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Background: Chronic hypervigilance, a state of sustained alertness and hyperarousal in the absence of threat, has
been shown to predict poorer clinical outcomes post-trauma. An exaggerated and persistent amygdala alerting
response to aﬀective information has been proposed as a reactivity-based, and thus indirect, marker of hypervigilance. However, because chronic hypervigilance is a persistent rather than reactive state, it should be
directly observable under resting-state conditions without the need for exposure to aﬀectively charged stimuli.
Objective: We tested resting amygdala connectivity and basal sympathetic and hypothalamic-pituitary-adrenal
axis activity as direct neural and neuroendocrine markers of chronic hypervigilance.
Participants: 24 trauma-exposed women (age M = 22.9, SD = 5.5) and 20 no-trauma controls (age M = 21.1,
SD = 3.2).
Measures: Amygdala connectivity was measured using functional magnetic resonance imaging at rest and during
viewing of novel and familiar aﬀective scenes. Elevated amygdala connectivity during the viewing of novel
scenes (exaggerated alerting response) and familiar scenes (persistent alerting response) was used as a reactivitybased index of hypervigilance. Resting amygdala connectivity and basal salivary alpha-amylase (sAA) and
cortisol were tested as neural and neuroendocrine markers of hypervigilance, respectively.
Results: Compared to no-trauma controls, trauma-exposed women showed greater connectivity between the left
amygdala and the ventral anterior cingulate cortex (vACC) both during aﬀective processing and at rest.
Exaggerated neural novelty response was associated with greater resting left amygdala-vACC connectivity and
higher basal sAA, but not cortisol.
Conclusions: Greater synchronization of threat-detection circuitry in the absence of threat and basal sympathetic
tone might serve as complementary resting-state markers of the cognitive and physiological components of
chronic hypervigilance, respectively.

1. Introduction
Hypervigilance is a behavioral, cognitive, and physiological state of
sustained hyperarousal and alertness for potential threat. The cognitive
component of hypervigilance (i.e., increased alertness) is mediated by
activation of threat-detection neural circuitry centered around the
amygdala (e.g., Yoon and Weierich, 2016), whereas its physiological
component (i.e., elevated arousal) is mediated by activation of the
neuroendocrine stress systems (e.g., Pole, 2007). In potentially dangerous situations, hypervigilance is adaptive, as it facilitates threat
detection when an actual threat appears and enables a prompt response
by mobilizing necessary resources. However, when hypervigilance becomes a chronic state, characterized by unnecessary activation and
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failed downregulation of the alerting response in the ongoing absence
of threat, it is psychologically and physiologically taxing and can impair
quality of life. Exposure to traumatic events can lead to chronic hypervigilance even in safe environments (e.g., Kimble et al., 2013),
which in turn contributes to the episodic onset and maintenance of
other trauma-related symptoms and predicts poorer clinical outcomes
in trauma survivors (Schell et al., 2004).
Despite the potential prognostic utility of chronic hypervigilance, it
is typically assessed using self-report, which can be unreliable, and
there are still no widely accepted objective and direct biological markers of this phenomenon. One previously proposed objective neural
marker of chronic hypervigilance is exaggerated and persistent reactivity of the threat-detection circuitry (e.g., Yoon and Weierich, 2016,
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We tested resting amygdala connectivity and basal SNS and HPA
activity as resting-state markers of the cognitive and physiological
components of chronic hypervigilance, respectively. We hypothesized
that, compared to no-trauma controls, TE people would show greater
resting connectivity between the amygdala and other regions involved
in threat detection, and weaker resting connectivity between the
amygdala and regions involved in aﬀect regulation. We also hypothesized that trauma-related resting-state abnormalities in amygdala connectivity would persist during aﬀective processing and would be associated with an exaggerated and persistent neural novelty response to
aﬀective information (i.e., reactivity-based neural measure of hypervigilance). Finally, we hypothesized that TE people would show previously reported diﬀerences in basal SNS and HPA activity, and that
these diﬀerences would be associated with an exaggerated and persistent neural novelty response to aﬀective information.

2017). Consistent with chronic post-trauma hypervigilance, traumaexposed (TE) people show heightened amygdala reactivity not only to
aversive and trauma-related information (e.g., Patel et al., 2012), but
also to any novel – and thus potentially threat-related – information
(e.g., van den Bulk et al., 2016). In addition, whereas the normative
alerting amygdala response to novel information tapers rapidly with
repeated exposure (e.g., Weierich et al., 2010), TE people show impaired amygdala habituation to repeated aﬀective stimuli (e.g., van den
Bulk et al., 2016).
Although exaggerated and persistent amygdala novelty response
might be a clinically useful marker, it is a reactivity-based – and thus an
indirect – measure, because an acute amygdala response to aﬀective
stimuli (reactivity) is taken as an index of sustained amygdala hyperactivity at baseline (chronic hypervigilance). In addition, measurement
of amygdala novelty response relies upon presentation of aﬀectively
charged and potentially trauma-related information, and thus imposes
additional burden on the already strained stress systems of trauma
survivors. Therefore, objective and direct measurement of chronic hypervigilance requires an alternative to reactivity-based measures.
Given that chronic hypervigilance is a persistent rather than reactive state, it should be observable under resting-state conditions (i.e.,
in the absence of aﬀective stimuli), for example, as speciﬁc patterns of
resting amygdala connectivity. Although there is evidence of abnormal
resting amygdala connectivity in TE people, the results are inconsistent,
with reports of both weaker (e.g., Jin et al., 2014) and stronger (e.g.,
Thomason et al., 2015) resting connectivity of the amygdala and prefrontal cortex, as well as greater coupling of the amygdala and insula
(e.g., Rabinak et al., 2011) in TE people compared to controls. In addition, it is not known whether resting amygdala connectivity diﬀerences in TE people underlie hypervigilance. As the amygdala is a key
node of the threat-detection circuitry, abnormal resting amygdala
connectivity in TE people might represent sustained activation of the
neural alerting response that persists in the absence of threat, consistent
with chronic hypervigilance. Therefore, the ﬁrst objective of this study
was to test trauma-related alterations in resting amygdala connectivity
as a resting-state neural marker of chronic hypervigilance in TE people.
Given that a hypervigilant state includes both a cognitive component (increased alertness) and a physiological component (hyperarousal), a comprehensive model of chronic hypervigilance must account
for both components. Consistent with chronic hyperarousal, TE people
show abnormalities in basal function of the two neuroendocrine stress
systems: the sympathetic nervous system (SNS) and the hypothalamicpituitary-adrenal (HPA) axis. For example, people with post-traumatic
stress disorder (PTSD) consistently show heightened basal sympathetic
tone, indexed by elevated heart rate, blood pressure, startle reﬂex, and
galvanic skin response (e.g., Pole, 2007). Basal SNS hyperactivity posttrauma also has been indexed by salivary alpha-amylase (sAA; e.g.,
Keeshin et al., 2015), an enzyme secreted by the salivary glands in
response to increased central noradrenergic drive (e.g., Warren et al.,
2017). SAA is a biomarker of sympathetic activity, which increases in
response to physical and psychological stressors and is associated with
stress-related increases in circulating norepinephrine (e.g., Ditzen et al.,
2014) and physiological markers of SNS activity (e.g., Nater and
Rohleder, 2009).
In contrast to reliable SNS hyperactivity, most evidence suggests
HPA blunting in TE people, and especially those with a history of earlylife trauma (e.g., Galatzer-Levy et al., 2017). Blunted HPA activity,
indexed by lower basal and reactive cortisol, is common in stress-related disorders and might represent an allostatic protection against the
deleterious eﬀects of a prolonged stress response (e.g., Fries et al.,
2005). Although basal measures of SNS and HPA dysregulation have
been associated with trauma-related symptoms (e.g., Vigil et al., 2010),
their utility as biomarkers of chronic hypervigilance has not been
tested. Therefore, a second objective of this study was to test basal SNS
and HPA function as resting-state neuroendocrine markers of chronic
hypervigilance.

2. Method
2.1. Participants
We recruited 24 trauma-exposed (TE) women (age M = 22.9,
SD = 5.5) and 20 no-trauma control women (age M = 21.1, SD = 3.2)
from a pool of undergraduate students. Trauma-exposed participants
were recruited based on their responses to an online questionnaire
which included items from the Life Events Checklist, a self-report of
exposure to potentially traumatic events (Gray et al., 2004). Controls
were speciﬁcally recruited from potential participants who did not
endorse any trauma exposure on that measure. Trauma exposure was
subsequently veriﬁed using the Criterion A of the PTSD module of the
Diagnostic and Statistical Manual of Mental Disorders IV (event characterized by actual or perceived threat to life or physical integrity and
accompanied by feelings of extreme fear, helplessness, or horror).
Five TE participants reported using prescribed medication (1
Prozac, 1 benzodiazepine, 1 unspeciﬁed birth control medication, 1
tramadol, 1 antihistamine and 1 unspeciﬁed prescription medication),
as did one control participant (Wellbutrin and Lexapro). We included
medication use as a nuisance covariate in subsequent analyses. All
participants were right-handed and eligible for MRI. Demographic
characteristics of our sample are presented in Table 1. We recruited an
all-female sample to avoid confounding eﬀects of sex on stress system
activity (e.g., Kajantie and Phillips, 2006) and cortico-limbic connectivity (e.g., Kilpatrick et al., 2006).
2.2. Procedure
The study consisted of two sessions. Session 1 included a clinical
interview, saliva collection, and completion of questionnaires. Session 2
was scheduled either several days later or on the day of Session 1 and
included an MRI scan. We obtained informed consent at the beginning
of Session 1 and fully debriefed the participants at the end of the study.
The study protocol was approved by the Institutional Review Board and
carried out in accordance with The Code of Ethics of the World Medical
Association (Declaration of Helsinki).
2.2.1. Clinical interview
During Session 1, we conducted all modules of the Structured
Clinical Interview for DSM-IV (SCID) to assess trauma exposure and
symptoms of PTSD and other Axis I disorders. Clinical interviews were
conducted by rigorously trained post-bacc and doctoral level laboratory
personnel, each of whom had no fewer than 40 h of training. Reliability
checks showed high rater consistency for individual SCID items (i.e.,
whether a symptom meets threshold or not).
Total number of PTSD symptoms in our sample ranged from 0
(n = 4) to 15 (n = 1), with a mean of 6.9 and a standard deviation of
4.8. Five of 24 TE women (20.8%) met the criteria for a provisional
current DSM-IV PTSD diagnosis. We tested the eﬀects of current PTSD
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stressful, uncontrollable, and unpredictable. PSS scores above 20 are
consistent with high perceived stress. The BDI-II is a 21-item measure of
depressed mood over the past two weeks. BDI-II scores of 30 and above
are consistent with severe depressed mood. The STAI-S is a 20-item
measure of state anxiety. STAI-S scores of 40 and above are consistent
with high state anxiety. Finally, the PANAS is a 20-item measure of
state negative and positive aﬀect.

Table 1
Participants.
Variable

Trauma (n = 24)

Controls (n = 20)

Age in years, M (SD), range
Race/ethnicity, n (%)
Asian/Paciﬁc Islander
Black, non-Hispanic
Hispanic
White, non-Hispanic
Other
Multiple
Perceived Stress Scale, M (SD)
STAI-S, M (SD)
BDI II, M (SD)
PANAS (state negative aﬀect), M (SD)
PANAS (state positive aﬀect), M (SD)
Basal alpha-amylase (T1) in U/ml, M
(SD)
Basal cortisol (T2) in μg/dl, M (SD)
Trauma type, n (%)
Physical assault
Sexual assault
Motor vehicle accident
Sudden, unexpected death of loved one
Other serious accident
Fire/explosion
Life-threatening injury/illness
Witness violent death
Natural disaster
Other unwanted sexual experience
Caused serious injury/death of another
Other very stressful event
Years since the most recent trauma
Years since the earliest trauma
Total PTSD symptoms
Re-experiencing (Cluster B)
Avoidance & numbing (Cluster C)
Hyperarousal (Cluster D)
Current PTSD diagnosis, n (%)

22.9 (5.5), 18-37

21.1 (3.2), 18-29

8.0 (33.3)
4.0 (16.7)
1.0 (4.2)
5.0 (20.8)
4.0 (16.7)
2.0 (8.3)
22.7 (6.6)**
46.2 (12.5)**
16.0 (6.9)**
9.2 (2.8)**
11.9 (3.7)
55.1 (55.0)

4.0 (20.0)
3.0 (15.0)
2.0 (10.0)
10.0 (50.0)
1.0 (5.0)
0.0 (0.0)
16.5 (6.1)
36.2 (10.7)
8.5 (6.0)
6.3 (1.9)
13.2 (4.4)
53.8 (57.4)

0.27 (0.23)

0.35 (0.22)

10.0 (45.5)
8.0 (36.4)
6.0 (27.3)
6.0 (27.3)
5.0 (22.7)
3.0 (13.6)
3.0 (13.6)
2.0 (9.1)
1.0 (4.5)
1.0 (4.5)
1.0 (4.5)
6.0 (27.3)
3.1 (4.0)
8.4 (5.4)
6.9 (4.8)
2.5 (1.6)
2.6 (1.8)
1.8 (1.9)
5.0 (20.8)

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

2.2.4. MRI scan
The MRI scan included a 7-min sequence of structural scans and
ﬁeld maps, during which the participants acclimated to the scanner,
followed by a 6.5-min resting-state scan. During the resting-state scan,
we asked the participants to keep their eyes open and not to think about
anything in particular. After the resting-state scan, the participants
completed a 20-min image-viewing task. We selected the task images
from a stimulus set that is currently being normed in our laboratory.
The selected images depicted complex social and non-social scenes
(rather than isolated people/animals/objects). The images were selected to reﬂect a range of aﬀective responses to visual stimuli typically
encountered in daily life. The selected scenes were thus characterized
by a more restricted range of arousal and valence ratings than the
International Aﬀective Picture System. The valence and arousal of the
selected scenes were rated on a 1–9 scale by an independent sample of
748 young adults (negative valence: M = 2.61, SD = 1.02, arousal:
M = 5.60, SD = 1.02; neutral valence: M = 5.59, SD = 0.84, arousal:
M = 3.88, SD = 0.65; and positive valence: M = 6.85, SD = 0.86,
arousal: M = 4.58, SD = 0.69).
The task consisted of four runs. During each run, the participants
viewed 60 full-color images of complex negative, positive, and neutral
scenes (20 scenes in each valence category). The ﬁrst two runs consisted
of novel scenes, and the last two runs consisted of the same scenes as
the ﬁrst two runs, presented for the second time (familiar scenes). For
each scene, the participants indicated via button press whether it was
indoors or outdoors1. We optimized stimulus presentation order for the
fast event-related design using the Optseq2 sequence optimization tool
(https://surfer.nmr.mgh.harvard.edu/optseq/). Each image was presented for 3500 ms, followed by a ﬁxation cross presented for a jittered
inter-trial interval ranging from 2000 ms to 6500 ms. Each task run was
332 s long. The task was designed and presented using E-Prime software
(Psychology Software Tools, Pittsburgh, PA).

** p < 0.01.

diagnosis in subsequent analyses.
2.2.2. Saliva collection
Participants were asked to refrain from eating, smoking, and
drinking for one hour prior to the study. All participants had been
awake for a minimum of one hour prior to the study session, ensuring
that our time points did not overlap with the cortisol awakening response. We collected two saliva samples. All sessions were scheduled at
10am to control for diurnal variation in cortisol and salivary alphaamylase. We collected the ﬁrst sample immediately after informed
consent at approximately 1005 h (time point T1), which provided a
resting basal measure of sAA. We collected the second sample approximately 20 min later (time point T2), which provided a resting
basal measure of cortisol, which takes ∼20 min to reach the concentration that reﬂects the state of the system 20 min prior. In other
words, sAA at 1005 h and cortisol 20 min later both index the state of
the system at 1005 h. For each sample, the participant placed an oral
swab (Salimetrics, LLC) under her tongue for two minutes and then
placed the swab in a sealed plastic tube. Samples were stored in a −20C
freezer until the time of analysis.

2.2.5. MRI image acquisition
MRI data were acquired on a Siemens Magnetom Trio Tim 3 T MRI
scanner with a 32-channel gradient head coil. A high-resolution T1weighted image was acquired using a whole-brain MPRAGE sequence
(TR/TE/ﬂip angle = 2.17 s/4.33 ms/7°, FOV = 256 × 256mm2, matrix = 256 × 256, 160 slices, voxel size = 1 × 1×1.2 mm3).
Functional images were acquired using an interleaved echo-planar T2*weighted sequence (rest: TR/TE/ﬂip angle = 2.0 s/30 ms/90°,
FOV = 240 × 240mm2, matrix = 64 × 64, 33 slices, voxel size =
3.75 × 3.75 × 3.80mm3; task: TR/TE/ﬂip angle = 2.0 s/30 ms/90°,
FOV = 220 × 220mm2, matrix = 64 × 64, 30 slices, voxel size =
3.44 × 3.44 × 4.0mm3).

2.2.3. Questionnaires
After the interview, each participant completed questionnaires,
measuring past and current aﬀect, including the Perceived Stress Scale
(PSS, Cohen et al.,1983), the Beck Depression Inventory II (BDI-II, Beck
et al., 1996), the State-Trait Anxiety Inventory—State Version (STAI-S,
Spielberger et al., 1983), and the Positive and Negative Aﬀect Schedule
(PANAS, Watson et al., 1988). The PSS is a 10-item measure of the
degree to which life events over the past month are perceived as

1
Due to experimenter error, 9 TE women and 3 controls rated their arousal,
instead of indicating if a scene was indoors or outdoors. As rating aﬀect has
been shown to reduce amygdala activation (Lieberman et al., 2007), we tested
potential eﬀects of task instructions on amygdala connectivity. Amygdala-vACC
connectivity during either novel or familiar runs did not diﬀer by task instructions in either group (all p-values > 0.05), and group diﬀerences in connectivity remained even after including task instructions as a covariate (see
Supplementary Figure S1).
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2.3. Data preprocessing

2.4. Data analysis

2.3.1. MRI data preprocessing
One TE participant did not complete the resting-state scan, and one
other TE participant did not complete the fourth fMRI task run.
Neuroimaging data were preprocessed and analyzed using FSL (version
5.0.6) and MATLAB (2015b) software packages. Structural images were
skull-stripped using FSL’s Brain Extraction Tool (Smith, 2002) and biasﬁeld corrected improve registration using FSL’s FAST tool (Zhang et al.,
2001). Resting-state and task fMRI data were preprocessed and cleaned
in a similar way, described below. The ﬁrst 5 functional volumes were
discarded to allow for magnetic equilibration, such that a total of 195
volumes (resting-state fMRI) and 166 volumes (per task run) per participant were included in the analyses. The resting and task functional
data were motion corrected to the middle volume using FSL’s MCFLIRT
tool (Jenkinson et al., 2002). Mean displacement due to motion did not
exceed 1 mm in any of the participants. The data were slice-timing
corrected using Fourier-space time series phase-shifting, smoothed
using a Gaussian kernel of FWHM = 5 mm, and resampled to 4 mm. We
applied a 0.02 Hz high-pass ﬁlter to task fMRI data. We removed linear
trends from resting-state fMRI data using a high-pass temporal ﬁlter of
0.001 Hz. We chose such a minimal high-pass to avoid eliminating any
resting-state neural signal, which has been observed not only in the
traditionally bandpass ﬁltered 0.01-0.08 Hz range, but also at frequencies higher than 0.1 Hz (e.g., Boubela et al., 2013).
To remove the structured temporal noise, including physiological
noise, hardware artifacts, and participant motion from both restingstate and task fMRI data, we used FSL’s MELODIC (Beckmann and
Smith, 2004) which decomposes the fMRI time series into automatically
estimated and variance normalized spatially independent components
that represent neural signal and structured noise. Each independent
component was visually inspected and classiﬁed as either artifact or
neural signal, based on the criteria described by Kelly et al. (2010).
Unique variance contributed by the artifactual components and the 24
motion parameters was regressed out of the preprocessed functional
data using FMRIB's ICA-based Xnoiseiﬁer (Griﬀanti et al., 2014). This
approach has the advantage of selectively removing noise components
while preserving the neural signal and is therefore preferable to traditional indiscriminate cleanup techniques, such as bandpass ﬁltering or
censoring of high-motion volumes (e.g., Smith et al., 2013). In addition,
data-driven ICA-based cleanup has been shown to increase the reproducibility of resting connectivity results (Griﬀanti et al., 2016).
Functional images were registered to the structural image using
boundary-based registration and to the standard-space MNI152 T1
2 mm template via 12-degree-of-freedom transformation using FSL’s
FLIRT (Jenkinson et al., 2002).

2.4.1. Resting amygdala connectivity analysis
To test trauma-related diﬀerences in resting amygdala connectivity,
we used whole-brain seed-based connectivity and region-of-interest
(ROI) analyses. For whole-brain functional connectivity analyses, we
chose the left and right amygdalae as seed regions. Anatomical amygdala masks were created using the Harvard-Oxford subcortical probability atlas. The masks were inverse-transformed from the standard
MNI152 space to individual functional space using FLIRT. Mean
amygdala time courses were then extracted from the cleaned functional
data and used as regressors in two separate ﬁrst-level mass univariate
regressions – one for each hemisphere – implemented using FSL’s FEAT
(version 6.0). FSL’s FILM was used to correct for temporal autocorrelation (Woolrich et al., 2001). To test group diﬀerences in resting
amygdala connectivity in TE women and controls, we conducted separate robust group-level mixed-eﬀects analyses for each amygdala
seed using FSL’s FLAME 1 with automatic outlier de-weighting
(Beckmann et al., 2003; Woolrich, 2008). We used cluster-extent based
inference and corrected for multiple comparisons using Gaussian
random ﬁeld theory implemented in FSL. Statistical maps were thresholded using the cluster-determining threshold (CDT) of p < 0.005
and an FWE-corrected cluster signiﬁcance threshold of p = 0.05.
To test resting amygdala connectivity as a marker of chronic hypervigilance, we tested associations between resting amygdala connectivity (mean parameter estimates from the ROI; Fig. 1) and traumarelated symptoms, amygdala connectivity during novelty processing
(reactivity-based measure of hypervigilance), and basal sAA and cortisol (candidate neuroendocrine markers of hypervigilance).
2.4.2. Analysis of amygdala connectivity during novel and familiar runs
To determine whether alterations in resting amygdala connectivity
represented a stable characteristic in TE women, we tested group differences in amygdala connectivity during processing of novel and familiar aﬀective information using whole-brain seed-based connectivity
and ROI analyses. This analysis was conﬁrmatory and served the purpose of conﬁrming that the identiﬁed region was a marker of hypervigilance, by testing the relation between amygdala-vACC connectivity at rest and during novelty processing (a reactivity-based
marker of hypervigilance).
We used FSL’s FEAT to compute seed-based amygdala connectivity
during novel and familiar runs separately, while regressing out the
mean neural response to task stimuli and motor responses (i.e., button
presses). For each task run, we constructed a separate model with ﬁve
regressors: stimulus onsets for negative, positive, and neutral trials,
onsets of motor responses, and mean amygdala time course across the
run. As a result, each participant had four amygdala connectivity statistical maps, one for each run, that captured the unique variance accounted for by the amygdala time course. These ﬁrst-level maps were
then fed into two separate second-level ﬁxed-eﬀects analyses, testing
for common connectivity patterns across the two novel and the two
familiar runs separately. We then used the resulting second-level statistical maps to extract mean parameter estimates from the cluster that
showed group diﬀerences in resting connectivity with the amygdala
(Fig. 1). We tested heightened amygdala connectivity during novel runs
(exaggerated alerting response to novelty) and impaired habituation of
amygdala connectivity (persistent alerting response to familiar information) in TE women vs. controls using independent-samples t-tests.
Although our resting-state and task fMRI data were collected from
the same participants and are not independent in that sense, our analyses do not suﬀer from circular assumptions. The use of the same
sample is problematic only when the data used for ROI speciﬁcation
and for inferential statistics have non-independent noise (Kriegeskorte
et al., 2009, Supplementary Information pp.18–19). However, we selected the ROI and conducted inferential analyses on two independent
sets of fMRI scans (resting scan and task scans) that were collected at

2.3.2. Immunoassays of salivary biomarkers
Samples were assayed for salivary alpha-amylase (sAA) using
Salimetrics kinetic reaction assay kits. The assay utilizes a chromogenic
substrate, 2-chloro-p-nitrophenol linked to maltotriose. The amount of
sAA present in each sample is directly proportional to the increase in
absorbance. The intra- and inter-assay coeﬃcients of variation for these
kits are less than 7.5% and 6%, respectively.
Samples were assayed for cortisol using Salimetrics enzyme immunoassay kits. The assay utilizes a microtiter plate coated with
monoclonal anti-cortisol antibodies. Cortisol in samples and standards
competes with cortisol conjugated with peroxidase for the antibody
binding sites. The amount of cortisol enzyme conjugate detected is inversely proportional to the amount of cortisol present in the sample.
The intra- and inter-assay coeﬃcients of variation for these kits are less
than 7% and 10%, respectively. All assays were conducted in-house by
laboratory personnel.
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We did not include state anxiety or perceived stress as covariates in
the analyses, as these two factors overlap with our construct of interest,
trauma-related hypervigilance. Both state anxiety and hypervigilance
involve a high-arousal, negatively valenced physiological state that has
been associated with increased activation and connectivity of aﬀective
circuitry such as the salience network (e.g., Hermans et al., 2011;
Seeley et al., 2007; Simpson et al., 2001). Thus, including state anxiety
as a covariate in analyses of amygdala connectivity would result in
removal of variance of interest.

diﬀerent times. As such, the noise distributions of the resting and task
scans are independent of one another, thus avoiding the circularity
problem.
The use of a functional localizer scan for ROI selection is a widely
used technique in neuroimaging and is recommended for ensuring ROI
independence (e.g., Kriegeskorte et al., 2009; Poldrack and Mumford,
2009). Our resting data analysis was exploratory and served the purpose of identifying a candidate resting-state neural marker of tonic
hypervigilance. It can therefore be considered analogous to an independent functional localizer scan recommended for identiﬁcation of
independent ROIs. Our task data analysis, on the other hand, was
conﬁrmatory, that is it served the purpose of conﬁrming that the
identiﬁed region was indeed a marker of hypervigilance, by testing the
relation between resting connectivity between the amygdala and the
vACC with their connectivity during novelty processing (a reactivitybased marker of hypervigilance). As such, our resting and task data
analyses aimed to answer two distinct questions. First, which brain
regions show diﬀerences in functional connectivity with the amygdala
in TE people vs. controls at rest? Second, do these same regions also
show diﬀerences in amygdala connectivity during novelty processing in
the same participants?

3.2. Resting amygdala connectivity
TE women showed greater resting connectivity between the left
amygdala and the perigenual and subgenual anterior cingulate cortex
(henceforth referred to as the ventral ACC or vACC) relative to controls
(Fig. 1; medication use as a covariate, minimal signiﬁcant cluster size
k = 311; cluster size k = 366; maximal Z-score = 3.98; MNI coordinates of peak voxel in mm: x = 14, y = 46, z = -4; Brodmann’s
Area 10). The group diﬀerence in left amygdala-vACC resting connectivity remained after exclusion of the 4 people who met criteria for
PTSD: t(37) = 3.47, p = 0.001, d = 1.11; and after including depressed
mood as a covariate: F(1,39) = 14.12, p < 0.001, partial η2 = 0.27.
Compared to no-trauma controls, TE women did not show weaker
connectivity between the left amygdala and any other regions. Resting
amygdala-vACC connectivity was not associated with the total number
of PTSD symptoms or any cluster separately (all p-values > 0.05). The
groups did not diﬀer in resting connectivity of the right amygdala.
Therefore, we conducted all subsequent task fMRI analyses using the
left amygdala as the seed region.

2.4.3. Analysis of salivary biomarkers
As the main goal of this study was to test candidate basal salivary
markers of tonic hypervigilance, we used sAA at the ﬁrst collection time
point (T1), which reﬂects SNS activity at the time of saliva collection,
and in this case just after the participant signed the consent form and
had a few minutes to acclimate to the laboratory environment. We used
salivary cortisol at the second collection time point (T2) as a measure of
basal cortisol, because salivary cortisol reﬂects HPA axis activity
∼20 min prior to sample collection, such that this time point reﬂected
basal levels just after consent.
We applied a log transformation to raw values of salivary biomarkers, because the data were positively skewed. All subsequent statistical tests were conducted on transformed values. To test basal sAA
and cortisol as neuroendocrine biomarkers of hypervigilance, we tested
associations between sAA and cortisol, trauma-related symptoms, and
amygdala connectivity during novel and familiar runs (reactivity-based
measure of hypervigilance).

3.3. Amygdala-vACC connectivity during processing of novel and familiar
aﬀective information
3.3.1. Group diﬀerences in amygdala-vACC connectivity during aﬀective
processing
To determine whether increased amygdala-vACC connectivity represented a stable characteristic in TE people, we tested group diﬀerences in amygdala-vACC connectivity during processing of novel and
familiar aﬀective scenes using separate independent-samples t-tests for
novel and familiar runs (Bonferroni-corrected α = 0.05/2 = 0.025).
Compared to controls, TE women showed greater amygdala-vACC
connectivity during both novel, t(42) = 2.43, p = 0.020, d = 0.76; no
PTSD: t(37) = 2.55, p = 0.015, d = 0.81; medication use as a covariate:
F(1,41) = 5.48, p = 0.024, partial η2 = 0.12; and familiar runs, t
(41) = 4.40, p < 0.001, d = 1.35; no PTSD: t(36) = 3.94, p < 0.001,
d = 1.28; medication use as a covariate: F(1,40) = 25.2, p < 0.001,
partial η2 = 0.36 (Fig. 2). Depressed mood was associated with amygdala-vACC connectivity during familiar runs (ρ = 0.42, p = 0.006), but
not during novel runs (p > 0.05). In addition, age was associated with
amygdala-vACC connectivity during familiar runs (ρ = 0.36,
p = 0.019), but not during rest or during novel runs (both p-values >
0.05). Therefore, we tested all subsequent associations with amygdalavACC connectivity during familiar runs with and without depressed
mood and age as covariates. Group diﬀerences in amygdala-vACC
connectivity during familiar runs remained signiﬁcant even after we
included depressed mood as a covariate: F(1,39) = 8.99, p = 0.005,
partial η2 = 0.19, and after we included age as a covariate: F
(1,40) = 16.3, p < 0.001, partial η2 = 0.29. Amygdala-vACC connectivity during either novel or familiar runs was not associated with
the total number of PTSD symptoms or any symptom cluster separately
(all p-values > 0.05).

3. Results
3.1. Self-report measures
TE women and controls did not diﬀer in age, t(42) = 1.27,
p=0.210, d = 0.39. Because age was associated with higher perceived
stress (PSS; r = 0.35, p=0.022) and depressed mood (BDI; r=0.29,
p = 0.056), all subsequent associations with PSS and BDI scores were
tested with age as a covariate. Compared to controls, TE women reported higher perceived stress (PSS), F(1,40) = 7.63, p = 0.009, partial
η2 = 0.15 (without age as a covariate: t(41) = 3.18, p = 0.003); depressed mood (BDI), F(1,40) = 11.45, p = 0.002, partial η2 = 0.21
(without age as a covariate: t(41) = 3.75, p < 0.001); state anxiety
(STAI-S), t(41) = 2.78, p = 0.008, d = 0.86; and state negative aﬀect
(PANAS-Negative), t(41) = 3.97, p < 0.001, d = 1.24. Group diﬀerences remained signiﬁcant even when people with current PTSD were
excluded: PSS, F(1,35) = 5.16, p = 0.029, partial η2 = 0.12; BDI, F
(1,35) = 7.54, p = 0.009, partial η2 = 0.17; STAI-S, t(36) = 2.79,
p = 0.008, d = 0.91; and PANAS-Negative, t(36) = 4.42, p < 0.001,
d = 1.44. PTSD symptoms were not associated with PSS, BDI, STAI-S, or
PANAS scores (all p-values > 0.05). As depression has been linked to
altered amygdala-prefrontal connectivity (e.g., Pezawas et al., 2005),
we tested the associations between depressed mood and amygdala
connectivity. When there was a statistically signiﬁcant association, we
included depressed mood as a covariate in analyses of amygdala connectivity.

3.3.2. Reactivity to novelty and habituation of amygdala-vACC connectivity
To test the hypothesis that increased amygdala-vACC connectivity is
part of the neural alerting response to novelty, we compared amygdalavACC connectivity during novel vs. familiar runs in each group
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Fig. 1. Group diﬀerence in resting amygdala connectivity. Trauma-exposed women showed greater resting connectivity between the left amygdala and the ventral
anterior cingulate cortex (vACC) than no-trauma controls (MNI standard space; coordinates in voxels; colorbar represents Z-scores; cluster-forming threshold:
p < 0.005; FWE-corrected cluster signiﬁcance: p = 0.05; minimal signiﬁcant cluster size: k = 311).

(1,39) = 8.06, p = 0.007, partial η2 = 0.17). When we tested amygdala-vACC connectivity during novel and familiar runs as two separate
predictors of resting amygdala-vACC connectivity using multiple regression to control for shared variance, only connectivity during novel
runs predicted resting connectivity (F(1,39) = 6.14, p = 0.018, partial
η2 = 0.14). Amygdala-vACC connectivity during novel runs was associated with resting amygdala-vACC connectivity even when subject to
robust regression (F(1,41) = 7.25, p = 0.010, Adj. R2 = 0.13), suggesting that this relation was not driven by inﬂuential values.

separately using paired-sample t-tests and repeated-measures ANOVAs
(Bonferroni-corrected α = 0.05/2 = 0.025). Consistent with a normative novelty response, controls showed greater amygdala-vACC connectivity during novel runs compared to familiar runs (Fig. 2), t
(19) = 1.88, p = 0.075, d = 0.33, main eﬀect of novelty with age as a
covariate: F(1,17) = 8.36, p = 0.010, partial η2 = 0.33, main eﬀect of
novelty with depressed mood as a covariate: F(1,15) = 7.89, p = 0.013,
partial η2 = 0.34. In contrast, TE women showed no diﬀerence in
amygdala-vACC connectivity during novel vs. familiar runs, consistent
with impaired habituation, t(22) = -0.63, p = 0.536, d= -0.24; main
eﬀect of novelty with age as a covariate: F(1,20) = 1.94, p = 0.179,
partial η2 = 0.09; main eﬀect of novelty with depressed mood as a
covariate: F(1,19) = 3.44, p = 0.079, partial η2 = 0.15.

3.4. Eﬀects of head motion on connectivity estimates
As head motion has been shown to bias estimates of functional
connectivity, we tested potential eﬀects of head motion indexed by
mean framewise displacement (FD) on amygdala-vACC connectivity.
Our participants showed little in-scanner head motion, which did not
exceed 0.016 mm on average (Rest: Total sample M = 0.016,
SD = 0.005; TE M = 0.016, SD = 0.006; Controls M = 0.015,
SD = 0.004; Novel runs: Total sample M = 0.015, SD = 0.004; TE
M = 0.015, SD = 0.003; Controls M = 0.015, SD = 0.004; Familiar
runs: Total sample M = 0.016, SD = 0.005; TE M = 0.016, SD = 0.005;
Controls M = 0.016, SD = 0.005).
However, given that even micro-movements can bias functional
connectivity, we tested group diﬀerences in mean FD using independent-samples t-tests. TE people did not diﬀer from no-trauma
controls in mean FD (Rest: t(41) = 0.41, p = 0.682, d = 0.13; Novel
runs: t(42) = -0.26, p = 0.794, d= -0.08; Familiar runs: t(42) = 0.03,

3.3.3. Amygdala-vACC connectivity during novelty processing and at rest
To test resting amygdala-vACC connectivity as a neural marker of
hypervigilance, we conducted bivariate Spearman’s rank correlations
between amygdala-vACC connectivity at rest and during novel and familiar runs (reactivity-based neural measures of hypervigilance)
(Bonferroni-corrected α = 0.05/2 = 0.025). Resting amygdala-vACC
connectivity was associated with amygdala-vACC connectivity during
novel runs (ρ = 0.39, p = 0.010; no PTSD: ρ = 0.42, p = 0.008; with
medication use as a covariate: F(1,40) = 8.43, p = 0.006, partial
η2 = 0.17; Fig. 4) and familiar runs (ρ = 0.36, p = 0.019; no PTSD: ρ =
0.46, p = 0.004; with depressed mood as a covariate: F(1,38) = 5.52,
p = 0.024, partial η2 = 0.13; with medication use as a covariate: F
(1,39) = 5.30, p = 0.027, partial η2 = 0.12; with age as a covariate: F

Fig. 2. Group diﬀerences in the neural
alerting response, indexed by functional
connectivity between the left amygdala and
the ventral anterior cingulate cortex
(vACC) during novelty processing. Traumaexposed women showed greater amygdalavACC connectivity during viewing of novel
and familiar aﬀective scenes (exaggerated
and persistent neural novelty response, respectively) and impaired habituation of
amygdala-vACC connectivity. AmygdalavACC connectivity was greater during
novel vs. familiar runs in no-trauma controls only. Bars represent mean parameter
estimates (unstandardized betas; arbitrary
units) extracted from the vACC region (top
left panel). Error bars represent standard
errors.
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(1,36) = 5.47, p = 0.025, partial η2 = 0.13), and an interaction between trauma exposure and basal sAA (F(1,36) = 4.13, p = 0.049,
partial η2 = 0.10) on amygdala-vACC connectivity during novel runs
(full model: F(4,36) = 5.12, p = 0.005, Adj. R2 = 0.24; Fig. 4). The
model remained signiﬁcant after we excluded participants with PTSD (F
(4,32) = 5.67, p = 0.003, Adj. R2 = 0.29). There was no main eﬀect of
medication use (F(1,35) = 0.16, p = 0.692, partial η2 < 0.01) or depressed mood (F(1,35) = 0.51, p = 0.478, partial η2 = 0.01).
There was no main eﬀect of basal sAA (F(1,35) = 1.78, p = 0.191,
partial η2 = 0.05) and no interaction between trauma exposure and
basal sAA (F(1,35) = 0.02, p = 0.879, partial η2 < 0.01) on amygdalavACC connectivity during familiar runs.

p = 0.974, d = 0.01). We also tested associations between mean FD and
amygdala-vACC connectivity during rest and task scans using
Spearman’s correlations. FD was not correlated with amygdala-vACC
connectivity (Rest: ρ = 0.15, p = 0.335; Novel runs: ρ = -0.01,
p = 0.942; Familiar runs: ρ = -0.12, p = 0.463). These results suggest
that our preprocessing pipeline was successful in removing motion artifacts, and that head motion is not likely to have had an eﬀect on our
connectivity estimates or to drive the observed group diﬀerences in
amygdala connectivity.
3.5. Salivary biomarkers
To conﬁrm previously reported alterations in basal neuroendocrine
stress system activity post-trauma, we compared basal sAA and cortisol
in TE women vs. controls using independent-samples t-tests. Twentytwo TE participants and 18 controls provided saliva samples with
adequate volume for sAA assay. The groups did not diﬀer in basal sAA, t
(38) = 0.08, p = 0.938, d = 0.02 (Fig. 3). Twenty-two TE participants
and 19 controls provided saliva samples with adequate volume for
cortisol assay. Basal cortisol was lower in the TE group (d = 0.44), although the group diﬀerence did not reach statistical signiﬁcance, t
(39) = 1.40, p = 0.170 (Fig. 3). Neither analyte was correlated with the
total number of PTSD symptoms or any symptom cluster separately (all
p-values > 0.05).
To test basal sAA and cortisol as neuroendocrine biomarkers of
hypervigilance, we tested the eﬀect of trauma exposure on associations
between the salivary biomarkers and (1) resting amygdala-vACC connectivity (candidate resting-state neural marker of hypervigilance) and
(2) amygdala-vACC connectivity during novel and familiar runs (reactivity-based neural measures of hypervigilance) using robust regression to mitigate the eﬀects of potentially inﬂuential values (Bonferronicorrected α = 0.05/6 = 0.008). There was no main eﬀect of basal
cortisol and no interaction between trauma exposure and basal cortisol
on amygdala-vACC connectivity either at rest or during novel or familiar runs. There was a main eﬀect of trauma exposure (F
(1,35) = 7.63, p = 0.009, partial η2 = 0.18) and an interaction between
trauma exposure and basal sAA (F(1,35) = 5.22, p = 0.028, partial
η2 = 0.13) on resting amygdala-vACC connectivity (full model: F
(4,35) = 4.39, p = 0.01, Adj. R2 = 0.21; Fig. 4). The model was signiﬁcant after we excluded participants with PTSD (F(4,32) = 4.78,
p = 0.007, Adj. R2 = 0.25). There was no main eﬀect of medication use
(F(1,34) = 0.33, p = 0.567, partial η2 < 0.01) or depressed mood (F
(1,34) = 0.16, p = 0.691, partial η2 < 0.01).
There was a main eﬀect of trauma exposure (F(1,36) = 5.62,
p = 0.023, partial η2 = 0.14), a main eﬀect of basal sAA (F

4. Discussion
4.1. Greater amygdala-vACC connectivity as a sustained neural alerting
response
Trauma-exposed (TE) women showed greater resting connectivity
between the left amygdala and the ventral anterior cingulate cortex
(vACC), which are critically implicated in threat detection (e.g., Liddell
et al., 2005) and regulation of the behavioral and neuroendocrine responses to threat (e.g., Herman et al., 2012; Vogt and Derbyshire,
2009). Moreover, in TE women, greater amygdala-vACC connectivity
was present both during processing of aﬀective information and at rest.
These results are consistent with previous reports of greater amygdalavACC connectivity in TE people at rest (e.g., Thomason et al., 2015) and
during aﬀective tasks, such as symptom provocation (e.g., Osuch et al.,
2008) and recall of negative autobiographical memories (St. Jacques
et al., 2011). Similarly, in normative samples, increased amygdalavACC connectivity has been observed during various stress-related
tasks, including threat anticipation (Gold et al., 2015), response to
subliminal threat (e.g., Carlson et al., 2009), and after acute stress (e.g.,
Hermans et al., 2011), suggesting that greater amygdala-vACC connectivity might reﬂect a higher-arousal state that is associated with
hyper-reactivity to actual threat-relevant information and hypervigilance for potential (but not present) threat.
Persistence of greater amygdala-vACC connectivity in TE women
during aﬀective processing and at rest suggests a fairly stable characteristic, which is consistent with a chronic state. Such stability is
consistent with previous studies that demonstrated temporal stability
and reproducibility of individual diﬀerences in functional connectivity
identiﬁed through resting-state fMRI (e.g., Chen et al., 2015; Choe
et al., 2015; Shah et al., 2016; Xu et al., 2016). Stable connectivity
diﬀerences permit accurate identiﬁcation of individuals (e.g., Finn
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Fig. 3. Basal neuroendocrine biomarkers by group. Basal salivary alpha-amylase did not diﬀer by group. Trauma-exposed women showed a non-signiﬁcant trend
(p = 0.170, d = 0.44) towards lower basal cortisol compared to no-trauma controls. Error bars represent standard errors.
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Fig. 4. Greater resting connectivity between the left amygdala and the ventral anterior cingulate cortex (vACC) is associated with greater neural alerting response to
novelty (left panel) and higher basal sympathetic activity in trauma-exposed women (middle panel). Higher basal sympathetic activity is also associated with greater
neural alerting response to novelty in trauma-exposed women only (right panel). Amygdala-vACC connectivity represents mean parameter estimates (unstandardized
betas; arbitrary units) extracted from the vACC region.

upon repeated stimulus presentation (e.g., Weierich et al., 2010). The
vACC might also be part of novelty detection circuitry, as it shows
evidence of increased reactivity to novelty (e.g., Berns et al., 1997;
Weierich et al., 2010) and habituation (Williams et al., 2006). Thus, an
initial increase in amygdala-vACC connectivity might be part of a
normative alerting response to novelty, which is followed by a decrease
in connectivity as part of normative habituation.
In TE women, however, amygdala-vACC connectivity did not diﬀer
during processing of novel vs. familiar information and was consistently
higher than in controls, suggesting an exaggerated and persistent neural
alerting response. These results align with previously documented
hyper-reactivity to novelty and impaired habituation in TE people,
which might reﬂect chronic trauma-related hypervigilance (e.g., Yoon
and Weierich, 2016; 2017). For example, greater trauma symptom severity is associated with heightened autonomic (e.g., Hendrickson and
Raskind, 2016) and neural reactivity to novel information (e.g., van den
Bulk et al., 2016). Similarly, trauma exposure and trauma-related
symptoms have been associated with delayed habituation of the autonomic (e.g., Hendrickson and Raskind, 2016) and amygdala responses
to aﬀective information (e.g., Yoon and Weierich, 2017). Finally, a
temperamental tendency to avoid novel stimuli and environments also
has been associated with heightened amygdala reactivity to novel stimuli (Schwartz et al., 2003) and impaired amygdala habituation (e.g.,
Blackford et al., 2012). Thus, an indiscriminately sustained increase in
amygdala-vACC connectivity during processing of novel but also familiar information might index an exaggerated and persistent neural
alerting response, indicative of chronic hypervigilance.
Consistent with our hypothesis, an exaggerated neural alerting response to novelty, indexed by amygdala-vACC connectivity, was associated with greater resting amygdala-vACC connectivity, supporting the
proposed role of resting connectivity as a resting-state neural marker of
hypervigilance. We speculate that greater synchronization of resting
amygdala and vACC activity in TE women might reﬂect sustained activation of the neural alerting response and underlie chronic traumarelated hypervigilance, which in turn might prime threat-detection
circuitry for an exaggerated and persistent alerting response to novelty.

et al., 2015), and predict individual diﬀerences in behavior (e.g.,
Magnuson et al., 2015), task performance (e.g., Tavor et al., 2016), and
responsiveness to treatment (e.g., Drysdale et al., 2017), and the associations between resting-state connectivity and behavioral measures are
a stable characteristic, as well (e.g., Touroutoglou et al., 2015).
Evidence from animal research and human neuroimaging studies
suggests that the amygdala-vACC circuit is part of the innate neural
alarm system, a subcortico-cortical network involved in automatic
threat detection (e.g., Liddell et al., 2005). Within this network, the
amygdala is thought to evaluate the motivational and aﬀective signiﬁcance of incoming sensory information (e.g., detect potential
threat), and feed its aﬀective assessments (e.g., danger signals) to the
vACC (e.g., Stein et al., 2007). The vACC in turn initiates an orienting
response to biologically or perceptually salient stimuli and modulates
amygdala activity in a top-down manner. Neuroanatomical support for
this theory comes from evidence of positive intrinsic functional coupling (e.g., Roy et al., 2009) and reciprocal excitatory connections between the vACC and the amygdala (e.g., Stefanacci and Amaral, 2002).
In addition, the amygdala exerts a strong bottom-up inﬂuence on the
vACC during aﬀective processing (Stein et al., 2007), possibly relaying
the aﬀective signiﬁcance of incoming stimuli. Thus, greater synchronization of amygdala and vACC activity in TE people might reﬂect increased stimulation of the vACC by the amygdala as part of an exaggerated neural alerting response. This interpretation is consistent
with prior evidence of stronger direct inﬂuences of the amygdala on the
vACC in people with PTSD during symptom provocation (Gilboa et al.,
2004). Persistence of amygdala-vACC connectivity at rest suggests
sustained activation of the neural alerting response even in the absence
of threat, and this activation might underlie chronic trauma-related
hypervigilance. Consistent with this interpretation, greater resting
amygdala-vACC connectivity has been associated with perceived
chronic stress (Taren et al., 2015) and faster orienting to threat (Carlson
et al., 2013).
4.2. Exaggerated and persistent novelty response as a reactivity-based index
of hypervigilance
In no-trauma controls, amygdala-vACC connectivity was greater in
response to novel compared to familiar information. This result is
consistent with the well-established role of the amygdala in novelty
detection. As part of its threat detection function, the amygdala shows a
fast and automatic alerting response to novel stimuli, which habituates

4.3. Elevated basal sympathetic tone as a physiological marker of chronic
hypervigilance
TE women had lower basal cortisol than controls, consistent with
the well-documented post-trauma HPA blunting (e.g., Galatzer-Levy
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4.4. Limitations

et al., 2017). However, basal cortisol was not associated with a hypervigilant neural response to either novel or familiar information,
suggesting that it is not a reliable endocrine marker of trauma-related
hypervigilance. Counter to previous reports of elevated basal sympathetic activity (e.g., Pole, 2007), including activity indexed by salivary
alpha-amylase (sAA; e.g., Vigil et al., 2010), TE women as a group did
not show greater sAA compared to controls. This result might be attributed to the fact that our TE sample was high-functioning and represented the moderate range of trauma symptoms.
However, basal sympathetic tone varied among our TE women
(consistent with general individual diﬀerences and the considerable
variability in symptoms among trauma survivors), such that TE women
with the highest basal sympathetic activity showed a hypervigilant
neural response to novelty and at rest. This result is consistent with
previous associations between trauma-related hyperarousal symptoms
and noradrenergic hyperactivity, indexed by increased basal sympathetic tone (e.g., Keeshin et al., 2015; Pole, 2007) and central norepinephrine neurotransmission (e.g., Hendrickson and Raskind, 2016).
Similarly, trauma-related hyperarousal and re-experiencing symptoms
can be induced via pharmacologic stimulation of brain norepinephrine
release and respond well to treatment with drugs that block norepinephrine neurotransmission (e.g., Hendrickson and Raskind, 2016).
In addition, trait hypervigilance has been associated with autonomic
hyperarousal and sympathetic hyper-reactivity (e.g., Williams et al.,
2009).
The association between basal sympathetic tone and amygdalavACC connectivity during aﬀective processing and at rest is not surprising, as the amygdala and the vACC are key regions of the central
autonomic network (e.g., Beissner et al., 2013). Both the amygdala
(e.g., Herman et al., 2012) and the vACC (e.g., Vogt and Derbyshire,
2009) activate the autonomic and endocrine responses to psychological
stressors, such as unfamiliar situations and environments, via their
projections to eﬀector nuclei in the limbic system, hypothalamus, and
brainstem. In rodents, electrical stimulation of the amygdala or the
animal homolog of the vACC and the adjacent ventral medial prefrontal
cortex elicits sympathetic and HPA activation, promotes anxiety-like
behavior, and facilitates subsequent fear learning (e.g., Bissière et al.,
2008). Conversely, lesions or transient inactivation of the amygdala or
the vACC region that has direct projections to the amygdala reduce the
HPA stress response (e.g., Radley et al., 2006), impair fear acquisition,
and inhibit conditioned cardiovascular and behavioral responses to
stress (e.g., Bissière et al., 2008). Taken together, the literature and our
results suggest that elevated sympathetic tone observed in some TE
people, which predicts hypervigilant responses to novelty, might stem
from functional abnormalities in the amygdala-vACC circuit that underlie sustained activation of the neural alerting response.
Our results also align with our previous research (e.g., Yoon and
Weierich, 2016) and other work (e.g., Keeshin et al., 2015; Vigil et al.,
2010) suggesting that sAA might serve as a salivary biomarker of neural
hypervigilance and autonomic hyperarousal. As a resting-state biomarker, basal sAA has a number of advantages over traditional measures of hypervigilance, such as self-report and potentiated physiological reactivity to aﬀective stimuli. For example, basal sAA can be
measured at rest without imposing additional burden on the stress
system and might be more reliable and objective than self-report, as it
indexes a hypervigilant brain state (i.e., exaggerated neural novelty
response).
Our results also suggest that, similar to other trauma-related
symptoms, the severity and duration of chronic hypervigilance varies
among TE people (hence the absence of a group diﬀerence in basal
sympathetic tone), such that hypervigilance might be greatest in people
with elevated basal SNS activity and sustained synchronization of
threat-detection circuitry. We speculate that our candidate basal markers of hypervigilance might be consistently elevated in a clinical
sample of trauma survivors – a promising avenue for future work.

Our study has several limitations. First, due to our relatively small
and high-functioning TE sample with a restricted range of symptom
counts, and an absence of more nuanced symptom frequency and severity data, we were not able to test the sensitivity and speciﬁcity of the
proposed markers of chronic hypervigilance. It is possible that the associations identiﬁed in our non-clinical sample might be even stronger
in people with diagnosed psychopathology, however such a question
requires additional symptom data.
In addition, the proposed biomarkers of hypervigilance should be
tested in men, given well-documented sex diﬀerences in stress reactivity (e.g., Kajantie and Phillips, 2006) and amygdala connectivity
(e.g., Kilpatrick et al., 2006). Relatedly, we did not assess ovarian
hormones, which are associated with ﬂuctuations in stress reactivity
(e.g., Kajantie and Phillips, 2006) and connectivity of aﬀective neural
circuitry (e.g., Peper et al., 2011). Future work should test the eﬀects of
sex hormones on the proposed markers of hypervigilance.
Finally, we used an exaggerated and persistent neural novelty response as a reactivity-based index of trauma-related hypervigilance
(e.g., Yoon and Weierich, 2016; 2017). However, to assess the reliability of the proposed resting-state markers of chronic hypervigilance,
future studies should test their associations with other behavioral and
physiological measures of hypervigilance, such as increased visual
scanning (e.g., Kimble et al., 2013) or exaggerated startle (e.g., Pole,
2007).
4.5. Conclusions and implications
Together, our results suggest that increased synchronization of
threat-detection circuitry in the absence of threat and elevated basal
sympathetic tone might serve as resting-state markers of chronic hypervigilance and provide complementary information about the underlying cognitive and physiological mechanisms, respectively. These
results align with the neurobiological model of chronic hypervigilance,
conceptualized as sustained activation of the neural alerting response,
which primes threat-detection circuitry and the neuroendocrine stress
systems for an exaggerated and persistent response not only to threatrelevant information, but also to salient, yet innocuous, stimuli. Given
the utility of chronic hypervigilance in predicting long-term clinical
outcomes (Schell et al., 2004), the identiﬁed non-invasive resting-state
markers might hold diagnostic and prognostic promise in clinical settings. For example, the proposed neural and neuroendocrine biomarkers could help identify trauma survivors who are more likely to
beneﬁt from treatments aimed at reducing cognitive hypervigilance and
physiological hyperarousal, respectively, as well as serving as outcome
markers of treatment eﬀectiveness.
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