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AMYGDALA RESPONSE TO NEGATIVE STIMULI
PREDICTS PTSD SYMPTOM ONSET FOLLOWING
A TERRORIST ATTACK

Katie A. McLaughlin, Ph.D.,'* Daniel S. Busso, M.A., Andrea Duys, B.A.,! Jennifer Greif Green, Ph.D.,?

Sonia Alves, B.A.,> Marcus Way, B.A.,* and Margaret A. Sheridan, Ph.D.*

Objective: Individuals with posttraumatic stvess disorder (PTSD) exbibit
beightened amygdala reactivity and atypical activation patterns in the medial
prefrontal cortex (nPFC) in response to negative emotional information. It is
unknown whether these aspects of neural function are risk factors for PTSD
or consequences of either trauma exposure or onset of the disorder. We bad a
unique opportunity to investigate this issue following the tervorist attacks at the
2013 Boston Marathon and the ensuing manbunt and shelter in place order.
We examined associations of neural function measured prior to the attack with
PTSD symptom onset related to these events. Methods: A sample of 15 adoles-
cents (mean age = 16.5 years) who previously participated in a neuroimaging
study completed a survey assessing posttraumatic symptoms related to the ter-
rorist attack. We examined blood oxygen level dependent (BOLD) response to
viewing and actively down-regulating emotional responses to negative stimuli in
regions previously associated with PTSD, including the amygdala, bippocampus,
and mPFC, as prospective predictors of posttraumatic symptom onset. Results:

Increased BOLD signal to negative emotional stimuli in the left amygdala was
strongly associated with posttraumatic symptoms following the attack. Reduced
bilateral hippocampal activation during effortful attempts to down-regulate emo-
tional responses to negative stimuli was also associated with greater posttraumatic
symptoms. Associations of amygdala reactivity with posttraumatic symptoms were
robust to controls for pre-existing depression, anxiety, and PTSD symptoms and
prior exposure to violence. Conclusions: Amygdala reactivity to negative emo-
tional information might represent a neurobiological marker of vulnerability to
traumatic stress and, potentially, a risk factor for PTSD. Depression and Anxiety
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Most people will experience a traumatic event at some
pointin their lives. Population-based data indicate thatat
least two-thirds of U.S. adults and youths will be exposed
to a lifetime traumatic event.!'# Although trauma expo-
sure is pervasive, only a minority of individuals develop
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posttraumatic stress disorder (PTSD).l"¥ The condi-
tional risk of PTSD is less than 50% even for severe
events.’>¢ Despite extensive efforts to identify risk fac-
tors that confer vulnerability to PTSD following trauma
exposure, meta-analyses suggest that psychosocial and
environmental risk factors explain only about 20% of
the variance in risk for PI'SD among trauma-exposed
individuals."”-®]

Recent work has attempted to identify neurobiologi-
cal markers associated with PTSD vulnerability, such as
autonomic nervous system and hypothalamic—pituitary—
adrenal axis activity in acutely traumatized individu-
als. However, these markers have not reliably predicted
PTSD across studies.”!!! In contrast, reduced hip-
pocampal volume has been consistently observed among
individuals with PTSD.!"?] Small hippocampal volume
has been observed among veterans with PTSD and
their monozygotic twins discordant for trauma expo-
sure, suggesting thatreduced hippocampal volume could
be a vulnerability marker for PTSD.!¥) Additionally,
numerous studies have observed differences in neu-
ral function among individuals with PTSD, including
heightened amygdala activation, reduced activity in the
ventromedial prefrontal cortex (vmPFC), and rostral an-
terior cingulate cortex (rACC) in response to emotional
or threatening cues, and elevated activity in the dor-
sal ACC (dACC) during fear conditioning, extinction
learning recall, and response selection.!!'*? The extent
to which these disruptions in neural function represent
vulnerability markers for the disorder or consequences
of trauma exposure or PTSD onset is unknown. How-
ever, atypical medial PFC (mPFC) function has been
identified as a potential familial risk factor for PTSD,
indicating that some of these differences might increase
vulnerability to PTSD.[20:21]

Identifying neurobiological vulnerability markers
for PTSD prior to trauma exposure is challenging, in
part because most traumatic events do not occur at
random. A variety of individual-level characteristics
predict trauma exposure, including sociodemo ra.Phic
factors, prior trauma, and psychopathology. %222 As
such, it is difficult to disentangle, even in longitudinal
studies, whether neurobiological indicators are markers
of vulnerability to trauma-related psychopathology or
simply predict differential risk of trauma exposure. One
strategy for overcoming these challenges is to study
traumatic events that are unrelated to preexisting char-
acteristics, such as natural disasters and terrorist attacks.
However, neurobiological markers are not generally
available in trauma-exposed individuals prior to these
kinds of unpredictable and low-probability traumatic
events. The only existing evidence regarding premorbid
neural function and vulnerability to psychopathology
following traumatic stressors comes from an innovative
study in which neuroimaging data were collected on a
sample of new recruits to the Israeli Defense Forces.
Amygdala reactivity prior to combat exposure during
anticipation of outcomes following a risky choice
and presentation of military-themed content pre-
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dicted severity of PTSD symptoms following
deployment.[>?¢l  However, these findings could
reflect (a) a marker of PTSD risk; (b) a predictor of
greater combat exposure, which has been linked to
individual-level characteristics in military samples!?”-28];
or (c) the effects of prior psychopathology or trauma
exposure, factors strongly linked to PTSD*2%2%) that
were not examined in these studies.

In the current study, we examined whether aspects of
neural function predicted onset of posttraumatic symp-
toms in adolescents following the terrorist attack at the
2013 Boston Marathon. The attack killed three specta-
tors and injured hundreds of bystanders. Four days after
the attack, a manhunt for the perpetrators resulted in
an unprecedented shelter in place order that required
residents of Boston and surrounding communities to re-
main indoors. The public transportation system, educa-
tional institutions, local government offices, and most
businesses were closed. Although direct exposure to the
attack was limited to spectators at the finish line of the
marathon, hundreds of thousands of Boston residents
watched the manhunt unfold live on television, while the
shelter in place order was in effect (about 12 hr). This
kind of indirect exposure to terrorist attacks and their se-
quelae has been shown to precipitate PTSD symptoms in
children and adults living in proximity to the attack.*%-3’]
Here, we examine if neural function assessed in the year
prior to the terrorist attack predicts posttraumatic symp-
tom onset following the attack. These data provide a
unique opportunity to examine preexisting neural mark-
ers of risk for posttraumatic symptoms following a ter-
rorist attack, and the only study, to our knowledge, to
examine such predictors of response to an unpredictable
traumatic event.

MATERIALS AND METHODS
SAMPLE

Following the Boston Marathon terrorist attack, we sent an online
survey to adolescents who participated in studies in our lab in the 2
years prior to the event. Requests for parental permission to recontact
their children and adolescent surveys for those who provided consent
were sent beginning 1 month following the attack and were open for
a 2-week period. Data for the current report were drawn specifically
from an ongoing fMRI study. Forty adolescents completed fMRI scans
prior to the terrorist attack (time since scan = 2.0-59.6 weeks). We
obtained parental permission and received completed surveys from 15
of these participants (37.5% of the original sample). Participation in
the survey was unrelated to preexisting internalizing symptoms or child
maltreatment, but adolescents with high community violence exposure
were less likely to respond (z = 4.0, P < .001). Participants ranged in
age from 14.1 to 19.1 years at the time of scan (M = 16.49 years) and
from 14.8 to 19.9 years at the time of the survey (M = 17.25 years).
All participants reported exposure to media coverage of the bombings
on the day of the marathon and the shelter in place order (with the
exception of two participants who skipped the latter survey item). See
Table 1 for sample sociodemographic and preattack characteristics and
degree of exposure to the shelter in place order.
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TABLE 1. Distribution of sociodemographic factors,
exposure to media coverage and the shelter in place
order, prior trauma exposure, and preexisting
psychopathology

% (n)
Female 66.7 10
Race/ethnicity
White 46.7 7
Black 26.7 4
Latino 13.3 2
Other/biracial 13.3 2
Exposure to media coverage® 100.0 13
Exposure to shelter in place? 76.9 10
M (SD)
Prior maltreatment (CTQ) 23.53 (10.64)
Prior community violence (SAVE) 44.93 (7.91)
Preexisting depressive symptoms (CDI) 3.08 (1.83)
Preexisting anxiety symptoms (MASC) 25.58 (17.05)
Preexisting PTSD symptoms (YSR) 55.29 (7.35)

*Two participants skipped the survey questions about exposure to the
shelter in place order and media coverage during that day. Proportions
are reported based on the sample of participants who responded to
these questions.

fMRI TASK

Participants engaged in a well-established event-related task de-
signed to assess neural markers of emotional reactivity and emo-
tion regulation®¥ that has previously been used in dozens of
investigations,*] including with children and adolescents.3¢] Task de-
sign and construction of contrasts for analysis were based on the sub-
stantial prior literature on this task. Specifically, participants viewed
neutral and negative images drawn from the International Affective
Picture System (IAPS).’7] Prior to each image, participants were
shown an instructional cue to either “look” or “decrease.” During
look trials, participants were instructed to allow their emotions to un-
fold naturally, and to not engage in active strategies to modify their
emotional response. During decrease trials, participants engaged in spe-
cific cognitive reappraisal strategies to try to reduce their emotional
response.

All participants completed a training session prior to the MRI where
they received detailed instructions about how to respond to each cue,
observed examples completed out loud by a research assistant, and
practiced with sample images not included in the task. On decrease
trials, participants were instructed to think about the image in a way
that made it psychologically more distant (e.g., imagine the scene as
far away, that the situation did not involve them, that the people in the
image were actors, etc.). These strategies have been used in previous
studies with this task.’#36]

Stimuli were presented in four runs lasting 9 min each. The average
valence and arousal of images and the number of faces within each
image were equivalent for look and decrease trials. The stimuli were
matched on valence and arousal during /ook and decrease trials. The
instructional cue appeared for 2 s, the emotional stimulus appeared for
6-10 s, the rating screen appeared for 4 s, and the intertrial interval
(I'TT) lasted from 1 to 6.5 s. Because the stimulus and I'TT were jittered,
each part of the task was modeled independently.

IMAGE ACQUISITION

Scanning was performed on a 3T Siemens Trio scanner at the Har-
vard Center for Brain Science using a 32-channel head coil. Anatomical

scans (T'1-weighted multiecho MPRAGE volumes) were acquired for
coregistration with fMRI (TR = 2,530 ms, TE = 1,640-7,040 ms, flip
angle = 7°, FOV = 220 mml2! 176 slices, in-plane voxel size = 1
mmP). To reduce motion-related artifacts a navigator echo was used
prior to scan acquisition, which compares slices to this echo online and
permits up to 20% of slices be reacquired.

Blood oxygen level dependent (BOLD) signal during functional
runs was acquired using a gradient-echo T2*-weighted EPI sequence.
Thirty-two 3-mm-thick slices were acquired parallel to the AC-PC
line (TR = 2,000 ms, TE = 30 ms, flip angle = 90°, bandwidth =
2,300, echo spacing = 0.5, FOV = 256 x 256, matrix size = 64 x 64).
Prior to each scan, four images were acquired and discarded to allow
longitudinal magnetization to reach equilibrium. An online prospec-
tive motion correction algorithm (PACE) was used to reduce the effect
of motion artifacts.

IMAGE PROCESSING

T1-weighted scans were processed using FreeSurfer version
5.0.3841 Automatic image segmentation was used to identify sub-
cortical gray matter structures. Gray/white matter and gray mat-
ter/cerebrospinal fluid (CSF) boundaries were constructed using spa-
tial intensity gradients across tissue classes. Following reconstruction,
the cortex was parcellated based on the structure of gyri and sulci.#%43]
The results were inspected and manually edited to optimize accu-
rate placement of gray/white and gray/CSF borders based on shifts
in the image intensity gradient.3%*] FreeSurfer morphometric pro-
cedures have demonstrated good test-retest reliability across scan-
ner manufacturers and field strengths,* %1 been validated against
manual measurement!*®47] and histological analysis,[**! and used in
children.H#-511

Preprocessing and statistical analysis of fMRI data was performed
in Nipype (http://nipy.sourceforge.net/nipype/), a platform that im-
plements analysis tools from multiple software packages using the
Python programming language.l?] fMRI preprocessing included spa-
tial realignment, slice-time correction, and spatial smoothing (6 mm
full-width half-maximum (FWHM)), implemented in FSL.P3 Data
were inspected for artifacts using custom artifact detection software
(ART).P¥ Volumes with motion >3 mm or >3 SD change in signal in-
tensity were excluded from analysis, and six rigid-body motion regres-
sors were included in person-level models. Person- and group-level
models were estimated in FSL. A component-based anatomical noise
correction method®*) was used to reduce noise associated with phys-
iological fluctuations, including cardiac pulsations and respiratory-
induced modulations of the magnetic field. Following estimation of
the person-level models, the resulting contrast images were normal-
ized into standard anatomical space, and anatomical coregistration of
the functional data with each participant’s T'1-weighted image was per-
formed. Normalization was implemented in Advanced Normalization
Tools (ANTS) software.[6 These registration and normalization pro-
cedures are superior to standard techniques found in other software
packages, particularly for children.l%7]

POSTTRAUMATIC SYMPTOMS

Posttraumatic symptoms specifically related to the attack were assessed
using a brief version of the Impact of Events Scale-Revised (ES-R),P8
which has sound psychometric properties and discriminates between
individuals with and without PTSD.% 60 The IES-6 is an abbreviated
form of the IES-R, and is a widely used screener for PTSD symptoms.
Respondents rated the frequency of hyperarousal (e.g., “I had trouble
concentrating”), intrusive thoughts (e.g., “I thought about it when I
didn’t want to”), and avoidance (e.g., “I tried not to think about it”)
experienced since the bombings, on a 5-point Likert scale ranging from
0 (almost never) to 4 (almost always). Previous studies have shown

Depression and Anxiety



4 McLaughlin et al.

that the TES-6 explains most of the variance of the IES-R,[0!] and the
measure demonstrated good internal consistency in our sample (@ =
.89).

PRE-ATTACK SURVEY MEASURES

As part of the study that took place prior to the terrorist attack, we
collected information on internalizing symptoms, child maltreatment,
and community violence exposure. Depressive symptoms were
assessed with the Children’s Depression Inventory (CDI),[®] anxiety
symptoms were assessed with the Multidimensional Anxiety Scale for
Children (MASC),[63:641 "and PTSD symptoms were assessed with the
Youth Self-Report Form.[’) Child maltreatment was assessed with
the Childhood Trauma Questionnaire (CTQ),[6¢] a 28-item scale that
assesses the frequency of maltreatment exposure during childhood and
adolescence.[¢671 We summed items from the physical, sexual, and
emotional abuse subscales. Community violence exposure was assessed
using the Screen for Adolescent Violence Exposure (SAVE),[8] 3
32-item measure assessing violence exposure in school, home, and
neighborhood contexts. We standardized the CTQ and SAVE scores
and summed them to create an index of prior violence exposure.

STATISTICAL ANALYSIS

fMRI Analysis. Toidentify task-related activity, regressors were
created for each phase of the task: instructional cue, stimulus, and rating
periods separately for look and decrease trials for neutral and negative
stimuli. Using FSL, a general linear model (GLM) was constructed to
estimate the association between variation in BOLD signal and task
demands across time for each subject, prior to normalization. Using
this GLM, individual-level estimates of BOLD activity were identified
and submitted to group-level random effects models that contrasted
activity across conditions. Here, we focus on neural activity to the emo-
tional stimulus. We report (a) emotional reactivity to negative stim-
uli (look negative > look neutral trials); and (b) emotion regulation
(decrease > look trials for negative stimuli), which are the standard
contrasts used in studies of this task (see P*1 for a meta-analysis). In
the whole brain analysis we corrected for multiple comparisons using
cluster-level correction in FSL, which estimates cluster-level signifi-
cance using Gaussian random field theory; our primary threshold was
P < .001, as recommended.[6]

We examined task-related activity in five regions of interest (ROls),
selected based on prior evidence for atypical patterns of neural activity
to emotional stimuli in individuals with PTSD.% ROTs were included
if there was significant task-related activation in those regions in the
whole-brain analysis. Potential ROIs were the amygdala, hippocam-
pus, dACC, rACC, and vimPFC. We constructed structural ROIs in
each participant’s native space using in FreeSurfer (Fig. 1). We ex-
tracted the average estimate of neural activity within the entire ROI
for each participant. For ROIs that met our a priori and task-active
criteria, we examined associations with PTSD symptoms following
the terrorist attack. Gender, age, and time since scan were included
as covariates in all analysis. Finally, we conducted sensitivity analysis
to determine whether our results were explained by preexisting in-
ternalizing symptoms (depression, anxiety, or PTSD) or exposure to
violence by reestimating our final models after controlling for these
factors.

RESULTS

NEURAL ACTIVITY AND POSTTRAUMATIC
SYMPTOMS

Emotional Reactivity. In whole-brain cluster-level
corrected analysis, the amygdala and vimPFC exhibited
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significantly greater activation during viewing of neg-
ative emotional stimuli relative to neutral stimuli. ROI
analyses revealed that left amygdala activation, g = .72,
P = .013, to negative emotional stimuli was positively
associated with posttraumatic symptoms related to the
terrorist attack (Fig. 2). No association was observed
with right amygdala activation, g = .11, P = .78, or
vmPFC activation in either hemisphere, g = .21-.41,
P = .46-.15.

Emotion Regulation. In whole-brain analysis, the
hippocampus and vinPFC were recruited during regu-
lation trials relative to trials involving simple viewing of
negative stimuli. ROI analyses revealed that hippocam-
pal activation during emotion regulation was negatively
related to posttraumatic symptoms, such that lower hip-
pocampal activation in both the right, § = —.78, P =
.046, and left hemisphere, 8 = —.67, P = .030, was as-
sociated with higher symptoms (Fig. 3).

SENSITIVITY ANALYSIS

After controlling for preexisting symptoms, the asso-
ciation between amygdala reactivity and posttraumatic
symptoms remained significant in the left amygdala,
B = .98, P=.007, and became marginally significant in
the rightamygdala, § = 1.05, P=.070. Hippocampal ac-
tivation during emotion regulation remained marginally
associated with posttraumatic symptoms in the left,
B = —.69, P = .077, but not right, § = —.71, P = .20,
hemisphere.

Activation in the left amygdala, 8 = .70, P = .019,
during emotional reactivity trials also remained a signif-
icant predictor of posttraumatic symptoms after control-
ling for prior violence exposure. Neural activity during
emotion regulation trials remained significantly associ-
ated with posttraumatic symptoms in the left hippocam-
pus, B = —.69, P = .025, and marginally in the right
hippocampus, 8 = —.77, P = .053, after controlling for
prior violence.

When both internalizing symptoms and prior violence
exposure were controlled, amygdala activation was a sig-
nificant predictor of posttraumatic symptoms in both the
left, B = .97, P = .009, and right, 8 = 1.27, P = .027,
hemisphere. Hippocampal activation was no longer as-
sociated with posttraumatic symptoms, 8 = —.66—.67,
P = .14-30.

DISCUSSION

Trauma exposure is pervasive, yet only a minority
of individuals develops PTSD following a traumatic
event. Identifying factors associated with P'TSD risk is
important not only for informing models of disorder
etiology but also for improving efforts to target early
interventions at trauma-exposed individuals most likely
to develop PTSD. Here, we provide novel evidence
that amygdala reactivity to negative emotional stimuli,
measured prior to a terrorist attack, is associated with
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Figure 1. Three regions within medial prefrontal cortex (nPFC) were examined. These included dorsal anterior cingulate cortex
(light purple; caudal_acc), rostral anterior cingulate cortex (dark purple; rostral_acc), and ventromedial prefrontal cortex (pink; medial
orbitofrontal and frontal pole). All regions of interest are defined anatomically based on the individual’s own anatomy using FreeSurfer
and shown on the expanded cortical surface for viewing purposes; cortical regions were defined using the 2005 segmentation atlas. Within
the subcortex two regions were identified: the amygdala (blue) and hippocampus (yellow). All regions shown here are from individual
representative subject’s aparc (cortex) and aseg (subcortex) segmentation. Activation during contrasts of interest was extracted from

within the entire structure for each ROI.

subsequent onset of posttraumatic symptoms. These
findings suggest that amygdala reactivity to negative
emotional information might represent a useful marker
of PTSD risk.

Heightened amygdala activity in response to threaten-
ing or negative emotional stimuli has been observed con-
sistently in individuals with PTSD.!'%-17:18,70] However,
these studies have been unable to disentangle whether
amygdala reactivity is a risk factor for PTSD or a conse-
quence of trauma exposure or PT'SD. Our findings sug-
gest that heightened amygdala activity is associated with
vulnerability to trauma-related psychopathology. Prede-
ployment amygdala recruitment predicts PTSD symp-
toms following combat exposure.?’2¢) We extend this
previous work in several ways. First, we measured post-
traumatic symptoms in response to a terrorist attack—
an event for which exposure is unpredictable and inde-
pendent of individual-level characteristics. In military
samples, combat exposure is likely to be Predicted by
genetics and personality characteristics??”-2%; even where
service is mandatory, personality factors might shape de-
gree of trauma exposure during combat, meaning that

associations between predeployment measures of neural
function and PTSD symptoms could reflect associations
between neural function and degree of combat expo-
sure. Second, our findings were robust to controls for
preexisting internalizing symptoms and prior violence
exposure, factors not accounted for in previous military
studies. Third, our sample was composed of adolescents,
indicating that individual differences in amygdala reac-
tivity are associated with posttraumatic symptoms dur-
ing the developmental period of highest risk for trauma
exposure.?l Finally, the task we used to assess amyg-
dala response was designed to assess emotional reactiv-
ity and regulation in an ecologically valid manner, using
realistic stimuli that have parallels to emotional situa-
tions encountered in daily life. To%ether with previous
evidence from military samples,**%¢ our findings sug-
gest that amygdala reactivity represents a vulnerability
marker for PTSD.

Reduced hippocampal activation during active efforts
to reduce negative emotional reactions through cogni-
tive reappraisal predicted higher posttraumatic symp-
toms related to the attack, although our sensitivity
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Figure 2. Left amygdala activation for the contrast of look negative > look neutral. Model controls for age, gender, time since scan, and
symptoms of depression and anxiety prior to the attack; R? represents contribution of amygdala activity over and above these covariates.

analysis suggests that this finding was explained by
preexisting internalizing symptoms. Theoretical mod-
els of neural function in PTSD argue that disruptions
in hippocam gal function are a central feature of the
disorder.””":7% Deficits in contextual discrimination and
in generalization of extinction learning to novel con-
texts might contribute to poor contextualization of fear
cues and deficits in identifying safety cues in PTSD.["! 7]
However, the precise nature of hippocampal deficits in
PTSD remains to be elucidated. Previous studies have
examined hippocampal function largely within the con-
text of long-term memory tasks, with some reportlng re-
duced activation during encodlng and retrleval "and

others documenting elevated activation.”* Our ﬁndmgs
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suggest that hippocampal response to emotional stimuli
might be important to consider in future neuroimaging
studies of PTSD.

We found no evidence for an association between
mPFC activation during emotional reactivity or regu-
lation trials and posttraumatic symptoms. A variety of
deficits in functioning of mPFC regions have been ob-
served in PTSD, including reduced vmPFC activation
and elevated dACC activation during fear extinction
recall,'*1”l some of which appear to be familial risk fac-
tors for PTSD.20:21] "This finding should be interpreted
with caution given the small size of our sample and the
fact that our task was not designed to assess mPFC func-
tion. In addition, because we utilized structural ROIs,

L L ]
-5 0 5 10 15

Left Hippocampus Activation

Figure 3. Left hippocampal activation for the contrast of decrease > look negative. Model controls for age, gender, time since scan,
and symptoms of depression and anxiety prior to the attack; R? represents contribution of hippocampal activity over and above these

covariates.
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the lack of association could reflect the relatively larger
size of cortical than subcortical ROIs.

Study findings should be interpreted in light of several
key limitations. Most notably, the number of participants
in the study was small. This limitation is particularly im-
portant to consider in interpreting null findings. Second,
the response rate to the survey was low. This was due
largely to parental nonresponse to our e-mail requesting
permission to contact their children, and was likely in-
fluenced by the short time (2 weeks) in which we actively
collected survey responses. Our analysis of selection bias
with regard to survey completion suggests that preex-
isting internalizing symptoms and child maltreatment
did not influence the likelihood of responding, but that
adolescents with high exposure to community violence
were less likely to participate. Third, we were unable
to collect follow-up neuroimaging data, which would
have allowed us to determine whether exposure to the
attacks was associated with changes in neural function.
Finally, we assessed posttraumatic symptoms in relation
to an event of low severity with regard to objective life
threat that no lon[ger qualifies as a Criterion A traumatic
event in DSM-5.1l However, considerable variation in
posttraumatic symptoms associated with the event was
observed, consistent with prior evidence indicating that
terrorist attacks can trigger PTSD symptoms even in
individuals who were not directly exposed.l**-*3] More-
over, the unique nature of the terrorist attacks at the
Boston Marathon and the ensuing manhunt likely re-
sulted in appraisals of perceived threat for youths who
were not present at the bombings but were required
to stay indoors during the shelter in place order.¢!
Nonetheless, future research is needed to replicate the
patterns observed here in response to other types of trau-
matic events.

CONCLUSION

Heightened amygdala reactivity to negative emotional
information is associated with future onset of posttrau-
matic symptoms following a terrorist attack, indepen-
dent of prior internalizing symptoms—including symp-
toms of PTSD—and violence exposure. These find-
ings suggest that elevated amygdala reactivity to neg-
ative emotional information could represent a neurobi-
ological marker of vulnerability to traumatic stress and,
potentially, a risk factor for PTSD.

Acknowledgments. This research was supported
by grants from the National Institutes of Health
(KO1-MH092526 and KO1-MH092555). These funders
provided support for all data collection and analysis. The
authors declare that, except for income received from
their primary employers, no financial support or
compensation has been received from any individual
or corporate entity over the past 3 years for research or
professional service and there are no personal financial

holdings that could be perceived as constituting a
& o be p g
potential conflict of interest.

REFERENCES

1. Kessler RC, Sonnega A, Bromet E, et al. Posttraumatic stress dis-
order in the National Comorbidity Survey. Arch Gen Psychiatry
1995;52:1048-1060.

2. Breslau N, Kessler RC, Chilcoat HD, et al. Trauma and posttrau-
matic stress disorder in the community: the 1996 Detroit Area
Survey of Trauma. Arch Gen Psychiatry 1998;55:626-632.

3. Roberts AL, Gilman SE, Breslau J, et al. Race/ethnic differences
in exposure to traumatic events, development of post-traumatic
stress disorder, and treatment-seeking for post-traumatic stress
disorder in the United States. Psychol Med 2011;41:71-83.

4. McLaughlin KA, Koenen KC, Hill E, et al. Trauma exposure and
posttraumatic stress disorder in a US national sample of adoles-
cents. ] Am Acad Child Adolesc Psychiatry 2013;52:815-830.

5. Dohrenwend BP, Turner JB, Turse NA, et al. The psychological
risks of Vietnam for U.S. veterans: a revisit with new data and
methods. Science 2006;313:979-982.

6. Widom CS. Posttraumatic stress disorder in abused and neglected
children grown up. Am J Psychiatry 1999;156:1223-1229.

7. Ozer EJ, Best SR, Lipsey TL, Weiss DS. Predictors of posttrau-
matic stress disorder and symptoms in adults: a meta-analysis. Psy-
chol Bull 2003;129:52-73.

8. Brewin CR, Andrews B, Valentine JD. Meta-analysis of risk fac-
tors for posttraumatic stress disorder in trauma-exposed adults. J
Consult Clin Psychol 2000;68:748-766.

9. Bryant RA, Creamer M, O’Donnell M, et al. A multisite study of
initial respiration rate and heart rate as predictors of posttraumatic
stress disorder. J Clin Psychiatry 2008;69:1694-1701.

10. Shalev AY, Videlock EJ, Peleg T, et al. Stress hormones and post-
traumatic stress disorder in civilian trauma victims: a longitudinal
study. Part I: HPA axis responses. Int ] Neuropsychopharmacol
2008;11:365-372.

11. Videlock EJ, Peleg T, Segman R, et al. Stress hormones and post-
traumatic stress disorder in civilian trauma victims: a longitudinal
study. Part II: the adrenergic response. Int ] Neuropsychophar-
macol 2008;11:373-380.

12. Kitayama N, Vaccarino V, Kutner M, et al. Magnetic resonance
imaging (MRI) measurement of hippocampal volume in posttrau-
matic stress disorder: a meta-analysis. ] Affect Disord 2005;88:79—
86.

13. Gilbertson MW, Shenton ME, Ciszewski A, et al. Smaller hip-
pocampal volume predicts pathologic vulnerability to psycholog-
ical trauma. Nat Neurosci 2002;5:1242-1247.

14. Pitman RK, Rasmusson AM, Koenen KC, et al. Biological studies
of post-traumatic stress disorder. Nat Rev Neurosci 2012;13:769—
787.

15. Etkin A, Wager TD. Functional neuroimaging of anxiety: a meta-
analysis of emotional processing in PTSD, social anxiety disorder,
and specific phobia. Am ] Psychiatry 2007;164:1476-1488.

16. Milad MR, Pitman RK, Ellis CB, et al. Neurobiological basis of
failure to recall extinction memory in posttraumatic stress disor-
der. Biol Psychiatry 2009;66:1075-1082.

17. Shin LM, Wright CL, Cannistraro PA, et al. A functional mag-
netic resonance imaging study of amygdala and medial prefrontal
cortex responses to overtly presented fearful faces in posttraumatic
stress disorder. Arch Gen Psychiatry 2005;62:273-281.

18. Rauch SL, Whalen PJ, Shin LM, et al. Exaggerated amygdala
response to masked facial stimuli in posttraumatic stress disorder:
a functional MRI study. Biol Psychiatry 2000;47:769-776.

Depression and Anxiety



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

McLaughlin et al.

Shin LM, Whalen PJ, Pitman RK, et al. An fMRI study of anterior
cingulate function in posttraumatic stress disorder. Biol Psychiatry
2001;50:932-942.

Shin LM, Lasko NB, Macklin ML, et al. Resting metabolic activity
in the cingulate cortex and vulnerability to posttraumatic stress
disorder. Arch Gen Psychiatry 2009;66:1099-1107.

Shin LM, Bush G, Milad MR, et al. Exaggerated activation of
dorsal anterior cingulate cortex during cognitive interference: a
monozygotic twin study of posttraumatic stress disorder. Am J
Psychiatry 2011;168:979-985.

Koenen KC, Moffit TE, Caspi A, etal. The developmental mental-
disorder histories of adults with posttraumatic stress disorder: a
prospective longitudinal birth cohort study. ] Abnorm Psychol
2008;117:460-466.

Koenen KC, Moffit TE, Poulin R, et al. Early childhood fac-
tors associated with the development of post-traumatic stress
disorder: results from a longitudinal birth cohort. Psychol Med
2007;37:181-192.

Breslau N, Wilcox HC, Storr CL, et al. Trauma exposure and
posttraumatic stress disorder: a study of youths in urban America.
J Urban Health 2004;81:530-544.

Admon R, Lubin G, Rosenblatt JD, et al. Imbalanced neural re-
sponsivity to risk and reward indicates stress vulnerability in hu-
mans. Cerebral Cortex 2013;23:28-35.

Admon R, Lubin G, Stern O, et al. Human vulnerability to stress
depends on amygdala’s predisposition and hippocampal plasticity.
Proc Natl Acad Sci USA 2009;106:14120-14125.

Koenen KC, Harley R, Lyons M, et al. A twin registry study
of familial and individual risk factors for trauma exposure
and posttraumatic stress disorder. J Nerv Ment Dis 2002;190:
209-218.

Lyons MJ, Goldberg ], Eisen SA, et al. Do genes influence ex-
posure to trauma? A twin study of combat. Am J Med Genet
1993;48:22-27.

Storr CL, Ialongo N, Anthony JC, Breslau N. Childhood an-
tecedents of exposure to traumatic events and posttraumatic stress
disorder. Am J Psychiatry 2007;164:119-125.

Comer ]S, Kendall PC. Terrorism: the psychological impact on
youth. Clin Psychol 2007;14:179-212.

Galea S, Vlahov D, Resnick H, et al. Trends of probable post-
traumatic stress disorder in New York City after the September
11 terrorist attacks. Am J Epidemiol 2003;158:514-524.

Ahern J, Galea S, Resnick H, et al. Television images and psycho-
logical symptoms after the September 11 terrorist attacks. Psychi-
atry 2002;65:289-300.

Otto MW, Henin A, Hirschfeld-Becker DR, et al. Posttrau-
matic stress disorder symptoms following media exposure to tragic
events: impact of 9/11 on children at risk for anxiety disorders. J
Anxiety Disord 2007;21:888-902.

Ochsner KN, Ray RD, Cooper JC, et al. For better or worse:
neural systems supporting the cognitive down- and up-regulation
of negative emotion. Neuroimage 2004;23:483-499.

Buhle J, Silvers JA, Wager TD et al. Cognitive reappraisal of emo-
tion: a meta-analysis of human neuroimaging studies. Cerebral
Cortex in press.

McRae K, Gross JJ, Weber ], et al. The development of emo-
tion regulation: an fMRI study of cognitive reappraisal in chil-
dren, adolescents, and young adults. Soc Cogn Affect Neurosci
2012;7:11-22.

Lang PJ, Bradley MM, Cuthbert BN. International Affective Pic-
ture System (IAPS): Affective Ratings of Pictures and Instruction
Manual. Gainesville, FL: University of Florida; 2008.

Fischl B, Dale AM. Measuring the thickness of the human cerebral
cortex from magnetic resonance images. Proc Natl Acad Sci USA
2000;97:11050-11055.

Depression and Anxiety

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Fischl B, Salat DH, Busa E, et al. Whole brain segmentation:
automated labeling of neuroanatomical structures in the human
brain. Neuron 2002;33:341-355.

Fischl B, van der Kouwe A, Destrieux C, et al. Automatically par-
cellating the human cerebral cortex. Cerebral Cortex 2004;14:11—
22.

Dale AM, Fischl B, Sereno MI. Cortical surface-based anal-
ysis. I. Segmentation and surface reconstruction. Neuroimage
1999;9:179-194.

Fischl B, Sereno MI, Dale AM. Cortical surface-based analysis.
II. Inflation, flattening, and a surface-based coordinate system.
Neuroimage 1999;9:195-207.

Desikan RS, Segonne F, Fischl B, et al. An automated labeling
system for subdividing the human cerebral cortex on MRI scans
into gyral based regions of interest. Neuroimage 2006;31:968—
980.

Han X, Jovicich J, Salat D, et al. Reliability of MRI-derived mea-
surements of human cerebral cortical thickness: the effects of
field strength, scanner upgrade and manufacturer. Neuroimage
2006;32:180-194.

Reuter M, Schmansky NJ, Rosas HD, Fischl B. Within-subject
template estimation for unbiased longitudinal image analysis.
Neuroimage 2012;61:1402-1418.

Kuperberg GR, Broome MR, McGuire PK, et al. Regionally lo-
calized thinning of the cerebral cortex in schizophrenia. Arch Gen
Psychiatry 2003;60:878-888.

Salat DH, Buckner RL, Snyder AZ, et al. Thinning of the cerebral
cortex in aging. Cerebral Cortex 2004;14:721-730.

Rosas HD, Liu AK, Hersch S, et al. Regional and progressive
thinning of the cortical ribbon in Huntington’s disease. Neurology
2002;58:695-701.

Sheridan MA, Fox NA, Zeanah CH et al. Variation in neural de-
velopment as a result of exposure to institutionalization early in
childhood. Proc Natl Acad Sci USA 2012;109(32):12927-12932.

Tottenham N, Hare T, Quinn BT, et al. Prolonged institutional
rearing is associated with atypically larger amygdala volume and
difficulties in emotion regulation. Dev Sci 2010;13:46-61.

Ostby Y. Heterogeneity in subcortical brain development: a struc-
tural magnetic resonance imaging study of brain maturation from
8 to 30 years. ] Neurosci 2009;29:11772-11782.

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

Jenkinson M, Beckmann CF, Behrens TE, etal. FSL. Neuroimage
2012;62:782-790.

Mazaika PK, Whitfield-Gabrieli S, Reiss AL, Glover G. Arti-
fact Repair of fMRI Data from High Motion Clinical Subjects.
Chicago: Human Brain Mapping; 2007.

Behzadi Y, Restom K, Liau J, Liu TT. A component based noise
correction method (CompCor) for BOLD and perfusion based
fMRI. Neuroimage 2007;37:90-101.

Klein A, Andersson J, Ardekani BA, et al. Evaluation of 14 non-
linear deformation algorithms applied to human brain MRI reg-
istration. Neuroimage 2009;46:786-802.

Ghosh SS, Kakunoori S, Augustinack J, et al. Evaluating the va-
lidity of volume-based and surface-based brain image registration
for developmental cognitive neuroscience studies in children 4 to
11 years of age. Neuroimage 2010;53:85-93.

Weiss DS, Marmar CR. The impact of event scale-revised. In:
Wilson JP, Keane TM, editors. Assessing Psychological Trauma
and PTSD. New York, NY: Guilford; 2004:168-189.

Sundin EC, Horowitz MJ. Impact of Event Scale: psychometric
properties. Br J Psychiatry 2002;180:205-209.

Creamer M, Bell R, Failla S. Psychometric properties of the impact
of Events Scale-revised. Behav Res Ther 2003;41:1489-1496.



61.

62.

63.

64.

65.

66.

67.

68.

Research Article: Amygdala Reactivity and PTSD Onset 9

Thoresen S, Tambs K, Hussain A, et al. Brief measure of post-
traumatic stress reactions: impact of Event Scale-6. Soc Psychiatry
and Psychiatr Epidemiol 2010;45(3):405-412.

Kovacs M. Children’s Depression Inventory Manual. North
Tonawanda, NY: Multi-Health Systems; 1992.

March JS, Parker JDA, Sullivan K, et al. The Multidimensional
Anxiety Scale for Children (MASC): factor structure, reliability,
and validity. ] Am Acad Child Adolesc Psychiatry 1997;36:554-
565.

Muris P, Merckelbach H, Ollendick T, et al. Three traditional
and three new childhood anxiety questionnaires: their reliabil-
ity and validity in a normal adolescent sample. Behav Res Ther
2002;40:753-772.

Achenbach TM. Integrative Guide for the 1991 CBCL/4-18, YSR
and TREF Profiles. Burlington, VT: Department of Psychiatry,
University of Vermont; 1991.

Bernstein DP, Ahluvalia T, Pogge D, Handelsman L. Validity of
the Childhood Trauma Questionnaire in an adolescent psychiatric
population. ] Am Acad Child Adolesc Psychiatry 1997;36:340—
348.

Bernstein DP, Fink L, Hondelsman L, et al. Initial reliability and
validity of a new retrospective measure of child abuse and neglect.
Am ] Psychiatry 1994;151:1132-1136.

Hastings TL, Kelley ML. Development and validation of the
Screen for Adolescent Violence Exposure (SAVE). ] Abnorm
Child Psychol 1997;25:511-520.

69.

70.

71.

72.

73.

74.

75.

76.

Woo C-W, Krishnan A, Wager TD. Cluster-extent based thresh-
olding in fMRI analyses: pitfalls and recommendations. Neuroim-
age 2014;91:412-419.

Shin LM, Rauch SL, Pitman RK. Amygdala, medial prefrontal
cortex, and hippocampal function in PTSD. Ann NY Acad Sci
2006;1071:67-79.

Rauch SL, Shin LM, Phelps EA. Neurocircuitry models of post-
traumatic stress disorder and extinction: human neuroimaging
research-past, present, and future. Biol Psychiatry 2006;60:376—
382.

Liberzon I, Sripada CS. The functional neuroanatomy of PT'SD:
a critical review. Prog Brain Res 2008;167:151-169.

Bremner JD, Vythilingam M, Vermetten E, et al. MRI and PET
study of deficits in hippocampal structure and function in women
with childhood sexual abuse and posttraumatic stress disorder. Am
J Psychiatry 2003;160:924-932.

Werner NS, Meindl T, Engel RR, et al. Hippocampal function
during associative learning in patients with posttraumatic stress
disorder. ] Psychiatr Res 2009;43:309-318.

American Psychiatric Association. Diagnostic and Statistical Man-
ual of Mental Disorders, 5th ed. (DSM-5). Washington, DC:
American Psychiatric Press; 2013.

Marshall RD, Bryant RA, Amsel L, et al. The psychology of
ongoing threat: relative risk appraisal, the September 11 at-
tacks, and terrorism-related fears. Am Psychol 2007;62:304—
316.

Depression and Anxiety



