolonged stress responses are associated with greater
susceptibility to internalizing disorders like depression and anxiety (Southwick et al., 2005).
Therefore, examining how childhood violence exposure varies with adult brain function that
supports the expression and regulation of the peripheral emotional response may elucidate
the mechanisms through which violence exposure varies with stress reactivity.

Repeated childhood violence exposure is associated with alterations in stress-induced
hypothalamic-pituitary-adrenal (HPA) axis function (Arnsten, 2009; Bevans et al., 2005;
De Bellis, 2005; De Bellis, Baum, et al., 1999; De Bellis, Keshavan, et al., 1999; Hart &
Rubia, 2012; Herman et al., 2003; Lupien et al., 2009; Mead et al., 2010). Further, prolonged
HPA axis activity has a detrimental impact on brain regions (e.g., PFC, hippocampus, and
amygdala) that underlie the emotional response to stress (Arnsten, 2009; Hart & Rubia,
2012; Lupien et al., 2009). For instance, when a stressor occurs, corticotrophin releasing
hormone (CRH) stimulates the production of adrenocorticotropic hormone (ACTH), which
triggers the production and release of glucocorticoids. Prolonged exposure to elevated
glucocorticoid levels can result in neurotoxic effects on brain structure and function,
especially during development (Lupien et al., 2009; Popoli et al., 2012). Additionally, prior
work has linked childhood violence exposure to structural and functional changes within
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these brain regions (Dark et al., 2020; De Bellis, 2005; Harnett et al., 2019; Hart & Rubia,
2012; Mead et al., 2010; Saxbe et al., 2018; Thomason & Marusak, 2017; Thomason et al.,
2015). Further, the PFC and hippocampus provide context and direct attentional resources
toward stressors, while the amygdala is responsible for important aspects of the peripheral
emotional response (Cheng et al., 2006; Cheng et al., 2003; Knight et al., 2005; McEwen
& Gianaros, 2010; Orem et al., 2019; van der Werff et al., 2013; Wood et al., 2014).
Interactions among the PFC, hippocampus, and amygdala support adaptive responses to
stressors, thus altered connectivity among these brain regions may underlie the prolonged
autonomic response to stress that is exhibited by those exposed to childhood violence
(Beissner et al., 2013; Eisenbarth et al., 2016; Saltzman et al., 2005; van der Werff et al.,
2013). Taken together, these findings suggest that repeated childhood violence exposure
alters brain regions that underlie the peripheral emotional response. While prior work shows
that violence exposure is linked to changes in brain function and stress reactivity (Lambert
etal., 2017; Saxbe et al., 2018; Weissman et al., 2020), few studies have examined how
violence exposure modulates connectivity among these brain regions and the relationship
between functional connectivity and peripheral stress responses.

Reciprocal connections among brain regions such as the PFC, hippocampus, and amygdala
are important for healthy emotion regulation (Arnsten, 2009; Thomason & Marusak, 2017;
Thomason et al., 2015; van der Werff et al., 2013). The functional connectivity among
these regions appears to vary with childhood violence exposure (Arnsten, 2009; Dark

et al., 2020; Mead et al., 2010; Miller et al., 2018; Teicher et al., 2016; Thomason &
Marusak, 2017; Thomason et al., 2015; van Rooij et al., 2020). For example, adults
exposed to childhood maltreatment, including violence, show changes in the resting-state
functional connectivity (rsFC) of the PFC, hippocampus, and amygdala (Birn et al., 2014;
Dark et al., 2020; Herringa et al., 2013; Jedd et al., 2015; van der Werff et al., 2013).
Further, greater childhood maltreatment has been linked to decreased PFC rsFC with the
amygdala and hippocampus during adolescence and adulthood (Birn et al., 2014; Burghy
et al., 2012; Herringa et al., 2013; Thomason et al., 2015; van der Werff et al., 2013).
Thus, changes in the rsFC among these regions may ultimately affect regulation of the
emotional response to stress (Arnsten, 2009; Mead et al., 2010; Thomason & Marusak,
2017; Thomason et al., 2015). Taken together, this prior research suggests that the rsFC

of brain regions important for emotion regulation (i.e., PFC, hippocampus, and amygdala)
varies with childhood violence exposure. However, it is unclear whether stress-induced
changes in brain connectivity vary with the peripheral emotional response to acute stress
(e.g., acute psychosocial stress).

In addition to childhood maltreatment, functional connectivity (i.e., both task-based and
resting state) also varies with acute psychosocial stress in adults (Fan et al., 2015; Gilam et
al., 2017; Maron-Katz et al., 2016; Quaedflieg et al., 2015; Veer et al., 2011; Wheelock et
al., 2018). Specifically, psychosocial stress is associated with greater PFC-amygdala rsFC in
response to acute stress (Fan et al., 2015; Veer et al., 2011). The PFC plays an important role
in the regulation of the amygdala’s response to stress (Carter & van Veen, 2007; Ochsner
etal., 2012; Sylvester et al., 2012; Thomason & Marusak, 2017). Thus, changes in PFC-
amygdala rsFC in response to acute stress may reflect top-down modulation of the amygdala
by the PFC (Johnstone et al., 2007; Ochsner et al., 2012; Urry et al., 2006). Indeed, prior
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work shows that the PFC (e.g., dorsolateral PFC (dIPFC), dorsomedial PFC (dmPFC),
ventromedial PFC (vmPFC)) regulates the amygdala response to stress (Hare et al., 2009;
Johnstone et al., 2007; Morawetz et al., 2017; Ochsner et al., 2012; Urry et al., 2006). Thus,
stress-elicited changes in PFC-amygdala connectivity may reflect this regulatory process.
Additionally, prior work shows that stress increases the functional connectivity (i.e., both
task-based and resting state) of the amygdala with the insula, inferior parietal lobule (IPL),
anterior cingulate cortex (ACC), and posterior cingulate cortex (PCC) (Fan et al., 2015; van
Marle et al., 2010; Veer et al., 2011). Connectivity among the amygdala, insula, and ACC is
important for identifying the salience of emotion-related stimuli and integrating autonomic
information (Fan et al., 2015; Menon, 2015). Hence, connectivity among these brain regions
may play an important role in coordinating autonomic responses to stress (Thayer & Lane,
2000). Further, stress-elicited increases in the amygdala’s rsFC with the insula, ACC, and
IPL may also underlie changes in orientation to salient stimuli (Fan et al., 2015; Menon,
2011, 2015). However, to the authors’ knowledge no studies have examined whether the
relationship between autonomic responses and functional connectivity in response to stress
vary as a function of adolescent violence exposure.

The amygdala, cingulate cortex, and insula constitute core regions of the central autonomic
network (CAN), a brain network that plays a key role in autonomic function across a
number of cognitive and emotional tasks (Beissner et al., 2013). Ultimately, connectivity
among these and other regions (e.g., PFC, IPL, and hippocampus) modulates autonomic
responses to stressful stimuli (Beissner et al., 2013; Benarroch, 1993; Eisenbarth et al.,
2016; Thayer & Lane, 2000). Specifically, prior work shows greater amygdala connectivity
with brain regions such as the ACC, PFC, and insula in response to stress (Fan et al., 2015).
Additionally, greater amygdala connectivity with the ACC, PFC, and insula is associated
with greater skin conductance level (SCL) (Baczkowski et al., 2017). These findings align
with other work that has demonstrated that activity within the amygdala, ACC, insula, and
PFC varies with autonomic responses to stress. Specifically, autonomic responses (e.g., heart
rate and skin conductance) vary with activity in the vmPFC, ventrolateral PFC (VIPFC),
dIPFC, ACC, insula, amygdala, parahippocampal gyrus, and hippocampus (Eisenbarth et
al., 2016; Orem et al., 2019; Wheelock et al., 2016). Prior work also shows decreased
hippocampal connectivity with the IPL and PFC post-stress (Dark et al., 2020; Sun et al.,
2020). Further, hippocampus-PFC functional connectivity varies with heart rate (Norton

et al., 2013). Thus, neural activity within these brain regions appears to underlie the
autonomic response to stress. However, prior studies have not examined stress-induced
changes in rsFC that vary with autonomic responses as a function of previous exposure to
violence. Determining the relationships among violence exposure, brain connectivity, and
autonomic reactivity may provide important new insights into individual differences in brain
connectivity and stress reactivity among those exposed to violence.

The present study examined whether stress-induced changes in autonomic responses varied
with stress-induced changes in rsFC among those exposed to violence. Acute stressors may
elicit a different autonomic response in those who have experienced childhood violence
compared to those without childhood violence exposure (Dark et al., 2020; Margolin

& Gordis, 2004; Saltzman et al., 2005; Thomason & Marusak, 2017; Thomason et al.,
2015). Further, connectivity among brain regions (e.g., amygdala, hippocampus, PFC, ACC,
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insula) may underlie this variability in autonomic reactivity (Baczkowski et al., 2017).

For example, stress increases amygdala connectivity with the PFC, ACC, and insula, but
decreases hippocampal connectivity with IPL and PFC (Baczkowski et al., 2017; Dark

et al., 2020; Fan et al., 2015; Sun et al., 2020). Increases in amygdala connectivity with

the ACC, PFC, and insula and decreases in hippocampal connectivity with PFC vary

with autonomic responses (e.g., heart rate and SCL) (Baczkowski et al., 2017; Norton

et al., 2013). Thus, we hypothesized that 1) participants with high adolescent violence
exposure would show amygdala rsFC with the PFC, ACC, and insula that varies positively
with autonomic responses (e.g., heart rate and SCL) compared to participants who have
experienced less violence during adolescence; 2) participants with high violence exposure
would show hippocampal rsFC with the PFC and IPL that varies negatively with autonomic
responses (e.g., heart rate and SCL) compared to participants who have experienced less
violence during adolescence; and 3) participants with high adolescent violence exposure
would show vmPFC rsFC with the PFC, ACC, insula, and amygdala that varies positively
with autonomic responses compared to those who have experienced less violence during
adolescence. Examining stress-induced changes in rsFC and autonomic responses may
explain underlying variability in the stress response among those exposed to different levels
of violence.

EXPERIMENTAL PROCEDURES

Participants

Three hundred and fifty participants volunteered for the present study. These volunteers
were recruited from the Birmingham cohort of the Healthy Passages Study, a longitudinal,
multi-site project designed to identify risk and protective factors for adolescent health
(Schuster et al., 2012; Windle et al., 2004). The Healthy Passages study originally included
1,594 children at the Birmingham site. Participants in the Healthy Passages study were
recruited from the 5th grade classrooms of local public schools, and were assessed at

three separate time points (Mean Age+SD — Time 1: 11.20£0.49; Time 2: 13.03+0.50;
Time 3: 16.19+0.51). An additional assessment (Mean Age+SD — Time 4:; 19.19+0.1.19)
followed by a Magnetic Resonance Imaging (MRI) session (Mean Age+SD = 20.13+1.56)
were completed as a part of the current study. Analyses (e.g., chi-square and independent
samples t-tests) were completed to determine whether there were differences between

the MRI sample and the remaining participants from the Birmingham site. There was a
significant difference in the proportions of black and white participants (X2(1) =12.20,p
<.001), with more black participants in the current sample compared to those that did

not participate in the present study. There were no differences in the proportions of male
and female participants (Xz(l) =0.06, p=ns) nor in the amount of violence exposure
reported (t(14g3) = 1.30, p= ns). Fifty-three participants were excluded from the current
analyses due to excessive motion, poor data quality, or incomplete data (e.g., not completing
both resting state scans). Therefore, 297 young adults (Mean age+SD = 20.12+1.56) from
the Birmingham site of the Healthy Passages Study were included in the present study.
Exclusion criteria for the present study included standard MRI contraindications (e.g.,
metallic devices, pacemaker, metallic foreign body), left-handedness, previous head injury,
loss of consciousness, spinal cord abnormalities, pregnancy, and history of claustrophobia,
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seizures, psychotic symptoms, and blood or circulation disorders (e.g., sickle cell, anemia,
diabetes). The present study is a secondary analysis of previously published work (Dark et
al., 2020) that included a subset of the data presented in the current study (e.g., MRI, SCL,
self-reported stress).

The original Healthy Passages study, from which the participants in the present study

were recruited, was approved by the Centers for Disease Control and Prevention and

the institutional review boards of the original study site institutions. Upon arrival to the
laboratory for the present study, participants provided written informed consent as approved
by the University of Alabama at Birmingham Institutional Review Board. Participants
completed two 6-minute resting-state functional MRI (fMRI) scans during which they were
instructed to remain still with their eyes open and not think about anything in particular.
Resting-state scans were completed prior to (pre-stress) and after (post-stress) a modified
version of the Montreal Imaging Stress Task (MIST) (Dedovic et al., 2005). The MIST is

a psychosocial stress protocol designed for functional brain imaging settings and consists
of computerized mental arithmetic challenges and social evaluative threat. Participants
completed two MIST scans (e.g., a Control scan followed by a Stress scan). The version of
the MIST and resting-state fMRI procedures used for the present study have been described
in prior work (Dark et al., 2020; Goodman et al., 2016; Wheelock et al., 2016).

Violence Exposure.—Violence exposure was assessed using the Healthy Passages
Violence Exposure measure (Eaton et al., 2006; Mrug et al., 2008; Windle et al., 2004)

at each of the four time points described above. Participants reported whether they witnessed
1) a threat of physical violence, 2) actual physical violence, and 3) a threat or actual violence
involving a weapon; and whether they were a victim of 1) a threat of physical violence, 2)
actual physical violence, 3) a threat or actual violence involving a weapon, and 4) physical
violence inflicting an injury that required medical care in the past 12 months. Participants
responded to each item using a 4-point scale ranging from 0 (never) to 3 (many times).
Responses to each item on the scale were averaged across all time points to index violence
exposure (Mrug et al., 2008).

Heart Rate.—Cardiac data were collected using an MRI compatible pulse oximeter
(Siemens, Munich, Germany). Data were sampled at 50 Hz from the distal phalanx of

the index finger of the nondominant hand. The average heart rate (bpm) was computed

for both the pre-stress and post-stress resting state scans using QRSTool software. Data
from 151 participants were excluded from the analyses due to equipment malfunction or
unmeasurable heart rate (e.g., due to low signal-to-noise), in addition to the 53 participants
that were excluded for excessive motion or poor quality fMRI data. Thus, all heart rate
analyses included 146 participants.

Skin Conductance Level (SCL).—SCL data were collected using MRI compatible
physiological monitoring equipment (Biopac Systems; Goleta, CA). Data were sampled
at 10 kHz using two disposable radio translucent electrodes attached to the thenar and
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hypothenar eminence of the non-dominant hand. Data were filtered using a 1 Hz Infinite
Impulse Response (I1R) low pass filter, resampled to 250 Hz, and transformed based on
the resistance level set for each participant using Acgknowledge 4.1.0 software. Separate
averages of SCL amplitude were acquired for the pre-stress and post-stress resting-state
scans. Data acquisition methods were similar to prior work (Knight & Wood, 2011;
Wheelock et al., 2016). Data from 26 participants were excluded from analyses due to
equipment malfunction or unmeasurable SCL, in addition to the 53 participants that were
excluded for excessive motion or poor quality fMRI data. Thus, all SCL analyses included
271 participants.

Self-Reported Stress.—Participants completed a measure of self-reported stress
composed of eight statements for both the Control and Stress conditions of the MIST.
Participants rated each item on a 5-point scale ranging from 1 (not at all) to 5 (extremely).
The scale included four items that were positively worded (e.g., | felt | had control) and
four that were negatively worded (e.g., | felt overwhelmed). The total possible score for
self-reported stress could range from 8 to 40 for each condition (e.g., Control and Stress)
(Wheelock et al., 2016; Wheelock et al., 2018). Cronbach’s alphas for the self-reported
stress measures were .85 (Control MIST) and .85 (Stress MIST). Self-reported stress data
for 13 participants were not collected (n=284).

Image Acquisition.—Structural and functional MRI data were collected using 3T
Siemens Allegra (n = 241) and Prisma (n = 56) scanners. High resolution T1 weighted
structural magnetization-prepared rapid gradient-echo (MPRAGE) images were collected as
an anatomical reference for fMRI data: Allegra scanner (TR = 2300 ms, TE = 3.90 ms, flip
angle = 12°, FOV = 25.6 cm, matrix = 256 x 256, slice thickness = 1 mm, gap = 0.5 mm);
Prisma scanner (TR = 2300 ms, TE = 2.98 ms, flip angle = 9°, FOV = 25.6 cm, matrix = 256
x 256, slice thickness = 1 mm, gap = 0.5 mm). Resting state blood oxygen level dependent
(BOLD) fMRI was measured with a gradient-echo echoplanar pulse sequence in an oblique
axial orientation (Allegra and Prisma scanners: TR = 2000 ms, TE = 30 ms, flip angle = 70°,
FOV = 24 cm, matrix = 64x64, voxel size = 3.75 x 3.75 x 4.0 mm, slice thickness = 4 mm,

no gap).

Preprocessing.—Images were preprocessed using the Analysis of Functional
Neurolmages (AFNI) (Cox, 1996) software package, FMRIB Software Library (FSL)
(Smith et al., 2004), and MRIcron (Rorden & Brett, 2000). Imaging data for pre-stress

and post-stress scans were reconstructed (using the Dicom to Nifti option in MRIcron)

and reregistered to minimize movement artifact and generate motion parameters for use as
covariates in subsequent analyses (using 3dvolreg in AFNI). Images were then corrected
for slice timing offset (using 3dTshift in AFNI) and spatially smoothed using a 4 mm
full-width-at-half-maximum Gaussian filter (using 3dmerge in AFNI). Timecourse data for
tissue-based regressors, including cerebrospinal fluid (CSF) and white matter (WM), were
extracted from the functional dataset prior to spatial smoothing (using 3dSeg in AFNI).
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Data Analyses

Behavioral.—Three paired-samples t-tests were conducted to assess the stress response.
One t-test was conducted to assess differences in heart rate from pre- to post-stress. A
second t-test was conducted to assess differences in SCL from pre- to post-stress. The third
t-test was conducted to assess differences in self-reported stress between Control and Stress
conditions of the MIST.

FMRI. First-level analyses.—Individual subject-level analyses were completed using a
multiple linear regression (3dDeconvolve in AFNI) to account for variables of no interest,
including 1) mean CSF timecourse, 2) mean WM timecourse, 3) six motion parameters,

4) six motion derivatives, and 5) 111 bandpass timecourses (Bandpass filter: 0.01< 7>0.1
Hz). These variables were regressed out of the gray matter (GM) timecourse for each
participant. Time points where >3% of voxels were greater than five times the median
absolute deviation (i.e., outliers) of the timeseries were excluded from the individual subject
analysis as outliers. Excluded volumes were ignored in subsequent statistical analyses.
Participants with less than 80% useable TRs were excluded from further analyses (n =

1). The functional dataset was then normalized to the Talairach and Tournoux stereotaxic
coordinate system (Talairach & Tournoux, 1988). For each participant, a sphere (6 mm)
was placed in six seed regions — the amygdala (right: x=23 y=-5 z=-15; left: x=—23 y=-5
z=-15); hippocampus (right: x=30 y=-24 z=-9; left: x=—30 y=—24 z=-9); and vmPFC
(right: x=12 y=49 z=4; left: x=-12 y=49 z=4), resulting in an average timecourse for each of
the six seeds. Twelve (pre-stress and post-stress seed to whole brain correlation analyses for
each of the 6 seeds) voxel-wise Pearson correlation analyses were conducted to determine
whether the average timeseries of each seed region varied with the timeseries of all other
voxels throughout the brain. The correlation analyses resulted in one pre-stress and one
post-stress region of interest (ROI)-whole brain correlation map for each ROI (i.e., bilateral
amygdala, hippocampus, and vmPFC). Each Pearson correlation value was then converted
to a Fisher’s Z value to normalize the distribution for each participant, and each map was
resampled to 1 mm isotropic voxels.

Group-level analyses.—Linear mixed effects (LME) model analyses (described below)
were conducted using 3dLME (Chen et al., 2013) in AFNI to determine whether stress-
induced changes in resting-state functional connectivity (rsFC) varied with violence
exposure and the psychophysiological response to stress (i.e., heart rate and SCL). A Monte
Carlo simulation was conducted (3dClustSim in AFNI), using an uncorrected significance
threshold of p<0.005 to determine the cluster corrected significance threshold, in an effort
to reduce familywise error (FWE). Smoothness was estimated based on the spherical
autocorrelation function parameter (3dFWHMx in AFNI) (Cox et al., 2017) by averaging
participants’ residual timeseries from the first level analysis, resulting in a voxel-wise
cluster threshold of 540 mm3 (Peorrected<0.05). An additional simulation was performed for
small volume correction using masks of the hippocampus and amygdala. These simulations
used a voxel-wise threshold of p<0.005 and a cluster threshold of 169 mm3 to achieve a
corrected significance threshold of p<0.05. Sensitivity analyses were completed to determine
whether calculating a cluster extent threshold based on estimates of smoothness generated
solely from the hippocampus and amygdala (i.e., instead of smoothness estimates generated
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from the whole brain) result in a different small volume cluster extent threshold (see
Supplemental Material) that would alter the current findings. Sensitivity analyses revealed
that alternative approaches to calculating the small volume cluster extent threshold would
not alter the results presented.

Heart Rate.: LME analyses were conducted to determine whether violence exposure and
pre- to post-stress differences in rsFC varied with pre- to post-stress differences in heart
rate. Violence exposure and heart rate (pre-stress and post-stress) were centered prior to
analyses. Condition (pre-stress, post-stress) was entered as a dichotomous within-subjects
factor, while heart rate was entered as a continuous within subjects factor, and violence
exposure was entered as a continuous between subjects factor. Race, sex, and scanner were
entered as covariates of no interest.

SCL..: LME analyses were also conducted to determine whether violence exposure and
pre- to post-stress rsFC varied with pre- to post-stress SCL. Violence exposure and SCL
data (pre-stress and post-stress) were centered prior to analyses. Condition (pre-stress,
post-stress) was entered as a dichotomous within subjects factor, while SCL was entered
as a continuous within subjects factor, and violence exposure was entered as a continuous
between subjects factor. Race, sex, and scanner were entered as covariates of no interest.

Self-reported Stress.: Given that self-reported stress ratings were acquired with reference
to the MIST scans, and not the resting-state scans, LME model analyses examining the
association between rsFC and self-reported stress were not completed.

Follow-up analyses.—After completing the LME analyses, follow-up analyses were
conducted to further examine significant interactions. For each significant interaction term,
the average Fisher’s Z values were extracted from each significant volume of activity for
both pre-stress and post-stress scans. When the significant interaction included Condition
(i.e., a pre- to post-stress difference), two separate follow-up analyses were completed. One
analysis used pre-stress rsFC and the other used post-stress rsFC. Analyses for main effects
and interactions that did not contain the Condition term averaged pre-stress rsFC and post-
stress rsFC to reflect an overall rsFC value, which was then used as the predictor variable
for follow-up analyses. The PROCESS macro (Hayes, 2012; Hayes & Preacher, 2013) using
SPSS Statistical software was used to compute simple slopes for each significant interaction.
Each simple slopes analysis examined the conditional effects of rsFC on heart rate or SCL
at two levels of violence exposure: 1 SD below the mean (low) and 1 SD above the mean
(high) (Hayes, 2012). In addition, partial correlation analyses were used as a follow-up
analysis for significant Condition x Heart rate or Condition x SCL interactions. The partial
correlation analyses compared heart rate or SCL to rsFC pre-stress and post-stress while
controlling for race, sex, and scanner type. The main effects of condition and violence
exposure, and the interaction of condition and violence exposure are not included in the
present manuscript as they have been reported previously (Dark et al., 2020).
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RESULTS

Behavioral results

Paired samples t-tests were conducted to assess changes in heart rate and SCL from pre-

to post-stress. Heart rate (n=146) was greater post-stress (Mean = 67.72, SEM = 0.97)
than pre-stress (Mean = 66.50, SEM = 0.88; t(145) = 1.96, Uone-tailed = -026). Similarly,
SCL (n=271) was greater post-stress (Mean = 7.69, SEM = 0.40) than pre-stress (Mean =
6.75, SEM = 0.37; t(270) = 6.49, Uone-tailed < -001). An additional paired-samples t-test was
conducted to compare self-reported stress between the Control and Stress conditions of the
MIST. Participants (n=284) reported greater stress for the Stress (M = 25.95, SEM = 0.40)
than Control (M = 14.96, SEM = 0.34) condition of the MIST (t(2g3) = 22.51, Pone-tailed
<.001). A subset of the SCL and stress rating data have been reported previously (Dark

et al., 2020). Taken together, these behavioral results suggest that the procedures used in
the present study successfully manipulated stress across conditions. Self-reported stress data
were collected and described here as a manipulation check to demonstrate that participants
subjectively experienced greater stress in the stress than control condition of the MIST.

Heart Rate and rsFC results (n=146)

Amygdala-whole brain rsFC (Table 1)—LME model analyses were completed to
determine whether heart rate varied with violence exposure and the rsFC of the amygdala.
The following section reports findings from brain regions outlined in our hypotheses about
the rsFC of the amygdala and the rest of the brain. Full results from the amygdala LME
analyses are reported in Table 1, and follow-up analyses are reported in Table S1 and Figures
S1-S4.

Heart rate main effects.: Heart rate varied with the rsFC of the left amygdala with the left
dIPFC, left parahippocampal gyrus (PHG), and right hippocampus (Table 1). Specifically,
heart rate varied negatively with the left amygdala’s rsFC with the PHG and hippocampus,
while heart rate varied positively with the left amygdala’s rsFC with the dIPFC. Heart rate
also varied with the right amygdala’s rsFC with the left dIPFC. Specifically, heart rate varied
positively with right amygdala rsFC with two separate areas within the left dIPFC (Table S1;
Figure S1).

Condition x Heart rate.: Heart rate varied with the change in the left amygdala’s rsFC to
the right dIPFC from pre- to post-stress (Table 1). Although heart rate did not vary with the
rsFC of these regions pre-stress, heart rate varied negatively with left amygdala-right dIPFC
rsFC post-stress (Table S1; Figure S2).

Violence exposure x Heart rate.: No significant relationships with rsFC were observed
(Table 1; Figure S3).

Condition x Violence exposure x Heart rate.: A Condition x Violence exposure x Heart
rate interaction was observed in the left amygdala’s rsFC with the right inferior parietal
lobule (IPL) (Table 1). Heart rate did not vary with left amygdala-right IPL rsFC pre-stress
for those with high or low violence exposure. However, heart rate varied negatively with
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left amygdala-right IPL rsFC post-stress for those exposed to high, but not low levels of
violence (Table S1; Figure S4). A similar interaction was observed in the rsFC of the right
amygdala to the bilateral IPL (Table 1). Specifically, heart rate did not vary with right
amygdala-IPL rsFC pre-stress for those with high or low violence exposure. In contrast,
right amygdala-bilateral IPL rsFC varied negatively with heart rate post-stress for those
exposed to high, but not low levels of violence (Figure 1; Table S1; Figure S4).

Hippocampus-whole brain rsFC (Table 2)—LME model analyses were completed to
determine whether violence exposure and hippocampus-whole brain rsFC varied with heart
rate. The following section reports findings from brain regions outlined in our hypotheses
about the rsFC of the hippocampus and rest of the brain. Full results from the hippocampus
LME analyses are reported in Table 2, and follow-up analyses are reported in Table S2 and
Figures S1-54.

Heart rate main effects.: Heart rate varied with the rsFC of the left hippocampus with
the left amygdala, right PHG, and bilateral insula (Table 2). Specifically, heart rate varied
negatively with the rsFC of the left hippocampus with the left amygdala, right PHG, and
bilateral insula (Table S2; Figure S1). Heart rate also varied with right hippocampus rsFC
with the bilateral dmPFC, right dIPFC, bilateral posterior cingulate cortex (PCC), left
amygdala/inferior putamen, and bilateral insula (Table 2). Specifically, heart rate varied
negatively with right hippocampus rsFC with the left amygdala/inferior putamen and
bilateral insula, while heart rate varied positively with right hippocampus rsFC with the
bilateral dmPFC, right dIPFC, and bilateral PCC (Table S2; Figure S1).

Condition x Heart rate.: Heart rate varied with the change in left hippocampus rsFC to the
left dIPFC from pre- to post-stress (Table 2). Specifically, heart rate varied positively with
left hippocampus-left dIPFC rsFC pre-stress, but not post-stress (Table S2; Figure S2).

Violence exposure x Heart rate.: No significant relationships with rsFC were observed
within regions outlined in our hypotheses. However, relationships with other regions that
were not detailed in our hypotheses are outlined in Table 2, Table S2, and Figure S3.

Condition x Violence exposure x Heart rate.: A Condition x Violence exposure x Heart
rate interaction was observed in the rsFC of the right hippocampus with the left dmPFC
and right anterior cingulate cortex (ACC) (Table 2). Heart rate did not vary with right
hippocampus-left dmPFC rsFC pre-stress for those with high violence exposure, but varied
positively with right hippocampus-left dmPFC rsFC pre-stress for those with low violence
exposure. Heart rate did not vary with right hippocampus-left dmPFC rsFC post-stress for
those with high or low violence exposure. Heart rate did not vary with right hippocampus-
right ACC rsFC pre-stress for those with high or low violence exposure. In contrast, heart
rate varied positively with right hippocampus-right ACC rsFC post-stress for those with
high, but not low violence exposure (Figure 2; Table S2; Figure S4).

VmPFC-whole brain rsFC (Table 3)—LME model analyses were completed to
determine whether violence exposure and vmPFC-whole brain rsFC varied with heart rate.
The following section reports findings from brain regions outlined in our hypotheses about
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the rsFC of the vmPFC and rest of the brain. Full results from the vmPFC LME analyses are
reported in Table 3, and follow-up analyses are reported in Table S3 and Figures S1-S4.

Heart rate main effects.: No significant relationships with rsFC were observed within
regions outlined in our hypotheses. However, relationships with other regions that were not
detailed in our hypotheses are outlined in Table 3, Table S3, and Figure S1.

Condition x Heart rate.: Heart rate varied with the change in left vmPFC rsFC with the left
IPL from pre- to post-stress (Table 3). Heart rate varied negatively with left vmPFC-left IPL
rsFC pre-stress and varied positively with left vmPFC-left IPL rsFC post-stress (Table S3;
Figure S2).

Violence exposure x Heart rate.: No significant relationships with rsFC were observed
within regions outlined in our hypotheses. However, relationships with other regions that
were not detailed in our hypotheses are outlined in Table 3, Table S3, and Figure S3.

Condition x Violence exposure x Heart rate.: No significant relationships with rsFC were
observed (Table 3; Figure S4).

SCL and rsFC results (n=271)

Amygdala-whole brain rsFC (Table 4)—LME model analyses were completed to
determine whether violence exposure and amygdala-whole brain rsFC varied with SCL.

The following section reports findings from brain regions outlined in our hypotheses about
the rsFC of the amygdala and rest of the brain. Full results from the amygdala LME analyses
are reported in Table 4, and follow-up analyses are reported in Table S4 and Figures S5-S8.

SCL main effects.: SCL varied with left amygdala rsFC with the right amygdala/inferior
putamen (Table 4). Specifically, SCL varied negatively with left amygdala rsFC with the
right amygdala/inferior putamen (Table S4). SCL also varied with right amygdala rsFC with
the bilateral PHG/amygdala, right mid cingulate, and bilateral IPL (Table 4). Specifically,
SCL varied negatively with right amygdala rsFC with the bilateral PHG/amygdala and SCL
varied positively with right amygdala rsFC with the right mid cingulate and bilateral IPL
(Table S4; Figure S5).

Condition x SCL.: SCL varied with the change in left amygdala rsFC with the right PHG/
amygdala from pre- to post-stress (Table 4). SCL did not vary with left amygdala-right
PHG/amygdala rsFC pre-stress, however SCL varied negatively with left amygdala-right
PHG/amygdala rsFC post-stress (Table S4; Figure S6).

Violence exposure x SCL..: A Violence exposure x SCL interaction was observed in the
rsFC of the right amygdala with the right IPL (Table 4). SCL varied negatively with right
amygdala-right IPL rsFC for those with high violence exposure. In contrast, SCL did not
vary with right amygdala-right IPL rsFC for those with low violence exposure (Table S4;
Figure S7).
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Condition x Violence exposure x SCL..: No significant relationships with rsFC were
observed (Table 4; Figure S8).

Hippocampus-whole brain rsFC (Table 5)—LME model analyses were completed to
determine whether violence exposure and hippocampus-whole brain rsFC varied with SCL.
The following section reports findings from brain regions outlined in our hypotheses about
the rsFC of the hippocampus and rest of the brain. Full results from the hippocampus LME
analyses are reported in Table 5, and follow-up analyses are reported in Table S5 and Figures
S5-S8.

SCL main effects.: SCL varied with left hippocampus rsFC with the bilateral vIPFC,
right PHG/amygdala, and left IPL (Table 5). Specifically, SCL varied negatively with left
hippocampus rsFC with the vIPFC, PHG/amygdala, and IPL (Table S5; Figure S5). SCL
also varied with right hippocampus rsFC with the right amygdala/inferior putamen and
bilateral insula (Table 5). Specifically, SCL varied negatively with right hippocampus rsFC
with the amygdala/inferior putamen and insula (Table S5; Figure S5).

Condition x SCL..: No significant relationships with rsFC were observed (Table 5; Figure
S6).

Violence exposure x SCL..: No significant relationships with rsFC were observed within
regions outlined in our hypotheses. Significant connections with regions not detailed in our
hypotheses are outlined in Table 5, Table S5, and Figure S7.

Condition x Violence exposure x SCL..: A Condition x Violence exposure x SCL
interaction was observed in the rsFC of the right hippocampus with the right IPL (Table

5). More specifically, SCL did not vary with right hippocampus-right IPL rsFC pre-stress
for those with high violence exposure, but varied negatively pre-stress for those with low
violence exposure. SCL did not vary with right hippocampus-right IPL rsFC post-stress for
those with high or low violence exposure (Table S5; Figure S8). A Condition x Violence
exposure x SCL interaction was also observed in the rsFC of the left hippocampus with

the left amygdala (Table 5). No significant simple slopes were observed for SCL and left
hippocampus-left amygdala rsFC (Table S5; Figure S8).

VmPFC-whole brain rsFC (Table 6)—LME model analyses were completed to
determine whether violence exposure and vmPFC-whole brain rsFC varied with SCL. The
following section reports findings from brain regions outlined in our hypotheses about the
rsFC of the vmPFC and rest of the brain. Full results from the vmPFC LME analyses are
reported in Table 6, and follow-up analyses are reported in Table S6 and Figures S5-S8.

SCL main effects.: SCL varied with left vmPFC rsFC with the right IPL and left insula.
(Table 6). Specifically, SCL varied negatively with left vmPFC rsFC with the IPL and insula
(Table S6; Figure S5).

Condition x SCL.: SCL varied with the change in left vmPFC rsFC to the right dmPFC and
left dIPFC from pre- to post-stress (Table 6). SCL varied positively with left vmPFC-right
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dmPFC rsFC pre-stress, but not post-stress. Further, SCL varied positively with left vmPFC-
left dIPFC rsFC pre-stress, but not post-stress (Table S6; Figure S6).

Violence exposure x SCL..: No significant relationships with rsFC were observed within
regions outlined in our hypotheses. Significant relationships with the rsFC of other regions
that were not detailed in our hypotheses are outlined in Table 6, Table S6, and Figure S7.

Condition x Violence exposure X SCL..: No significant relationships with rsFC were
observed within regions outlined in our hypotheses. Significant relationships with other
regions that were not detailed in our hypotheses are outlined in Table 6, Table S6, and Figure
S8.

RsFC and motion (Tables S7 and S8)—Secondary analyses were completed to
determine whether 1) there were differences in motion pre- to post-stress and 2) observed
differences in pre- to post-stress rsFC varied with motion (See Supplemental Methods,
Results, and Tables S7 and S8).

DISCUSSION

Repeated exposure to violence during adolescence is associated with the development of
internalizing disorders in both adolescence and adulthood (Hanson et al., 2008; Hooven
etal., 2012; Mrug et al., 2010; Cooley-Quille et al., 2001). The relationship between
violence exposure and internalizing symptoms appears to be modulated by functional brain
changes that underlie stress reactivity. For example, violence exposure in adolescence

alters the connectivity among fronto-limbic and parieto-limbic brain regions that modulate
the peripheral emotional response (Dark et al., 2020; Lambert et al., 2017; Saxbe et

al., 2018; Fan et al., 2015; Menon, 2015; Saltzman et al., 2005). However, few studies

have examined changes in fronto-limbic and parieto-limbic brain regions that vary with
autonomic responses among those exposed to violence during adolescence. Changes in the
connectivity among these brain regions may underlie differences in the stress response
among those exposed to childhood violence (Busso et al., 2017; Harnett et al., 2019;

Murali & Chen, 2005; Saltzman et al., 2005). Therefore, the present study examined

the relationship between stress-induced changes in rsFC and autonomic responses among
young adults exposed to violence during adolescence. Connectivity among the amygdala,
hippocampus, PFC, cingulate, IPL and insula varied with heart rate and SCL suggesting that
connectivity among these brain regions underlie autonomic activity. We also demonstrated
that hippocampal and amygdala rsFC with the dIPFC varied with autonomic activity both
before and after an acute psychosocial stress task, suggesting that these regions may underlie
stress reactivity. Finally, we demonstrated that differences in fronto- and parieto-limbic rsFC
modulate autonomic activity post-stress among those with high violence exposure. These
findings suggest that pre- to post-stress changes in rsFC may explain differences in the stress
response among those exposed to high levels of violence.

Amygdala, hippocampus, and vmPFC rsFC and autonomic activity.

Connectivity among several brain regions appears to play an important role in the peripheral
expression of emotion. For example, we found that the functional connectivity among
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regions that include the amygdala, hippocampus, vmPFC, dIPFC, dmPFC, IPL, PHG, insula,
and cingulate varied with measures of the peripheral emotional response (i.e., heart rate

and SCL). These findings generally suggest that fronto-limbic, fronto-parietal, and parieto-
limbic rsFC modulate the peripheral expression of emotion.

The present study also demonstrated changes in pre- to post-stress rsFC among the
amygdala, hippocampus, and dIPFC. The dIPFC modulates amygdala and hippocampal
activity (Benoit & Anderson, 2012; Benoit et al., 2015; Comte et al., 2016; Delgado et

al., 2008; Johnstone et al., 2007; Ochsner et al., 2009; Ochsner et al., 2012), which are
important for the peripheral expression of emotion (Cheng et al., 2003; Cheng et al., 2006;
Klumpers et al., 2017; Knight et al., 2005; Orem et al., 2019; Wood et al., 2014). Further,
the dIPFC appears to modulate the amygdala response to threatening stimuli (Wheelock
et al., 2014), and amygdala-dIPFC connectivity is frequently observed during emotion
regulation tasks (Banks et al., 2007; Comte et al., 2016; Ochsner et al., 2012). Further,
these brain regions have been linked to psychophysiological stress reactivity (Orem et

al., 2019; Wheelock et al., 2016). Thus, connectivity between the amygdala and dIPFC
may underlie important psychophysiological aspects of the stress response. In the present
study, amygdala-dIPFC rsFC varied negatively with heart rate post-stress, but not pre-
stress. Decreased heart rate may reflect greater emotion regulation post-stress. Therefore,
increased amygdala-dIPFC connectivity may underlie a decreased heart rate response to
stress, which may reflect greater post-stress regulation of autonomic activity. In contrast,
hippocampal-dIPFC rsFC varied positively with heart rate pre-stress, but not post-stress.
Prior work has demonstrated decreased hippocampal-PFC rsFC post-stress and suggests that
the hippocampus is important for modulating HPA axis and autonomic activity (Kalisch et
al., 2006; Kim and Diamond 2002; Sun et al., 2020; Ulrich-Lai and Herman, 2009). Taken
together with prior work, the findings from the present study suggest that hippocampal and
amygdala rsFC with the dIPFC may underlie autonomic activity prior to and after acute
stress exposure.

Amygdala rsFC, heart rate, and violence exposure.

In the present study, we found that among those with high violence exposure, amygdala-1PL
rsFC varied negatively with heart rate. The amygdala is important for responding to salient
emotional information including threats (McEwen & Gianaros, 2010; Phelps, 2004; Wood
et al., 2014), while the IPL is important for emotion processing and top-down attentional
control over the amygdala (Sylvester et al., 2012; Wheelock et al., 2014). Therefore, greater
connectivity between the amygdala and IPL in those exposed to high levels of violence may
reflect greater attention to salient information. In the present study, post-stress amygdala-1PL
rsFC varied negatively with heart rate in those with high levels of violence exposure,
suggesting that greater amygdala-IPL rsFC may underlie the modulation of heart rate (e.g.,
decreased heart rate) post stress in these individuals. In contrast, lower post-stress amygdala-
IPL rsFC may reflect poorer modulation of heart rate (e.g., increased heart rate) post stress
among those with high violence exposure. Additionally, heart rate did not vary with rsFC
pre- or post-stress among those with low violence exposure. The lack of a relationship
between amygdala-IPL rsFC and heart rate in those with low violence exposure may suggest
that those with low violence exposure recover faster from acute stress exposure. Overall,
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differences in amygdala-1PL rsFC may reflect differences in how those exposed to high
levels of violence respond to stressors. Further, prior work suggests that those exposed to
high levels of violence demonstrate greater stress reactivity, while other studies demonstrate
no differences in stress reactivity among those exposed to high levels of violence (Busso et
al., 2017; Harnett et al., 2019; Murali & Chen, 2005; Saltzman et al., 2005). Taken together
with this prior work, the present findings suggest that differences in amygdala-1PL rsFC may
explain why some individuals exposed to high levels of violence show greater reactivity,
while others show less reactivity to acute stress (Busso et al., 2017; Harnett et al., 2019;
Murali & Chen, 2005; Saltzman et al., 2005).

Hippocampus rsFC, heart rate, and violence exposure.

In the present study, we found that among those with high violence exposure, hippocampus-
ACC rsFC varied positively with heart rate post stress. In contrast, there was no relationship
among participants with low violence exposure. The ACC is important for modulating
autonomic activity (Beissner et al., 2013; Critchley, 2005; Critchley et al., 2003; Kalisch et
al., 2006; Thayer & Lane, 2000), while the hippocampus is important for the consolidation
of salient emotion-related memories and modulating HPA axis and autonomic reactivity
(Goodman et al., 2018; Kalisch et al., 2006; Kim & Diamond, 2002; Sun et al., 2020;
Ulrich-Lai & Herman, 2009). Therefore, functional connectivity between the hippocampus
and ACC may underlie the modulation of autonomic responses to acute stress. In the present
study, increased connectivity between these brain regions was associated with greater heart
rate, which suggests a greater autonomic response to acute stress. In contrast, decreased
connectivity of the hippocampus and ACC may suggest a decreased stress response (e.g.,
lower heart rate), and thus greater modulation of autonomic function in response to acute
stress. Together, these findings suggest that variability in hippocampus-ACC rsFC may
underlie autonomic function among those exposed to high levels of violence.

Strengths and limitations.

The present study has several strengths. First, it included a large community sample

of black and white male and female participants, which increases statistical power and
generalizability. Additionally, violence exposure data were collected at four time points
between ages of 11-19 years, providing a longitudinal assessment of violence exposure
throughout adolescence. Another strength of the present study is that it focuses on a

single type of violence exposure. Much of the previous research has combined measures

of abuse, neglect, and violence exposure into a single index of childhood maltreatment.

The combination of different types of violence makes it difficult to isolate the specific

effect of each type of violence on the brain. However, the present study is not without
limitation, and findings should be interpreted with the following considerations. First, a
small volume correction was used to determine whether there were significant stress-induced
changes within the amygdala and hippocampus. While small volume correction is important
to detect significant activity in smaller brain regions, it is not without limitation. Specifically,
cluster thresholding may be inappropriate for smaller brain regions as significant clusters
may extend beyond the boundaries of the ROI (Woo et al., 2014). Further, cluster
thresholding relies on random field theory which assumes uniform spatial smoothness over
the whole brain, therefore, by independently investigating specific ROls, this assumption
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is violated (Brett et al., 2003). Second, although the present study found relationships
between adolescent violence exposure and young adult brain connectivity, participants only
completed one neuroimaging scan. Therefore, we cannot determine whether relationships
between violence exposure and functional brain connectivity represent a change from
previous functioning or a preexisting relationship. Future studies should employ longitudinal
designs to determine whether violence exposure affects functional connectivity over time.

Adolescent exposure to violence varies both positively and negatively with the rsFC among
regions that are important for emotion regulation. Changes in the connectivity among these
brain regions may vary with the emotional response to stress and increase susceptibility

to internalizing symptomology. In the present study, violence exposure moderated the
relationship between rsFC and autonomic activity post-stress. Specifically, among those with
high violence exposure fronto- and parieto-limbic rsFC varied with post-stress heart rate.
These findings suggest that fronto- and parieto-limbic rsFC may underlie differences in the
stress response among those with high violence exposure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments:

This research was supported by the National Institutes of Health (Grant number: 1R01 MH098348). Data from
the Healthy Passages study was supported by cooperative agreements (CCU409679, CCU609653, CCU915773,
U48DP000046, U48DP000057, U48DP000056, U19DP002663, U19DP002664, and U19DP002665) with the
Centers for Disease Control and Prevention. The funding sources had no role in the analysis or interpretation

of the data, writing of the manuscript, or the decision to submit the paper for publication. S.M., M.A.S, M.N.E,
S.T.E, and D.C.K conceptualized and designed the project. H.E.D, N.G.H, A.M.G, and M.D.W. collected data for
the project. H.E.D and N.G.H analyzed the data. H.E.D, D.C.K, and S.M. interpreted the data.

REFERENCES

Arnsten AFT (2009). Stress signalling pathways that impair prefrontal cortex structure and function.
Nature Reviews Neuroscience, 10(6), 410-422. 10.1038/nrn2648 [PubMed: 19455173]

Baczkowski BM, Johnstone T, Walter H, Erk S, & Veer IM (2017). Sliding-window analysis tracks
fluctuations in amygdala functional connectivity associated with physiological arousal and vigilance
during fear conditioning. Neuroimage, 153, 168-178. [PubMed: 28300639]

Beissner F, Meissner K, Bar K-J, & Napadow V (2013). The autonomic brain: an activation likelihood
estimation meta-analysis for central processing of autonomic function. Journal of neuroscience,
33(25), 10503-10511. [PubMed: 23785162]

Benarroch EE (1993). The central autonomic network: functional organization, dysfunction, and
perspective. Mayo Clinic Proceedings,

Bevans K, Cerbone AB, & Overstreet S (2005). Advances and future directions in the study of
children’s neurobiological responses to trauma and violence exposure. Journal of Interpersonal
Violence, 20(4), 418-425. [PubMed: 15722496]

Birn RM, Patriat R, Phillips ML, Germain A, & Herringa RJ (2014). Childhood maltreatment
and combat posttraumatic stress differentially predict fear-related fronto-subcortical connectivity.
Depression and anxiety, 31(10), 880-892. [PubMed: 25132653]

Brett M, Penny W, & Kiebel S (2003). Introduction to random field theory. Human brain function, 2,
867-879.

Neuroscience. Author manuscript; available in PMC 2024 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dark et al.

Page 18

Burghy CA, Stodola DE, Ruttle PL, Molloy EK, Armstrong JM, Oler JA, Fox ME, Hayes
AS, Kalin NH, & Essex MJ (2012). Developmental pathways to amygdala-prefrontal function
and internalizing symptoms in adolescence. Nature neuroscience, 15(12), 1736-1741. [PubMed:
23143517]

Busso DS, McLaughlin KA, & Sheridan MA (2017). Dimensions of adversity, physiological reactivity,
and externalizing psychopathology in adolescence: Deprivation and threat. Psychosomatic
medicine, 79(2), 162. [PubMed: 27428857]

Carter C, & van Veen V (2007). Anterior cingulate cortex and conflict detection: An update of theory

and data. Cognitive, Affective, & Behavioral Neuroscience, 7(4), 367-379.

Chen G, Saad ZS, Britton JC, Pine DS, & R.W C (2013). Linear mixed-effects modeling approach to
FMRI group analysis. Neuroimage, 1(73), 176-190.

Cheng DT, Knight DC, Smith CN, & Helmstetter FJ (2006). Human amygdala activity
during the expression of fear responses. Behavioral neuroscience, 120(6), 1187.
10.1037/0735-7044.120.5.1187 [PubMed: 17201461]

Cheng DT, Knight DC, Smith CN, Stein EA, & Helmstetter FJ (2003). Functional MRI of human
amygdala activity during Pavlovian fear conditioning: stimulus processing versus response
expression. Behavioral neuroscience, 117(1), 3. 10.1037/0735-7044.117.1.3 [PubMed: 12619902]

Cox RW (1996). AFNI: Software for analysis and visualization of functional magnetic resonance
neuroimages. Computers and Biomedical Research, 29, 162-173. [PubMed: 8812068]

Cox RW, Chen G, Glen DR, Reynolds RC, & Taylor PA (2017). FMRI clustering in AFNI: false-
positive rates redux. Brain connectivity, 7(3), 152-171. [PubMed: 28398812]

Critchley HD (2005). Neural mechanisms of autonomic, affective, and cognitive integration. Journal of
comparative neurology, 493(1), 154-166. [PubMed: 16254997]

Critchley HD, Mathias CJ, Josephs O, O’Doherty J, Zanini S, Dewar BK, Cipolotti L, Shallice T, &
Dolan RJ (2003). Human cingulate cortex and autonomic control: converging neuroimaging and
clinical evidence. Brain, 126(10), 2139-2152. [PubMed: 12821513]

Dark HE, Harnett NG, Goodman AM, Wheelock MD, Mrug S, Schuster MA, Elliott MN, Emery ST,
& Knight DC (2020). Violence exposure, affective style, and stress-induced changes in resting
state functional connectivity. Cognitive, Affective, & Behavioral Neuroscience, 20(6), 1261-1277.

De Bellis MD (2005). The psychobiology of neglect. Child maltreatment, 10(2), 150-172. [PubMed:
15798010]

De Bellis MD, Baum AS, Birmaher B, Keshavan MS, Eccard CH, Boring AM, Jenkins FJ, & Ryan
ND (1999). Developmental traumatology part I: Biological stress systems. Biological psychiatry,
45(10), 1259-1270. [PubMed: 10349032]

De Bellis MD, Keshavan MS, Clark DB, Casey B, Giedd JN, Boring AM, Frustaci K, & Ryan ND
(1999). Developmental traumatology part Il: brain development. Biological psychiatry, 45(10),
1271-1284. [PubMed: 10349033]

Dedovic K, Renwick R, Mahani NK, Engert V, Lupien SJ, & Pruessner JC (2005). The Montreal
Imaging Stress Task: Using functional imaging to investigate the effects of perceiving and
processing psychosocial stress in the human brain. Journal of Psychiatry Neuroscience, 30(5),
319-325. [PubMed: 16151536]

Eaton DK, Kann L, Kinchen S, Ross J, Hawkins J, Harris WA, & Wechsler H (2006). Youth
risk behavior surveillance-United States, 2005. MMWR Surveill Summ, 55(SS05), 1-108. http://
www.cdc.gov/mmwr/preview/mmwrhtml/ss5505al.htm

Eisenbarth H, Chang LJ, & Wager TD (2016). Multivariate brain prediction of heart rate and skin
conductance responses to social threat. Journal of Neuroscience, 36(47), 11987-11998. [PubMed:
27881783]

Fan'Y, Pestke K, Feeser M, Aust S, Pruessner JC, Boker H, Bajbouj M, & Grimm S (2015).
Amygdala—hippocampal connectivity changes during acute psychosocial stress: joint effect of
early life stress and oxytocin. Neuropsychopharmacology, 40(12), 2736. [PubMed: 25924202]

Gilam G, Maron-Katz A, Kliper E, Lin T, Fruchter E, Shamir R, & Hendler T (2017). Tracing the
neural carryover effects of interpersonal anger on resting-state fMRI in men and their relation to
traumatic stress symptoms in a subsample of soldiers. Frontiers in behavioral neuroscience, 11,
252. [PubMed: 29326568]

Neuroscience. Author manuscript; available in PMC 2024 July 01.


http://www.cdc.gov/mmwr/preview/mmwrhtml/ss5505a1.htm
http://www.cdc.gov/mmwr/preview/mmwrhtml/ss5505a1.htm

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dark et al.

Page 19

Goodman AM, Harnett NG, & Knight DC (2018). Pavlovian conditioned diminution of the
neurobehavioral response to threat. Neuroscience and Biobehavioral Reviews, 84, 218-224.
[PubMed: 29203422]

Goodman AM, Wheelock MD, Harnett NG, Mrug S, Granger DA, & Knight DC (2016). The
hippocampal response to psychosocial stress varies with salivary uric acid level Neuroscience,
339, 396-401. 10.1016/j.neuroscience.2016.10.002 [PubMed: 27725214]

Hanson RF, Borntrager C, Self-Brown S, Kilpatrick DG, Saunders BE, Resnick HS, & Amstadter A
(2008). Relations among gender, violence exposure, and mental Health: The national survey of
adolescents. American Journal of Orthopsychiatry, 78(3), 313-321. 10.1037/a0014056 [PubMed:
19123750]

Hare TA, Camerer CF, & Rangel A (2009). Self-control in decision-making involves modulation of the
vmPFC valuation system. Science, 324(5927), 646—648. [PubMed: 19407204]

Harnett NG, Wheelock MD, Wood KH, Goodman AM, Mrug S, Elliott M, Schuster MA, Tortolero
S, & Knight DC (2019). Negative life experiences contribute to racial differences in the neural
response to threat. Neuroimage, 202, 116086. 10.1016/j.neuroimage.2019.116086 [PubMed:
31401241]

Hart H, & Rubia K (2012). Neuroimaging of child abuse: a critical review. Frontiers in Human
Neuroscience, 6, 1-24. [PubMed: 22279433]

Hayes AF (2012). PROCESS: A versatile computational tool for observed variable mediation,
moderation, and conditional process modeling [white paper]. Retrieved from http://
www.afhayes.com/public/process2012.pdf.

Hayes AF, & Preacher KJ (2013). Conditional Process Modeling: Using Structural Equation Modeling
to Examine Contingent Causal Processes. In Hancock ROMGR (Ed.), Structural equation
modeling: A second course (2nd Ed). Information Age Publishing.

Herman JP, Figueiredo H, Mueller NK, Ulrich-Lai Y, Ostrander MM, Choi DC, & Cullinan
WE (2003). Central mechanisms of stress integration: hierarchical circuitry controlling
hypothalamo-pituitary—adrenocortical responsiveness. Frontiers in neuroendocrinology, 24(3),
151-180. [PubMed: 14596810]

Herringa RJ, Birn RM, Ruttle PL, Burghy CA, Stodola DE, Davidson RJ, & Essex MJ (2013).
Childhood maltreatment is associated with altered fear circuitry and increased internalizing
symptoms by late adolescence. Proceedings of the National Academy of Sciences, 110(47),
19119-19124. 10.1073/pnas.1310766110

Jedd K, Hunt RH, Cicchetti D, Hunt E, Cowell R, Rogosch F, Toth S, & Thomas KM (2015).
Long-term consequences of childhood maltreatment: Altered amygdala functional connectivity.
Development and psychopathology, 27(4 0 2), 1577. [PubMed: 26535945]

Johnstone T, van Reekum CM, Urry HL, Kalin NH, & Davidson RJ (2007). Failure to regulate:
Counterproductive recruitment of top-down prefrontal-subcortical circuitry in major depression.
The Journal of Neuroscience, 27(33), 8877-8884. 10.1523/JNEUROSCI.2063-07.2007 [PubMed:
17699669]

Kalisch R, Wiech K, Critchley HD, & Dolan RJ (2006). Levels of appraisal: a medial prefrontal role in
high-level appraisal of emotional material. Neuroimage, 30(4), 1458-1466. [PubMed: 16388969]

Kim JJ, & Diamond DM (2002). The stressed hippocampus, synaptic plasticity and lost memories.
Nature Reviews Neuroscience, 3(6), 453-462. [PubMed: 12042880]

Knight DC, Nguyen HT, & Bandettini PA (2005). The role of the human amygdala in the production
of conditioned fear responses. Neuroimage, 26, 1193-1200. 10.1016/j.neuroimage.2005.03.020
[PubMed: 15961053]

Knight DC, & Wood KH (2011). Investigating the neural mechanisms of aware and unaware fear
memory with fMRI. J Vis Exp, 56, €3083. 10.3791/3083

Lambert HK, Sheridan MA, Sambrook KA, Rosen ML, Askren MK, & McLaughlin KA (2017).
Hippocampal contribution to context encoding across development is disrupted following early-
life adversity. Journal of Neuroscience, 37(7), 1925-1934. [PubMed: 28093475]

Lupien SJ, McEwen BS, Gunnar MR, & Heim C (2009). Effects of stress throughout the lifespan
on the brain, behaviour and cognition. Nature Reviews Neuroscience, 10(6), 434-445. 10.1038/
nrn2639 [PubMed: 19401723]

Neuroscience. Author manuscript; available in PMC 2024 July 01.


http://www.afhayes.com/public/process2012.pdf
http://www.afhayes.com/public/process2012.pdf

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dark et al.

Page 20

Margolin G, & Gordis EB (2004). Children’s exposure to violence in the family and community.
Current Directions in Psychological Science, 13(4), 152-155.

Maron-Katz A, Vaisvaser S, Lin T, Hendler T, & Shamir R (2016). A large-scale perspective
on stress-induced alterations in resting-state networks [Article]. Scientific Reports, 6,

21503. 10.1038/srep21503 https://www.nature.com/articles/srep21503#supplementary-information
[PubMed: 26898227]

McEwen BS (2006). Protective and damaging effects of stress mediators: central role of the brain.
Dialogues in clinical neuroscience, 8(4), 367. [PubMed: 17290796]

McEwen BS, & Gianaros PJ (2010). Central role of the brain in stress and adaptation: links to
socioeconomic status, health, and disease. Annals of the New York Academy of Sciences, 1186,
190. [PubMed: 20201874]

Mead HK, Beauchaine TP, & Shannon KE (2010). Neurobiological adaptations to violence across
development. Developmental Psychopathology, 22(1), 1-37.

Menon V (2011). Large-scale brain networks and psychopathology: a unifying triple network model.
Trends in cognitive sciences, 15(10), 483-506. [PubMed: 21908230]

Menon V (2015). Salience Network (Toga AW, Ed. Vol. 2). Academic Press: Elsevier.

Miller GE, Chen E, Armstrong CC, Carroll AL, Ozturk S, Rydland KJ, Brody GH, Parrish TB, &
Nusslock R (2018). Functional connectivity in central executive network protects youth against
cardiometabolic risks linked with neighborhood violence. Proceedings of the National Academy of
Sciences, 115(47), 12063-12068.

Moffitt TE (2013). Childhood exposure to violence and lifelong health: Clinical intervention science
and stress-biology research join forces. Development and Psychopathology, 25(4pt2), 1619-1634.
10.1017/S0954579413000801 [PubMed: 24342859]

Morawetz C, Bode S, Baudewig J, & Heekeren HR (2017). Effective amygdala-prefrontal connectivity
predicts individual differences in successful emotion regulation. Social cognitive and affective
neuroscience, 12(4), 569-585. [PubMed: 27998996]

Mrug S, Loosier PS, & Windle M (2008). Violence exposure across multiple contexts: Individual
and joint effects on adjustment. Am J Orthopsychiatry, 78(1), 70-84. 10.1037/0002-9432.78.1.70
[PubMed: 18444729]

Mrug S, & Windle M (2010). Prospective effects of violence exposure across multiple contexts on
early adolescents’ internalizing and externalizing problems. Journal of Child Psychology and
Psychiatry, 51(8), 1-16. 10.1111/j.1469-7610.2010.02222.x [PubMed: 20059627]

Murali RA, & Chen E (2005). Exposure to violence and cardiovascular and neuroendocrine measures
in adolescents. Annals of Behavioral Medicine 30(2), 155-163. [PubMed: 16173912]

Norton KN, Luchyshyn TA, & Shoemaker JK (2013). Evidence for a medial prefrontal cortex—
hippocampal axis associated with heart rate control in conscious humans. Brain research, 1538,
104-115. [PubMed: 24076209]

Ochsner KN, Silvers JA, & Buhle JT (2012). Functional imaging studies of emotion regulation: A
synthetic review and evolving model of the cognitive control of emotion. Ann N Y Acad Sci, 1251,
E1-24.10.1111/j.1749-6632.2012.06751.x [PubMed: 23025352]

Orem TR, Wheelock MD, Goodman AM, Harnett NG, Wood KH, Gossett EW, Granger DA, Mrug S,
& Knight DC (2019). Amygdala and prefrontal cortex activity varies with individual differences
in the emotional response to psychosocial stress. Behavioral neuroscience, 133(2), 203. [PubMed:
30907618]

Phelps E (2004). Human emotion and memory: interactions of the amygdala and hippocampal
complex. Current Opinion in Neurobiology, 14(198-202). 10.1016/j.conb.2004.03.015

Popoli M, Yan Z, McEwen BS, & Sanacora G (2012). The stressed synapse: the impact of stress and
glucocorticoids on glutamate transmission. . Nature Reviews Neuroscience, 13(1), 22-37.

Quaedflieg CWEM, Van De Ven V, Meyer T, Siep N, Merckelbach HLGJ, & Smeets T (2015).
Temporal dynamics of stress-induced alternations of intrinsic amygdala connectivity and
neuroendocrine levels. PLOS ONE, 10(5), e0124141. [PubMed: 25946334]

Rorden C, & Brett M (2000). Stereotaxic display of brain lesions. Behavioural neurology, 12(4), 191—
200. [PubMed: 11568431]

Neuroscience. Author manuscript; available in PMC 2024 July 01.


https://www.nature.com/articles/srep21503#supplementary-information

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dark et al.

Page 21

Saltzman KM, Holden GW, & Holahan CJ (2005). The psychobiology of children exposed to
marital violence. Journal of clinical child and adolescent psychology, 34(1), 129-139. [PubMed:
15677287]

Saxbe D, Khoddam H, Piero LD, Stoycos SA, Gimbel SI, Margolin G, & Kaplan JT (2018).
Community violence exposure in early adolescence: Longitudinal associations with hippocampal
and amygdala volume and resting state connectivity. Developmental science, 21(6), e12686.
[PubMed: 29890029]

Schuster MA, Elliott MN, Kanouse DE, Wallander JL, Tortolero SR, Ratner JA, Klein DJ, Cuccaro
PM, Davies SL, & Banspach SW (2012). Racial and ethnic health disparities among fifth-graders
in three cities. New England Journal of Medicine, 367(8), 735-745. [PubMed: 22913683]

Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TE, Johansen-Berg H, Bannister PR,
De Luca M, Drobnjak I, Flitney DE, Niazy RK, Saunders J, Vickers J, Zhang Y, De Stefano N,
Brady JM , & Matthews PM (2004). Advances in functional and structural MR image analysis and
implementation as FSL. Neuroimage, 23(1), S208-S219. [PubMed: 15501092]

Southwick SM, Vythilingam M, & Charney DS (2005). The psychobiology of depression and
resilience to stress: Implications for prevention and treatment. Annual Review of Clinical
Psychology, 1, 255-291. 10.1146/annurev.clinpsy.1.102803.143948

Sun X, Ming Q, Zhong X, Dong D, Li C, Xiong G, Cheng C, Cao W, He J, & Wang X (2020).

The MAOA Gene Influences the Neural Response to Psychosocial Stress in the Human Brain.
Frontiers in Behavioral Neuroscience, 14, 65. [PubMed: 32499684]

Sylvester CM, Corbetta M, Raichle ME, Rodebaugh TL, Schlaggar BL, Sheline Y1, Zorumski CF,

& Lenze EJ (2012). Functional network dysfunction in anxiety and anxiety disorders. Trends in
Neurosciences, 35(9), 527-535. 10.1016/j.tins.2012.04.012 [PubMed: 22658924]

Talairach J, & Tournoux P (1988). Co-planar stereotaxic atlas of the human brain.

Teicher MH, Samson JA, Anderson CM, & Ohashi K (2016). The effects of childhood maltreatment
on brain structure, function and connectivity. Nature reviews neuroscience, 17(10), 652. [PubMed:
27640984]

Thayer JF, & Lane RD (2000). A model of neurovisceral integration in emotion regulation and
dysregulation. Journal of affective disorders, 61(3), 201-216. [PubMed: 11163422]

Thomason ME, & Marusak HA (2017). Toward understanding the impact of trauma on the early
developing human brain. Neuroscience, in press, 1-13. 10.1016/j.neuroscience.2016.02.022

Thomason ME, Marusak HA, Tocco MA, Vila AM, McGarragle O, & Rosenberg DR (2015).

Altered amygdala connectivity in urban youth exposed to trauma. Social cognitive and affective
neuroscience, 10(11), 1460-1468. [PubMed: 25836993]

Ulrich-Lai YM, & Herman JP (2009). Neural regulation of endocrine and autonomic stress responses.
Nature Reviews Neuroscience, 10(6), 397-409. [PubMed: 19469025]

Urry HL, Van Reekum CM, Johnstone T, Kalin NH, Thurow ME, Schaefer HS, Jackson CA, Frye
CJ, Greischar LL, Alexander AL, & Davidson RJ (2006). Amygdala and ventromedial prefrontal
cortex are inversely coupled during regulation of negative affect and predict the diurnal pattern
of cortisol secretion among older adults. Journal of Neuroscience, 26(16), 4415-4425. [PubMed:
16624961]

van der Werff SJA, Pannekoek JN, Veer IM, van Tol MJ, Aleman A, Veltman DJ, Zitman FG,
Rombouts SARB, Elzinga BM, & van der Wee NJA (2013). Resting-state functional connectivity
in adults with childhood emotional maltreatment. Psychological Medicine, 43, 1825-1836.
10.1017/S0033291712002942 [PubMed: 23254143]

van Marle HJF, Hermans EJ, Qin S, & Fernandez G (2010). Enhanced resting-state connectivity of
amygdala in the immediate aftermath of acute psychological stress. Neuroimage, 53, 348-354.
10.1016/j.neuroimage.2010.05.070 [PubMed: 20621656]

van Rooij SJ, Smith RD, Stenson AF, Ely TD, Yang X, Tottenham N, Stevens JS, & Jovanovic T
(2020). Increased activation of the fear neurocircuitry in children exposed to violence. Depression
and anxiety, 37(4), 303-312. [PubMed: 31951308]

Veer IM, Oei NYL, Spinhoven P, van Buchem MA, Elzinga BM, & Rombouts SARB (2011). Beyond
acute social stress: Increased functional connectivity between amygdala and cortical midline
structures. Neuroimage, 57(1534-1541). 10.1016/j.neuroimage.2011.05.074

Neuroscience. Author manuscript; available in PMC 2024 July 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dark et al.

Page 22

Weissman DG, Jenness JL, Colich NL, Miller AB, Sambrook KA, Sheridan MA, & McLaughlin
KA (2020). Altered neural processing of threat-related information in children and adolescents
exposed to violence: A transdiagnostic mechanism contributing to the emergence of
psychopathology. Journal of the American Academy of Child and Adolescent Psychiatry, 59(11),
1274-1284. [PubMed: 31473292]

Wheelock MD, Harnett NG, Wood KH, Orem TR, Granger DA, Mrug S, & Knight DC (2016).
Prefrontal cortex activity is associated with the biobehavioral components of the stress response.
Frontiers in Human Neuroscience, 10, 1-12. https://doi.org/doi:10.3389/fnhum.2016.00583
[PubMed: 26858619]

Wheelock MD, Rangaprakash D, Harnett NG, Wood KH, Orem TR, Mrug S, Granger DA, Deshpande
G, & Knight DC (2018). Psychosocial stress reactivity is associated with decreased whole-brain
network efficiency and increased amygdala centrality. Behavioral Neuroscience, 132(6), 561-572.
10.1037/bne0000276 [PubMed: 30359065]

Wheelock MD, Sreenivasan KR, Wood KH, Ver Hoef LW, Deshpande G, & Knight DC
(2014). Threat-related learning relies on distinct dorsal prefrontal cortex network connectivity.
Neuroimage, 102, 904-912. [PubMed: 25111474]

Windle M, Grunbaum J, Elliott M, Tortolero SR, Berry S, Gilliland J, Kanouse DE, Parcel GS,
Wallander J, Kelder S, Collins J, Kolbe L, & Schuster M (2004). Healthy Passages: A multilevel,
multimethod longitudinal study of adolescent health. American Journal of Preventive Medicine,
27(2), 164-172. 10.1016/j.amepre.2004.04.007 [PubMed: 15261905]

Woo C-W, Krishnan A, & Wager TD (2014). Cluster-extent based thresholding in fMRI analyses:
pitfalls and recommendations. Neuroimage, 91, 412-419. [PubMed: 24412399]

Wood KH, Ver Hoef LW, & Knight DC (2014). The amygdala mediates the emotional modulation
of threat-elicited skin conductance response. Emotion, 14(4), 693. 10.1037/a0036636 [PubMed:
24866521]

Neuroscience. Author manuscript; available in PMC 2024 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Dark et al.

Page 23

Highlights:
Emotion expression varies with frontal, parietal, and limbic brain connectivity

Amygdala-parietal connectivity is associated with autonomic reactivity to
stress

Stress reactivity is linked to amygdala and parietal functional brain
connectivity

The link between connectivity and stress reactivity varies with violence
exposure
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Figure 1. Right amygdala-1PL resting state functional connectivity (rsFC).
The figure depicts the Condition x Violence Exposure x Heart Rate res

01 00 01 02
Right amygdala-IPL
rsFC

ults from the right

amygdala linear mixed effects (LME) analysis. The graphs show the simple slopes analysis
elucidating the relationship between pre-stress and post-stress right amygdala-1PL rsFC,
pre-stress and post-stress heart rate, and violence exposure. (A) Right amygdala-left IPL
rsFC did not vary with heart rate pre-stress, but varied negatively with heart rate post-stress

for those with high violence exposure. (B) Right amygdala-left IPL rsF

C did not vary with

heart rate pre- or post-stress for those with low violence exposure. (C) Right amygdala-right
IPL rsFC did not vary with heart rate pre-stress, but varied negatively with heart rate
post-stress for those with high violence exposure. (D) Right amygdala-right IPL rsFC did
not vary with heart rate pre- or post-stress for those with low violence exposure.
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Figure 2. Right hippocampus-right anterior cingulate cortex (ACC) resting state functional

connectivity (rsFC).

The figure depicts the Condition x Violence Exposure x Heart Rate interaction from the
right hippocampus linear mixed effects (LME) analysis. The graphs show the simple slopes
analysis elucidating the relationship between pre-stress and post-stress right hippocampus-
right ACC rsFC, pre-stress and post-stress heart rate, and violence exposure. (A) Right
hippocampus-right ACC rsFC showed no relationship with heart rate pre-stress, but varied
positively with heart rate post-stress for those with high violence exposure. (B) In contrast,
right hippocampus-right ACC rsFC did not vary with heart rate pre- or post-stress for those

with low violence exposure.
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The association among violence exposure, amygdala rsFC, and heart rate
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e, Tem St emisphere £ Volume  Fekvorel (et
I;\%tygdala mm3 XY,z
Heart rate dIPFC Left 18.23 906 -17,19, 58
STG Left 14.32 768 -51, -31, 12
STG Right 12.96 679 53,2,-3
PHG Left 17.26 693 -21,2,-11
Hippocampus Right 15.55 259 30, -28, -4
Cerebellar tonsil Right 14.54 624 2,-52, 47
Condition x Heart rate  dIPFC Right 13,51 582 32,47,24
Precentral gyrus Left 15.38 608 -41, -11, 43
Violence exposure x ) i i )
Heart rate?
g{";gg‘a‘r‘;”x"H\gg'tegcé IPL Right 15.64 1297 52,-36, 45
Right
Amygdala
Heart rate dIPFC Left 14.21 1102 -18, 21,57
dIPFC(2) Left 22.34 946 -18, 37,38
STG Left 16.32 1786 -46,-21,6
Condition x Heart rate  Precuneus Left 13.99 729 -33,-71,39
Violence exposure x ) i i )
Heart rate?
ec)(";(fs'lﬁ'r‘;”x"H\g’r'tegct‘; Precentral gyrus Right 18.03 747 38, -13, 52
IPL Right 14.19 759 40, -36, 49
IPL Left 18.58 748 —-43, -32, 38

Note. Condition: pre-stress versus post-stress. Interactions that include the Condition variable indicate a difference in Fisher’s Z values pre- to
post-stress. The main effect for Condition, Violence exposure and the interaction of Condition x Violence exposure have been presented elsewhere
(Dark et al., 2020). Abbreviations: dIPFC: dorsolateral prefrontal cortex; IPL: inferior parietal lobule; PHG: parahippocampal gyrus; STG: superior

temporal gyrus. pFWE<.05; df =140.

a. o -
No significant activity present.
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Table 2.

The association among violence exposure, hippocampus rsFC, and heart rate
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Seed Region Term Significant Hemisphere  F value Volume  Peak voxel (Talairach
connection (Peak voxel) Coordinates)
Left e XY, Z
Hippocampus
Heart rate Insula Left 18.87 900 -30, 24,9
Insula Right 15.61 2123 44,9, -4
STG Right 18.73 934 44,-20,7
Amygdala Left 14.31 243 -24,-1,-9
PHG Right 19.18 730 34,-17,-21
Precuneus Left 18.17 726 -8, —45, 64
Lingual gyrus Left 20.94 3627 -5,-81,-8
Culmen Left 16.63 1828 -30, =47, -20
Culmen(2) Left 22.21 869 -3,-36,-19
Condition x Heart  dIPFC Left 16.70 1272 —24, 45,9
rate
Lingual gyrus Left 15.38 958 -8,-76,3
Violence Precentral gyrus Right 18.34 567 44, -16, 47
exposure x Heart
rate
Lingual gyrus Left 16.61 613 -20,-55,1
Condition x - - - - -
Violence
exposure x Heart
rate?
Right
Hippocampus
Heart rate dmPFC Left 18.66 2103 -4, 31, 52
dmPFC Right 21.81 1261 11, 34, 47
dIPFC Right 13.52 653 21,53,18
Insula Left 21.55 7917 -41,-19, 12
Insula Right 28.44 7742 43,-4,8
PCC Left 19.49 557 -2,-53,14
PCC Right 18.84 1556 3,-52,16
Amygdala/Inferior Left 19.36 1609 -23,1,-8
putamen
Hippocampus Right 13.76 381 29, -26, -6
Cuneus Left 23.93 817 -16, -85, 10
Culmen Left 28.29 1940 -9, -34, -26
Cerebellar tonsil Right 28.15 1965 3, -47, -43
Condition x Heart - - - - -
rate?
Violence - - - - -
exposure x Heart
rated
Condition x ACC Right 14.74 665 4,42,5
Violence
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Seed Region Term Significant Hemisphere  F value Volume  Peak voxel (Talairach
connection (Peak voxel) Coordinates)

exposure x Heart
rate

dmPFC Left 25.78 1060 -12,42,18

Note. Condition: pre-stress versus post-stress. Interactions that include the Condition variable indicate a difference in Fisher’s Z values pre- to
post-stress. The main effect for Condition, Violence exposure and the interaction of Condition x Violence exposure have been presented elsewhere
(Dark et al., 2020). Abbreviations: ACC: anterior cingulate cortex; dIPFC: dorsolateral prefrontal cortex; dmPFC: dorsomedial prefrontal cortex;
PCC: posterior cingulate cortex; PHG: parahippocampal gyrus; STG: superior temporal gyrus. pF\WE<.05; df =140.

a, oo -
No significant activity present.
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Table 3.

The association among violence exposure, vmPFC rsFC, and heart rate

Page 29

Seed Term Significant Hemisphere F value Volume  Peak voxel (Talairach
Region connection (Peak voxel) Coordinates)
Left mm> X, ¥, 2
vmPFC
Heart rate? - - - - -
Condition x Heart rate IPL Left 13.51 575 —-44,-52, 24
Violence exposure x Heart rate Cuneus Right 13.05 758 3,-74,22
Condition x Violence exposure x - - - - -
Heart rate?
Right
vmPFC
Heart rate ITG Right 15.12 895 51,-69, 1

Condition x Heart rate?

Violence exposure x Heart rate?

Condition x Violence exposure x
Heart rate?

Note. Condition: pre-stress versus post-stress. Interactions that include the Condition variable indicate a difference in Fisher’s Z values pre- to
post-stress. The main effect for Condition, Violence exposure and the interaction of Condition x Violence exposure have been presented elsewhere
(Dark et al., 2020). Abbreviations: ITG: inferior temporal gyrus; IPL: inferior parietal lobule; vmPFC: ventromedial prefrontal cortex. pFWE <.05;

df =140.

a. o -
No significant activity present.

Neuroscience. Author manuscript; available in PMC 2024 July 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Dark et al.

Table 4.

The association among violence exposure, amygdala rsFC, and SCL
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Seed Term Significant Hemisphere F value (Peak  Volume Peak voxel (Talairach
Region connection voxel) Coordinates)
Left mm° XY,z
Amygdala
SCL STG Left 22.68 2877 -63,-35,8
STG(2) Left 15.98 1736 -47,2,0
STG Right 19.39 2197 50,-19,1
STG(2) Right 14.83 981 55, —47, 12
Amygdala/inferior Right 20.65 1231 23,1,-6
putamen
Inferior Putamen Left 15.95 690 -26, -0, -4
Condition x SCL PHG/Amygdala Right 16.92 547 23,-2,-25
Violence exposure - - - - -
x SCLE
Condition x - - - - -
Violence exposure
x SCL4
Right
Amygdala
SCL STG Left 23.99 11056 -60, -46, 20
STG Right 22.31 4611 55,-25,5
Mid Cingulate Right 24.75 2402 6, —28, 32
IPL Left 14.20 893 -39, -54, 39
IPL Right 15.35 1405 38, -53, 41
PHG/Amygdala Left 15.74 1865 -19, -1, -12
PHG/Amygdala Right 16.39 1360 27,1,-6
MTG Right 14.74 1327 53, -46, 9
MOG Right 14.24 806 39, 67, -9
10G Left 18.35 678 -34,-89, -5
Culmen Right 12.88 620 34,-54,-21
Condition x SCLZ - - - - -
Violence exposure ~ STG Left 15.19 562 -49, 6, -7
x SCL
IPL Right 14.58 692 61, -25, 31
Tuber Right 13.96 542 41, -66, —27

Condition x
Violence exposure

x SCL2

Note. Condition: pre-stress versus post-stress. Interactions that include the Condition variable indicate a difference in Fisher’s Z values pre- to
post-stress. The main effect for Condition, Violence exposure and the interaction of Condition x Violence exposure have been presented elsewhere

(Dark et al., 2020). Abbreviations: 10G: inferior occipital gyrus; IPL: inferior parietal lobule; MOG: middle occipital gyrus; MTG: middle

temporal gyrus; PHG: parahippocampal gyrus; SCL: skin conductance level; STG: superior temporal gyrus. pp\WE<.05; df=265.

a. o L
No significant activity present.
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Table 5.

The association among violence exposure, hippocampus rsFC, and SCL
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Seed Region Term Significant Hemisphere F value Volume  Peak voxel (Talairach
connection (Peak voxel) Coordinates)
Left e XY,z
Hippocampus
SCL VIPFC Left 18.88 1332 -42,26,5
VIPFC Right 18.52 941 45, 26, 2
IPL Left 15.78 794 -59, -48, 23
Putamen Left 11.88 970 -24,-2,-1
PHG/Amygdala Right 15.04 1213 23,2,-12
Cuneus Left 28.82 6995 -6, -82, 30
Uvula Right 14.70 696 17, -68, -23
Condition x SCLZ - - - - -
Violence exposure - - - - -
x SCL4
Condition x STG Right 18.55 758 56, 0, -3
Violence exposure
x SCL
Amygdala Left 11.72 202 -23,0,-21
Right
Hippocampus
SCL VIPFC/precentral Left 28.14 13779 -48,-2,7
gyrus/Insula
Insula Right 16.39 2279 34,24,10
Amygdala/inferior Right 18.54 575 29,5,-10
putamen
SPL Right 14.96 1502 31, -69, 50
Precuneus Left 27.72 971 -6, =77, 47
Cuneus Right 13.75 1039 9, -82, 37
Postcentral gyrus Right 19.47 652 64, -19, 24
Condition x SCLZ - - - - -
Violence exposure  STG Right 18.75 563 57,-1, -4
x SCL
Cuneus Left 17.00 1128 0, -84, 27
Declive Left 15.79 1003 -8,-81, -15
Condition x IPL Right 16.52 815 46, -51, 26

Violence exposure
x SCL

Note. Condition: pre-stress versus post-stress. Interactions that include the Condition variable indicate a difference in Fisher’s Z values pre- to
post-stress. The main effect for Condition, Violence exposure and the interaction of Condition x Violence exposure have been presented elsewhere
(Dark et al., 2020). Abbreviations: IPL: inferior parietal lobule; PHG: parahippocampal gyrus; SCL: skin conductance level; SPL: superior parietal

lobule; STG: superior temporal gyrus; vIPFC: ventrolateral prefrontal cortex. ppwWE <.05; df=265.

a. o -
No significant activity present.
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Table 6.

The association among violence exposure, vmPFC rsFC, and SCL
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Seed Term Significant Hemisphere F value (Peak Volume Peak voxel (Talairach
Region connection voxel) Coordinates)
Left e XY, Z
VvmPFC
SCL MTG Right 19.46 2244 41,-57,8
Insula Left 18.11 1004 -47,-3,5
IPL Right 16.26 1220 61, -24, 24
Condition x SCL dIPFC Left 13.69 540 -22,47,29
dmPFC Right 13.64 735 10, 22, 39
Culmen Left 14.84 944 -33, -49, =27
Violence exposure x Precentral gyrus Left 14.76 661 -40, -11, 46
SCL
Condition x Violence - - - - -
exposure x SCL?Z
Right
VvmPFC
scLé - - - - -
Condition x SCL4 - - - - -
Violence exposure x Cerebellum Right 22.19 944 7,-73,-43
SCL
Condition x Violence Cuneus Right 13.91 545 7,-76,15

exposure x SCL

Note. Condition: pre-stress versus post-stress. Interactions that include the Condition variable indicate a difference in Fisher’s Z values pre- to
post-stress. The main effect for Condition, Violence exposure and the interaction of Condition x Violence exposure have been presented elsewhere
(Dark et al., 2020). Abbreviations: dIPFC: dorsolateral prefrontal cortex; dmPFC: dorsomedial prefrontal cortex; IPL: inferior parietal lobule;
MTG: middle temporal gyrus; SCL: skin conductance level; vmPFC: ventromedial prefrontal cortex. pEwWE<.05; df=265.

a. o -
No significant activity present.
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