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Abstract

Assaultive violence exposure during childhood is a significant risk factor for posttraumatic stress
disorder (PTSD). The purpose of the present study was to characterize the relationships of assault
and PTSD severity with the organization of large-scale networks identified during emotion
processing. Adolescent girls aged 12—-16 with (N=15) and without (N=15) histories of assault
underwent fMRI while engaged in a task that presented images of fearful or neutral facial
expressions. Independent component analysis (ICA) identified a frontocingulate network, a
frontoparietal network, and a default mode network. Assault exposure was associated with
significantly greater activation of the frontocingulate network for fear versus neutral faces. Within
the frontocingulate network, PTSD severity was associated with weakened functional connectivity
between the left amygdala and the perigenual anterior cingulate. Within the frontoparietal
network, assaulted girls demonstrated weakened connectivity of the premotor cortex with the right
middle frontal gyrus. Within the default mode network, assault exposure and PTSD severity were
associated with strengthening functional connectivity of the parahippocampus with the medial and
lateral PFC, respectively. Individual differences in functional connections within the
frontocingulate network and frontoparietal network among the assaulted group were strongly
associated with caregiver-rated family disengagement. These results demonstrate associations
between assault and PTSD symptoms on the functional organization of large-scale frontoparietal,
frontocingulate, and default mode networks during emotion processing. The relationship with
caregiver-rated family disengagement suggests the impact of family support on the neural
processing correlates of assault and PTSD symptoms.
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1. Introduction

Childhood adversity is a significant risk factor the development of subsequent mental health
disorders (Kessler et al., 1997; Kilpatrick et al., 2000; Kilpatrick et al., 2003; Green et al.,
2010). Of the various types of childhood adversity, assaultive violence exposure is
associated with the greatest risk for mental health disorders (Resnick et al., 1993; Kessler,
2000; Cisler et al., 2012). Assaultive violence exposure, including physical and sexual
assault or witnessed violence, is common among adolescents with a national prevalence rate
estimated at ~50% (Kilpatrick et al., 2000; Kilpatrick et al., 2003; Cisler et al., 2012).
Longitudinal studies indicate that assault among adolescents increases symptoms of PTSD,
depression, and substance use assessed three years later (Cisler et al., 2011b, a; Cisler et al.,
2012). These studies additionally suggest a dose-dependent relationship between assault
exposure severity and degree of risk for subsequent PTSD and other mental health
symptoms (Neuner et al., 2004; Kolassa et al., 2010; Cisler et al., 2012). These data
demonstrate the strong public health impact associated with assault exposure among
adolescents.

Given the potent risk conferred through assault exposure, it is imperative that we develop
consistently effective interventions. Understanding the brain mechanisms by which assault
confers vulnerability for mental illness, such as PTSD, is a viable means of improving
treatments for these victims. To date, there have been numerous investigations of the
neurobehavioral consequences and correlates of stressor exposure and PTSD (Hayes et al.,
2012). Animal models using rodents have demonstrated persistent structural alterations
following stressor exposure in neural regions theorized to mediate emotion processing and
cognitive control, including the amygdala, hippocampus, and medial prefrontal cortex (Vyas
etal., 2002; Vyas et al., 2004; Arnsten, 2009). Human neuroimaging studies of adult PTSD
similarly suggest altered functional activity in regions theorized to mediate emotion
processing, emaotion regulation, and fear extinction, including amygdala, hippocampus,
rostral anterior cingulate cortex (ACC), dorsal ACC, insular cortex, and lateral prefrontral
cortex (Shin et al., 2001; Shin et al., 2005; Simmons et al., 2008; Milad et al., 2009; Fonzo
etal., 2010; Shin et al., 2011; Hayes et al., 2012). Emerging concepts of stress reactivity
include allostasis and allostatic load (McEwen et al., 2011), which refer to on-going
neurobiological adaptations to environmental pressures, and these concepts may help
understand the link between stress and mental health (Ganzel et al., 2010; McEwen et al.,
2011; McEwen and Gianaros, 2011). These prior investigations have furnished data to
support inferences regarding brain mechanisms mediating trauma and PTSD and suggest
core neural processing deficits.

There are two main limitations of our current knowledge regarding how adolescent assault
exposure confers lasting risk for mental illness that the current study sought to address. First,
prior human functional imaging studies have focused mostly on functional segregation
approaches, in which the activities of neural regions in response to a task are considered in
isolation. While functional segregation approaches are useful for understanding the behavior
of isolated regions and their relationship with clinical variables, functional segregation
approaches are poorly matched to models of human brain function as the product of
distributed networks of information processing (Bullmore and Sporns, 2009; Bressler and
Menon, 2010; Congdon et al., 2010; Rubinov and Sporns, 2010; Menon, 2011; Smith,
2012). Consistent with this approach, a recent network-level model of psychopathology
posits large-scale disruptions within three specific neural networks: a frontoparietal network
(also referred to as a central executive network), a frontocingulate network (also referred to
as a salience network), and a default mode network (Menon, 2011). The frontoparietal
network consists of a distributed set of neural regions including bilateral dorsolateral PFC,
medial PFC/dorsal anterior cingulate cortex, and bilateral parietal cortices and is commonly
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implicated in higher-order cognitive functions, including manipulating information in
working memory, problem-solving, and decision-making (Bressler and Menon, 2010;
Menon, 2011). The frontocingulate network consists primarily of anterior cingulate and
bilateral anterior insular cortices and is involved in detecting and integrating sensory and
interoceptive cues (Bressler and Menon, 2010; Menon, 2011). The default mode network
consists primarily of the posterior cingulate cortex/precuneus, medial PFC, and lateral
parietal cortices and is involved in stimulus-independent thought (e.g., daydreaming) and
self-referential mentation (Gusnard and Raichle, 2001; Raichle et al., 2001; Bressler and
Menon, 2010; Menon, 2011). These three networks are highly reproducible during both task
and rest (Smith et al., 2009; Bressler and Menon, 2010; Menon, 2011) and are theorized to
be core neurocognitive networks in which dysfunction may at least partially explain
psychopathology (Menon, 2011). Accordingly, to more fully understand the neural
processing correlates of assault exposure and risk for subsequent mental health disorders, it
seems promising to investigate functional connectivity within these three large-scale neural
networks.

The second major limitation of the neural mechanisms by which early life trauma exposure
confers subsequent risk for mental health disorders is that most of the prior studies have
focused on adults retrospectively recalling childhood maltreatment. This approach is limited
by the potential confound of years of individually varying neurodevelopmental adaptation to
the trauma, resulting mental health symptoms, and trauma recall bias. We therefore focused
on adolescents with a specific and recent trauma type to minimize these confounding
factors. While functional brain imaging studies among pediatric PTSD populations are
emerging (Carrion et al., 2008; Carrion et al., 2010; Garrett et al., 2012), these studies have
focused mostly on functional segregation.

The current study conducted a brain network-analysis of implicit emotion processing among
adolescent girls with versus without assault exposure histories. We used a well-validated
task in order to provide a valid probe of ecologically relevant neural processing networks
mediating implicit emotion processing (Rauch et al., 2000; Bryant et al., 2008; Felmingham
et al., 2010). We focused on three specific neural networks, a frontoparietal, frontocingulate,
and default mode network, based on research evidence suggesting their importance to
neurocognitive function and psychopathology (Bressler and Menon, 2010; Menon, 2011).
We focused first on adolescent girls, given the known sex differences in neural correlates of
emotion processing and regulation (Domes et al., 2010). We also integrate the neural
measure with measures of family functioning in order to understand whether brain function
associated with assault is modulated by family characteristics (Hanson et al., 2010). We
specifically focused on family disengagement, given that poor social support and family
dysfunction are robust risk factors for mental health problems following trauma exposure
(Ozer et al., 2003; Trickey et al., 2012). Finally, an important caveat is that our sample was
cross-sectional; thus, inferences regarding the causal effects of assault on neural functioning
are not possible. Nonetheless, epidemiological research demonstrates that assaulted
adolescents are a significantly at risk population, and understanding the neural network
processes found among this high-risk sample can greatly improve our theoretical
understanding and effective treatment development despite not being able to link causally
the identified neural processing deficits to assault exposure.

2. Methods
2.1. Participants

Thirty adolescent girls aged 12—16 years were included in analyses for this study; 15 with
assault exposure histories, and 15 control participants. Table 1 displays demographic and
clinical variables of this sample. There were two additional control participants scanned
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whose data were not included in analyses due to excessive head motion. Exclusion criteria
for the study included major medical disorders, developmental disorders, current pregnancy,
non-removal internal metal objects, and psychotic disorders. Participants were recruited
from trauma specialty outpatient clinics as well as from general community advertisements.
Community-wide advertisements used language indicating that inclusion criteria were either
assaultive violence exposure histories or no assaultive violence exposure histories.

2.2. Assessment

Participants’ current and past mental health was assessed with the K-SADS (Kaufman et al.,
1997). Assaultive trauma histories were characterized using the trauma assessment section
of the National Survey of Adolescents (Kilpatrick et al., 2000; Kilpatrick et al., 2003), a
structured interview used in prior epidemiological studies of assault and mental health
functioning among adolescents. Specific assaultive events were assessed with behaviorally
specific dichotomous questions and included: 1) sexual assault (i.e., anal penetration,
vaginal penetration, oral sex on the perpetrator, oral sex from the perpetrator, digital
penetration, fondling of the adolescent, forced fondling of the perpetrator), 2) physical
assault (i.e., attacked with a weapon, attacked with a stick, club, or bottle, attacked without a
weapon, threatened with a weapon, attacked with fists), and 3) severe abuse from a caregiver
(i.e., beaten with fists or an object to the point where bruising or bleeding occurred). The K-
SADS and assault assessments were conducted by a trained clinical research coordinator
under the supervision of a doctoral-level clinical psychologist. Of the assaulted adolescents
(n=15), 10 had been assaulted by both a man and a woman, 4 had been assaulted by only a
man, and 1 had been assaulted by only a woman.

A primary caregiver for each participant completed the UCLA PTSD Index (Steinberg et al.,
2004) and Child Behavior Checklist (CBCL) (Achenbach, 1991), which provided
continuous measures of the severity of PTSD symptoms, general anxiety symptoms (CBCL
subscale ‘Anxious-Depressed’), and social functioning (CBCL subscale ‘social problems®).
Analyses with PTSD symptom severity were only conducted among the assaulted adolescent
girls. Additionally, the caregivers completed the Family Adaptability and Cohesion Scale
(FACES) (Rodick et al., 1986; Henggeler et al., 1991; Olson, 1991; Matherne and Thomas,
2001), a self-report measure of family functioning that includes a scale measuring the degree
of disengagement in the family (e.g., family members avoid contact with one another). As
noted above, social support is a robust predictor of clinical functioning following trauma, so
we focused on family disengagement in order to understand the degree to which the support
of the immediate family environment modulated brain activity among the assaulted girls.
Caregivers for two of the assaulted adolescents did not complete the FACES measures. For
two of the assaulted adolescents, the primary caregiver completing the forms had physically
abused the child in the past (at least 2 years ago in each case). The caregivers’ ratings in
these cases were not discrepant from the child’s ratings nor were they discrepant from the
ratings for the other assaulted adolescents (e.g., there was no evidence the caregivers were
minimizing symptoms).

2.3. Implicit Emotion Processing Task

Participants were engaged in an emotion processing task, during which they made button
presses indicating gender decisions while viewing faces taken from the NimStim facial
stimuli set (Tottenham et al., 2009). The faces contained either neutral or fearful
expressions, presented either overtly or covertly, in alternating blocks. There were an equal
number of female and male faces. Overt faces were presented for 500 ms, with a 1200 ms
ISI displaying a blank screen with a fixation cross, in blocks of 8 presentations for a total
block length of ~17 s. Covert face blocks used a similar design but were presented for 33 ms
followed immediately by a neutral facial expression mask for 166 ms from the same actor
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depicted in the covert image, and the 1SI was 1500 ms. Rest blocks were additionally
included that displayed a blank screen with a fixation cross and lasted 10 s. The alternation
between each block type (covert, overt, fear, neutral, rest) was additionally separated by
5000 ms of blank screen with a fixation cross. The task was presented in two runs, each
lasting ~8 min, during which each block type was presented 5 times. Reaction times and
response accuracy were recorded. For the purposes of providing a general test of fear
processing per se, we collapsed across covert and overt presentations to create a general
contrast of fear versus neutral blocks.

2.4. fMRI acquisition

A Philips 3T Achieva X-series MRI system using an 8-channel head coil (Philips
Healthcare, USA) was used to acquire imaging data. Anatomic images were acquired with a
MPRAGE sequence (matrix=192x192, 160 sagittal slices, TR/TE/FA=min/min/90°, final
resolution=1x1x1mm3 resolution). Echo planar imaging sequences were used to collect the
functional images using the following sequence parameters: TR/TE/FA=2000ms/30ms/90°,
FOV=240x240mm, matrix=80%80, 37 oblique slices (parallel to AC-PC plane to minimize
OFC sinal artifact), slice thickness=3 mm, final resolution 3x3x3 mm3,

2.5. Image preprocessing

Image preprocessing followed standard steps and was completed using AFNI (Cox, 1996)
software. In the following order, images underwent despiking, slice timing correction,
deobliquing, motion correction using rigid body alignment, alignment to participant’s
normalized anatomical images, spatial smoothing using a 5 mm FWHM Gaussian filter, and
rescaling into percent signal change. Images were normalized using the MNI 452 template
brain. To correct for respiratory and cardiovascular artifacts, fluctuations in white matter
voxels and CSF were regressed out of time courses from grey matter voxels following
segmentation using FSL (Smith et al., 2004) and using restricted maximum likelihood to
account for autocorrelation (Behzadi et al., 2007; Sala-Llonch et al., 2012). This step was
implemented directly after motion correction and normalization of the EPI images in the
preprocessing stream. Additionally, to correct for residual motion artifacts in the signal that
standard motion correction does not correct (Friston et al., 1996; Tohka et al., 2008),
Independent Component Analyses (ICA) were completed as a last preprocessing step
separately on each participant and each run to identify and remove artifact components from
the data (Tohka et al., 2008; Zeng et al., 2009; Kelly et al., 2010).

2.6. Data Analyses

Data underwent a series of planned analyses. First, independent component analysis (ICA)
was used to identify neural processing networks engaged during the emotion processing
task. Spatial ICA decomposes fMRI data into spatially independent components of temporal
coactivation (McKeown et al., 1998; Calhoun et al., 2009), thus identifying distributed
functional networks. Voxel-wise coefficient loadings indicate the degree to which each
voxel contributes to the overall network, which provides information about the spatial
organization of the network. Each network is further characterized by a timecourse,
indicating the network’s degree of activation throughout the task. The group ICA back-
reconstruction approach (Calhoun et al., 2001a; Erhardt et al., 2011) allows for separately
characterizing the functional organization and timecourse of each network in each
participant. We conducted ICA using the infomax algorithm within the Group Independent
Component Analyses for fMRI Toolbox (GIFT;(Calhoun et al., 2001b)) with the following
parameters: group ICA (GICA) using the ICASSO method with 25 iterations to assess
component estimation reliability, dimension reduction using singular value decomposition
with three reduction steps, and a model order of 20 (i.e., 20 independent components were
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extracted). Individual spatial component maps and timecourses for each participant were
additionally computed in GIFT using the GICA back-reconstruction approach (Calhoun et
al., 2001b).

Second, following identification of neural processing networks during the emotion
processing task, we then identified three networks that corresponded to a frontocingulate
network (also referred to as a salience network), a frontoparietal network (also referred to as
a central executive network), and a default mode network. We identified these networks
empirically via the following approach. First, we used the automated term-based meta-
analysis approach described by (Yarkoni et al., 2011) and publicly available at
neurosynth.org to define spatial maps of regions significantly activated in published articles
using the terms *salience’, ‘frontoparietal’, and “default’. These meta-analysis maps are
displayed in Supplemental Figure 1. Second, we then correlated each of these meta-analysis
spatial maps with the 20 independent components identified from the emotion processing
task to identify the component most highly correlated with each meta-analysis spatial map.
These spatial correlation analyses identified a unique component most highly correlated with
each meta-analysis spatial map: a component visually resembling a frontocingulate network
significantly correlated with the meta-analysis fronocingulate spatial map (r = 0.24, p <
0.001), a component visually resembling a frontoparietal network significantly correlated
with the meta-analysis frontoparietal spatial map (r = 0.20, p < 0.001), and a component
visually resembling a default network significantly correlated with the meta-analysis default
spatial map (r = 0.40, p < 0.001). Therefore, we selected these three components as our
frontocingulate, frontoparietal, and salience network, respectively (see Figure 1).
Supplementary Figures 2, 3, 4 provide detailed depictions of the frontocingulate,
frontoparietal, and default mode networks.

Third, following selection of the three networks of interest, we then characterized the degree
to which the task design (fear blocks vs neutral blocks) modulated the activation for these
three networks. Given the lack of knowledge of the mediating hemodynamic response
function (HRF) in a large-scale network, we solved for the shape of the network’s HRF
using a finite impulse response model, solving for an 18 s HRF beginning at the block’s
onset and including 10 regressors spaced 1 TR apart. This provided an estimate of the
HRF’s shape for each block type (supplemental Figure 5 displays the mean estimated HRF
across participants for fear and neutral blocks for the default mode network, frontocingulate
network, and frontoparietal network). We then calculated the area under the curve (AUC) of
these HRF estimates using a numerical integration function, and these AUC estimates were
then contrasted between fear and neutral blocks (collapsed across overt and covert
presentation types). We then tested the degree to which assault exposure modulated network
activity using robust regression (Wager et al., 2005) analyses, in which the AUC contrast for
the network was regressed onto these clinical or behavioral variables. False discovery rate
(FDR) was used to control for family-wise multiple comparisons.

Fourth, we tested the degree to which functional connectivity between the major nodes
comprising the network(s) of interest varied as a function of clinical or behavioral variables.
Functional connectivity (FC) was assessed using the beta series correlation method
(Rissman et al., 2004). In this approach, each individual block is included in the model as a
separate regressor, allowing 3 estimates to be calculated separately for each individual
block. Connectivity unique to a specific task condition is assessed by calculating
correlations between the series of 3 estimates between voxels or regions for one stimulus
condition. FC differences between conditions can be calculated by comparing connectivity
estimates between stimulus conditions. To define regions-of-interest (ROIs), we placed 6
mm spheres centered on areas of peak activation from the group-level component maps.
Specifically, the frontocingulate network was reduced to 15 nodes, the frontoparietal
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network was reduced to 16 nodes, and the default mode network was reduced to 13 nodes
(Supplementary Figures 6, 7, and 8, respectively). Singular value decomposition was used to
extract the first principal component of the 3 estimates from each ROI separately for fear
and neutral blocks. Following r-to-z normalization, the correlation estimates were contrasted
between conditions. This results in a square matrix for each participant indicating the degree
to which FC between each ROI in the network differs between covert fear and covert neutral
blocks. The degree to which these FC contrasts varied as a function of assault was tested
using univariate robust regression models, with false discovery rate (FDR) used to control
for family-wise alpha inflation due to multiple comparisons.

Finally, we tested whether any observed functional connections that differed between groups
or were related to PTSD symptom severity were related to external measures of functioning
and family characteristics (i.e., disengagement) among just the assaulted group. These
analyses test whether the functional connections related to assault exposure or PTSD
symptoms severity explain variability in clinical symptom, task performance, and family
characteristics among the assaulted group. These analyses entailed multiple regression
models using robust regression, in which we entered any functional connection related to
assault exposure or PTSD severity at p < 0.05 (uncorrected) simultaneously as predictors of
the dependent measures. For connections related to assault exposure or PTSD symptoms, we
tested whether these connections explained variability in task performance (RT bias for fear
vs neutral blocks) and family disengagement. A separate model was used for each external
measure, with FDR used to control for family-wise alpha inflation due to multiple
comparisons. The multiple regression model using any functional connection related to
assault exposure or PTSD symptoms at p < 0.05 uncorrected is consistent with our focus on
a network (i.e., multivariate) approach, in which the multivariate combination of functional
connections is more important the univariate contribution of any single functional
connection.

3.1. Behavioral data

Accuracy on the gender identification task was well above chance for all participants and
ranged from 68.3% to 99.8% (M = 88%, SD = 0.08). Reaction time (RT) bias scores,
indicative of attentional biases towards threat, were calculated as the difference in RT
between fear versus neutral blocks (collapsed across covert and overt presentations to
increase power, given that there were no differences in RT bias between covert and overt
trials: t = 0.13, p = 0.90). There were no differences in RT bias between the two groups
(Pcorrected = 0.71). Among the assaulted group, RT bias was significantly positively
correlated with general anxiety symptoms (t = 3.44, Peorrected = 0.012) and social problems
(t=3.22, Peorrected = 0.014), but not significantly with PTSD symptoms (Peorrected = 0.14).

3.2. Relationships between behavioral measures and network activation during the task

Percent signal change AUC indices of activation of the networks of interest were regressed
separately onto the assault exposure variables. For the frontocingulate network, assaulted
adolescents displayed significantly greater activity relative to control adolescents (t = 2.52,
Pcorrected = -036). PTSD symptom severity among the assaulted group was not associated
with frontocingulate activity (Peorrected = 0.43). Assaulted and non-assaulted adolescents did
not differ in activation of either the frontoparietal network or default mode network during
fear vs neutral blocks (all ps > 0.16).
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3.3. Functional connectivity within each neural network as a function of assault exposure
and PTSD symptom severity

We next tested whether functional connectivity (FC) between nodes within the
frontocingulate, frontoparietal, and default mode networks varied as a function of assault
exposure. 6 mm spherical regions-of-interest (ROIs) were placed in areas of peak activation
from the group-level component maps (Supplemental Figures 6, 7, and 8), with the
frontocingulate component reduced to 15 nodes, the frontoparietal component reduced to 16
nodes, and the default mode component reduced to 13 nodes. Contrast matrices were defined
for each participant as the difference in FC between fear and neutral connectivity matrices.
Figures 2, 3, and 4 illustrate the network functional connections associated with assault
exposure and PTSD symptoms for the frontocingulate, frontoparietal, and default mode
networks, respectively. For the frontocingulate network, assault exposure was associated
with heightened connectivity between right amygdala and middle frontal gyrus; PTSD
severity was associated with weakened connectivity between left amygdala and bilateral
caudate, perigenual anterior cingulate, and pre-SMA. For the frontoparietal network, assault
exposure was associated with weakening of connectivity between the right premotor cortex
and middle frontal gyrus; PTSD severity was also associated with weakening of connectivity
between the premotor cortex and left parietal cortex and left middle frontal gyrus. For the
default mode network, assault exposure was associated with strengthening of connectivity
between the parahipocampal gyrus and ventral medial PFC, and the left motor cortex
demonstrated heightened connectivity with the precuneus and right parietal cortex among
assaulted adolescents; PTSD severity was associated with weakening of connectivity with
the bilateral superior frontal gryus, and strengthening of the middle frontal gyrus.

3.4. Relationship between functional connectivity within each network and external
measures of threat processing and family characteristics

Finally, we tested whether individual differences in threat detection (RT bias towards threat
on the emotion processing task) and family disengagement among the assaulted group were
related to the functional connectivity patterns within the frontocingulate, frontoparietal, and
default mode networks. We conducted multiple robust regression analyses among only the
assaulted group in which the functional connections associated with assault exposure
(frontocingulate network = 5 FC predictors; frontoparietal network = 7 FC predictors;
default mode network = 6 FC predictors) or PTSD symptom severity (frontocingulate
network = 9 FC predictors; frontoparietal network = 10 FC predictors; default mode network
= 6 FC predictors) at the p < .05 level (uncorrected) were entered simultaneously as
predictors of the family disengagement subscale of the FACES-IV measure and the RT bias
from the emotion processing task. For the frontoparietal network, the functional connections
associated with assault exposure were not significantly related to any of the external
measures of functioning (all pgorrected > 0.19). By contrast, the functional connections
associated with PTSD symptom severity were significantly related to family disengagement
(F(10,3) = 36.11, peorrected = 0.013; see Figure 5) but not RT bias (Peorrected = 0.39). For the
default mode network, the functional connections associated with assault exposure and
PTSD symptom severity were both not significantly related to any of the external measures
of functioning (all pgorrecteq > 0.3). For the frontocingulate network, the functional
connections associated with assault exposure were not related to either family
disengagement or RT bias (Peorrected > -3)- The functional connections associated with PTSD
symptom severity were significantly related to family disengagement (Figure 5; F(9,4) =
8.82, Pcorrected = 0.05) and marginally related to RT bias (F(9,5) = 4.67, Peorrected = 0.052).
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4. Discussion

Based on models positing that the human brain operates via distributed networks of
information processing, and that psychopathology can be understood in terms of altered
connectivity within large-scale neural networks, we used ICA to define three theoretically-
relevant networks: a frontoparietal network (also referred to as a central executive network),
theorized to mediate executive function, working memory, and planning; a frontocingulate
network (also referred to as a salience network) theorized to mediate the detection and
integration of external and internal cues; and a default mode network theorized to mediate
self-referential mentation (Bressler and Menon, 2010; Menon, 2011). Following definition
of these large-scale networks, we found evidence that assaultive violence exposure was
related to heightened activation of the frontocingulate network during fear blocks (vs neutral
blocks); neither assault nor PTSD severity were related to activation of the any of the other
networks. We found evidence of altered patterns of functional connectivity within each
network as a function of assault exposure and PTSD severity. Finally, we found that
functional connectivity patterns associated with PTSD severity in the frontocingulate and
frontoparietal networks were modulated by family disengagement.

Within the frontocingulate network, assaultive violence exposure was not associated with
any single functional connection with sufficient strength to survive correction for multiple
comparisons. By contrast, PTSD symptom severity among the assaulted group was
associated with significantly weakened functional connectivity between the left amygdala
and perigenual anterior cingulate cortex (pgACC) and between the left amygdala and the
pre-SMA. The pgACC has been implicated in regulating emotional conflict (Etkin et al.,
2006; Egner et al., 2008), while the amygdala has been implicated in detection of
biologically-salient stimuli (Whalen et al., 1998; Davis and Whalen, 2001). Thus, weakened
functional connectivity between the pgACC and left amygdala during fear processing as a
function of PTSD symptoms potentially provides a neurobiological mechanism mediating
emotion regulation difficulties noted among individuals with PTSD (Moore et al., 2008;
New et al., 2009; Cisler et al., 2010). This explanation of poor integration of salience
detection with emotion regulation may similarly explain the observed weakened
connectivity between the left amygdala and pre-SMA, given the pre-SMA’s role in response
inhibition (Sharp et al., 2010). If one of the functions of the frontocingulate network is
indeed to detect and integrate salience internal and external sensory cues (Bressler and
Menon, 2010; Menon, 2011), then the weaker connectivity between the left amygdala with
the pgACC and pre-SMA as a function of PTSD symptoms may indicate that the ‘brakes’
associated with detection of salient information (i.e., ability to control emotional responses)
within this network are weakened as a function of PTSD.

Within the frontocingulate network we observed weakened connectivity of the right
premotor cortex with a set of neural regions across the network, including: right parietal
cortex, medial PFC, and right middle temporal gyrus. The premotor cortex has been widely
implicated in response planning (Hoshi and Tanji, 2000; Cisek and Kalaska, 2005;
Nakayama et al., 2008). Accordingly, the weakened functional connectivity between this
region and a distributed set of neural regions across the network may indicate weakened
ability to integrate action planning with other cognitive processes. For example, weakened
connectivity between premotor cortex and parietal cortex may indicate poorer coordination
between action planning and working memory. As such, it is possible that poorer integration
of the premotor cortex into the frontoparietal network among assault victims operates a
neurobiological PTSD sufficiently strong to survive correction for multiple comparisons
may indicate that the altered functional connectivity within the frontoparietal network is
more closely linked with assault exposure and less strongly linked with clinical symptoms
following the assault exposure; however future research is clearly needed to further
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elucidate the unique effects of assault exposure vs clinical symptoms on functional
connectivity within this network.

Within the default mode network, we observed that assault exposure severity was associated
with strengthened connectivity of the ventral medial PFC (vmPFC) with the left
parahippocampus, while PTSD symptom severity was positively correlated with functional
connectivity between the left middle frontal gyrus and right parahippocampus. The default
mode network is theorized to mediate self-referential mentation (Raichle et al., 2001;
Weissman et al., 2006; Broyd et al., 2009; Spreng et al., 2009). The parahippocampus is
implicated both in the default mode network, but also is implicated in prospection, which
refers to the ability to imagine ourselves in the future (Spreng et al., 2009). It is difficult to
speculate what might be the functional consequences of the heightened connectivity with the
parahippocampus among assaulted participants and as a function of PTSD symptoms.
Within the framework of the default mode network’s theorized function, a tentative
hypothesis is of greater prospective self-directed mentations, which may be manifested
clinically in the form of worry (Barlow, 2002).

Finally, though few functional connections were significantly associated with assault or
PTSD symptoms when controlling for multiple comparisons, we found that functional
connections generally associated with PTSD severity (i.e., p < .05 uncorrected) in the
frontocingulate network and frontoparietal networks were strongly related to family
disengagement among the assaulted girls. This finding suggests that family characteristics
can modulate the same functional connectivity patterns associated with PTSD symptoms.
Accordingly, it may be the case that although PTSD severity is associated with altered
neural functioning, the degree of family support among assaulted girls appears to be a
significant modulator of the effects on neural functioning. Such findings underscore the
importance of considering social and contextual factors for understanding clinical and neural
responses to early life trauma (Ozer et al., 2003; Davidson and McEwen, 2012; Trickey et
al., 2012).

Overall, the pattern of results demonstrates relationships between assault and PTSD severity
among adolescent girls on the functional organization of three large-scale networks: a
frontocingulate, frontoparietal, and default mode network. While the individual regions
(e.g., amygdala, pgACC) and cognitive processes (e.g., emotion detection and regulation)
identified here have been the focus of earlier studies (Rauch et al., 2000; Shin et al., 2001;
Shin et al., 2011), what the present network analyses may uniquely demonstrate is how a
large-scale network is functionally re-organized as a function of trauma, PTSD symptoms,
and family characteristics. The present results therefore extend prior knowledge derived
from functional segregation approaches into a network-level description of neural
processing correlates of trauma and PTSD. Further, it is interesting to note that behavioral
performance did not differ as a function of assault exposure, though we found network
organization differences. This discrepancy suggests the possibility that comparable
behavioral performance is achieved through altered neural processing networks, perhaps
raising the possibility that some of the network alterations associated with assault exposures
severity are adaptive.

To our knowledge, this is the first investigation focused on network-level neural processing
correlates of assault and PTSD symptoms among a high-risk adolescent female sample.
However, the study is not without limitations. First, due to the cross-sectional nature of the
study, the temporal relationships between assault, PTSD, and the identified neural
processing correlates cannot be determined, which precludes any inferences about causality.
Second, the study was limited to a female population. While this was necessary for an initial
study, given the known sex differences in neural mechanisms of emotion regulation (Domes
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et al., 2010), the results likely do not generalize to males. Third, only one category of
emotional stimuli was used (i.e., fear), which precludes inferences regarding whether the
observed effects are specific to fear or common to other emotional stimuli categories (e.g.,
happy, angry, etc). Fourth, our sample of this high-risk and vulnerable sample was relatively
small; thus, replication with larger samples is necessary to strengthen inferences.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Axial, sagittal, and coronal slices of frontocingulate, frontoparietal, and default mode
networks identified through independent component analysis and matched to spatial
templates identified through automated term-based meta-analysis (Yarkoni et al., 2011) (see
supplemental Figure 1).
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Figure 2.

Functional connectivity indices between nodes in the frontocingulate network that varied as
a function of assault exposure (top) and PTSD symptoms severity within the assaulted group
(bottom). pgACC = perigenual anterior cingulate; dACC = dorsal anterior cingulate; L Amy
= left amygdala; R Amy = right amygdala; Pre-SMA = pre-supplementary area; L Caudate =
left caudate; R Caudate = right caudate; L Al = left anterior insula; R Al = right anterior
insula; L vAl = left ventral anterior insula; r vAl = right ventral anterior insula; L Parietal =
left parietal; R Parietal = right parietal; R MFG = right middle frontal gyrus; L MFG = left

middle frontal gyrus.
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Figure 3.

Functional connectivity indices between nodes in the frontoparietal network that varied as a
function of assault exposure (top) and PTSD symptoms severity within the assaulted group
(bottom). R premotor = right premotor; L Parietal = left parietal, R Parietal = right parietal;
R Pos Middle Frontal = right posterior middle frontal gyrus; R striatum = right striatum; R
Ant Middle Frontal = right anterior middle frontal gyrus; L Ant Middle Frontal = left
anterior middle frontal gyrus; mPFC = medial prefrontal cortex; L Pos Middle Frontal = left
posterior middle frontal gyrus; dmPFC = dorsomedial prefrontal cortex; L premotor = left
premotor.
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Figure4.

Functional connectivity indices between nodes in the default mode network that varied as a
function of assault exposure (top) and PTSD symptoms severity within the assaulted group

(bottom). vmPFC = ventral medial prefrontal cortex; R superior frontal = right superior
frontal gyrus; L superior frontal = left superior frontal gyrus;
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Figure5.

Model performance when using the functional connections associated with PTSD severity in
the frontocingulate network to predict family disengagement just among the assaulted
participants (left), and when using the functional connections associated with PTSD severity
in the frontoparietal network to predict family disengagement just among the assaulted
participants (right). The scatter plots depict model-predicted family disengagement (y axis)
as a function of observed family disengagement (x axis), with optimal performance
indicated via linear fit.
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Demographic and clinical characteristics of the sample.
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Measure Assaulted Girls Non-Assaulted P value of group
(n=15) Girls (n=15) difference
Age 15.07 (1.10) 14.27 (1.28) 0.08
Ethnicity 56% Caucasian 60% Caucasian 0.77
19% African-American  33% African-American
6% biracial 7% biracial
6% Hispanic 0% Hispanic
Direct Assaults 3.67 (2.61) 0(0) <0.001"
Age at First Assault 7.27 (3.35) n/a
Age at Last Assault 12.13(2.97) n/a
Time since Last Assault 2.93 (3.06) n/a
Physical Assault from Caregiver 73% 0 <0.001*
Physical Assault from Non-Caregiver 3% 0 <0.001"
Sexual Assault 53% 0 <0.001*
Current PTSD 20% 0% 0.07
Past PTSD 40% 0% 001"
Current GAD 20% 0% 0.07
Past GAD 6.7% 0% 0.31
Current MDD 13% 0% 0.5
Past MDD 25% 0% 0.3
Current Alcohol Abuse 13.3% 0% 0.10
Past Alcohol Abuse 26.7% 0% 0.017"
Current Substance Abuse 0% 0% n.a.
Past Substance Abuse 13.3% 0% 0.10
UCLA PTSD Symptoms 23.73 (20.44) 4.3(10.3) 0.003"
Taking Psychotropic Medication 33% 0% 03"
CBCL anxious 5.53 (5.29) 2.87(3.2) 0.11
CBCL depressed 4.47 (3.76) 1.2(2.1) 0.007"
Verbal 1Q 100.80 (11.01) 109.0 (18.96) 0.16

Note.

*
indicates significant between-group differences. Values in parentheses indicate SD.
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