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Sustained anxiety increases amygdala–dorsomedial 
prefrontal coupling: a mechanism for maintaining 
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Introduction

While fear is a short-duration defensive response to clearly 
identifiable impending danger, anxiety is a more sustained feel-
ing of apprehension or dread about uncertain future threat.1 A 
wealth of basic science studies in animals and neuroimaging 
studies in humans indicate that the amygdala plays a key role 
in threat detection, fear learning and fear expression. However, 
while the amygdala is critical to initiate defensive responses to 
threat, its activation is of short duration and habituates rapidly, 
even when the behavioural manifestation of fear persists.2 This 
raises the question of the neural system involved in the mainte-
nance of sustained defensive responses. A potential mechanism 
by which persistent brain states are maintained is via an inter-
active system of synchronization.3,4 Based on animal models 
that suggest the involvement of a prefrontal mechanism in this 

protracted response,2 we hypothesized a pivotal role for the 
dorsomedial prefrontal cortex (DMPFC) in the face of pro-
longed uncertain threat (i.e., anxiety). Specifically, we suggest 
that the DMPFC sustains defensive readiness during anxiety by 
maintaining synchronized activity with structures, including 
the amygdala, that are responsible for the signs and symptoms 
of anxiety.

Fear mechanisms can be studied in animals using fear 
conditioning procedures. Firing of amygdala neurons in 
response to a conditioned stimulus have substantially 
shorter duration than conditioned responses,5,6 such as 
freezing, suggesting that while the amygdala initiates 
 defensive responses, it does not maintain them. Similarly, 
in humans the amygdala is only transiently associated 
with the expression of defensive responses but does not 
seem to be involved in their maintenance.7,8 This raises the 
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Background: Neuroimaging research has traditionally explored fear and anxiety in response to discrete threat cues (e.g., during fear condi-
tioning). However, anxiety is a sustained aversive state that can persist in the absence of discrete threats. Little is known about mechanisms 
that maintain anxiety states over a prolonged period. Here, we used a robust translational paradigm (threat of shock) to induce sustained anx-
iety. Recent translational work has implicated an amygdala–prefrontal cortex (PFC) circuit in the maintenance of anxiety in rodents. To ex-
plore the functional homologues of this circuitry in humans, we used a novel paradigm to examine the impact of sustained anticipatory anxiety 
on amygdala–PFC intrinsic connectivity. Methods: Task-independent fMRI data were collected in healthy participants during long-duration 
periods of shock anticipation and safety. We examined intrinsic functional connectivity. Results: Our study involved 20 healthy participants. 
During sustained anxiety, amygdala activity was positively coupled with dorsomedial PFC (DMPFC) activity. High trait anxiety was associated 
with increased amygdala–DMPFC coupling. In addition, induced anxiety was associated with positive coupling between regions involved in 
defensive responding, and decreased coupling between regions involved in emotional control and the default mode network. Limitations: In-
ferences regarding anxious pathology should be made with caution because this study was conducted in healthy participants. Conclusion: 
Findings suggest that anticipatory anxiety increases intrinsic amygdala–DMPFC coupling and that the DMPFC may serve as a functional 
homo logue for the rodent prefrontal regions by sustaining anxiety. Future research may use this defensive neural context to identify bio-
markers of risk for anxious pathology and target these circuits for therapeutic intervention.
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 question of which mechanism underlies the maintenance 
of anxiety responses.

The search for structures involved in the maintenance of 
defensive states has identified sites in the medial prefrontal 
cortex. In rodents, the prelimbic cortex tracks the behavioural 
manifestation of anxiety (i.e., freezing).2 In nonhuman pri-
mates the dorsal anterior cingulate cortex (dACC), which has 
similar anatomy and connectivity to that of the rodent prelim-
bic cortex,9,10 is also engaged in defensive response expression 
to uncertain threat.11 In humans, there is no known functional 
homologue of the prelimbic cortex, although evidence sug-
gests that dorsal portions of the PFC (Brodmann areas [BA] 8 
and 9 and dorsal regions of BA 32) are involved in fear learn-
ing,12 threat appraisal13,14 and maintenance of anxiety-related 
behavioural biases, such as heightened attention to emotion-
ally negative stimuli.15 Further, serotonergic excitation of the 
amygdala–DMPFC circuit, accompanied by the amplification 
of negative behavioural biases, suggests that this circuit may 
be a prime target for pharmacological intervention.16 Crit-
ically, these findings indicate that communication between 
the DMPFC and amygdala may be integral to both modulat-
ing and preserving anxiety state over time. Although promis-
ing, this work does not directly address the neural substrates 
of sustained anticipatory anxiety in the absence of external 
stimuli. Further research is therefore necessary to examine in-
volvement of this circuit in the maintenance of anxiety. In ad-
dition, much of the neuroimaging research on anxiety has 
been conducted in the context of behavioural tasks, rather 
than in the emotional context of the anxious state itself. In this 
line of research, discrete cues are typically used to indicate im-
minent threat (e.g., fear conditioning paradigms; for a review 
see Büchel and Dolan17), or short-duration periods of unpre-
dictable threat are used to induce anxiety during a behav-
ioural task (e.g., threat of shock paradigms; for a review see 
Robinson and colleagues18). These approaches are limited in 
that responses to discrete threat cues may not model clinically 
relevant sustained anxiety.1

To address these limitations, a task-independent approach 
was adopted to induce sustained anxiety using a well- 
validated shock anticipation paradigm.1 Current interest in 
task-independent slow neural connectivity signal fluctua-
tions (e.g., resting-state paradigms) centres on the belief that 
they may represent some intrinsic form of brain functional 
connectivity within a discrete neuroanatomical system.19 Al-
though intrinsic correlations are enduring phenomena and 
often viewed as somewhat endogenous, they are also influ-
enced by changes in active brain states20 and are sensitive to 
both pharmacological manipulations21 and subjective experi-
ence.22 Further, the temporally extended nature of intrinsic 
connectivity paradigms provides a perfect venue with which 
to examine the influence of a sustained state on the baseline 
milieu of the brain.

Previous intrinsic connectivity research has either focused 
on resting state connectivity associated with random inter-
subject variability in state anxiety in the absence of explicit 
threat,23 connectivity associated with a specific clinical disor-
der,24 or between-subject differences in connectivity follow-
ing a stressful event (e.g., an aversive movie),25 but not dur-

ing stress induction itself. In short, the amygdala–DMPFC 
connectivity associated with a sustained anxious state versus 
sustained safety has yet to be explored.

Here we implemented a within-subject resting state para-
digm coupled with a translational method of anxiety induc-
tion (unpredictable threat of shock) that serves as a robust 
model of anxiety disorders.18,26 A within-subject design pro-
vided an effective method for evaluating neural changes 
within the same individuals and allowed us to uniquely com-
pare connectivity during a sustained anxious state and a 
baseline state.

The main aim of the study was to examine the effect of in-
duced anxiety on amygdala–PFC connectivity. Based on the 
reviewed evidence, we predicted that anticipatory anxiety 
would increase amygdala–DMPFC coupling. A second aim 
was to examine amygdala and DMPFC connectivity across the 
whole brain in order to identify additional circuitry influenced 
by these structures. Neural systems supporting hypervigi-
lance,22 interoceptive awareness,27 apprehension,28 defensive 
readiness29 and aversive bias15 are engaged when an individ-
ual is anxious, and the literature suggests that prefrontal and 
amygdala interactions may play an important role in orches-
trating these responses. We also sought to explore whether 
emotional control (e.g., ventromedial PFC; vmPFC30) systems 
were spontaneously engaged during threat processing. Previ-
ous research has shown that individuals may spontaneously 
initiate top–down emotion regulation processes, suggesting 
that these regions may be engaged in the threatening context 
(for a review see Mauss and colleagues31). Specifically, we pre-
dicted that during anticipatory anxiety, signal in the amygdala 
and DMPFC seeds would be more positively coupled with 
structures that mediate defensive readiness (e.g., insula, thala-
mus, basal ganglia) and those that support a salience network 
(e.g., insula, ACC32) than during safety and less negatively 
coupled with regions implicated in emotional control (e.g., 
vmPFC30) and regions typically coupled during baseline (i.e., 
those involved in the default mode network [DMN], such as 
the precuneus and posterior cingulate). Ultimately, we sought 
to determine if positive DMPFC–amygdala coupling is associ-
ated with sustained anticipatory anxiety and whether such 
coupling is dependent on vulnerability to anxiety disorders 
(i.e., trait anxiety).

Methods

Participants

We recruited individuals with normal or corrected-to-normal 
vision for participation in the study from 2010 to 2011. Upon ar-
rival, recruits completed an intake evaluation consisting of a 
physical exam, urine screen and a Structured Clinical Interview 
for assessing DSM-IV Axis I psychiatric diagnoses.33 Exclusion 
from the study was based on the following criteria: acute or 
chronic medical condition, past or current psychiatric disor-
ders, use of psychoactive medications or illicit drugs, lifetime 
history of alcohol or drug dependence, current pregnancy or 
breastfeeding, structural brain abnormalities on MRI, or MRI 
contraindications. We also excluded individuals because of 
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excessive movement, physiologic equipment failure, or incom-
plete fMRI data. All participants provided written informed 
consent and received compensation for taking part in the study. 
The Combined Neuroscience Institutional Review Board of the 
National Institutes of Health approved our study protocol.

Stimuli and apparatus

We used a Digitimer constant current stimulator (DS7A; 
Digitimer) to present shocks. Shocks were administered to 
the top of the left foot using 2 Ag/AgCl electrodes (6 mm). 
Shock intensity was determined individually during a 
workup procedure performed in the scanner before scan-
ning. Participants were told that the shock level could vary 
70%–130% from the original level selected. This technique 
was used to introduce additional unpredictability of the 
threat and has been shown to induce a sustained anxious 
state.34,35 No shocks were actually delivered during the rest-
ing state runs.

Sustained anxiety procedure

Two 6-minute runs were used to assess neural connectivity 
during anticipatory anxiety and safety. During 1 run, the word 
“THREAT” was presented on the screen, and participants 
were told that they could be shocked at any time. During an-
other run (counterbalanced), the word “SAFE” was presented 
on the screen, and participants were told that they would not 
receive any shocks and were completely safe. Participants 
were asked to lay still, clear their minds, keep their eyes open 
and focus on the word that was presented on the screen for the 
entire run. Anxiety ratings on a scale of 0 (no anxiety) to 9 (ex-
treme anxiety) were verbally collected immediately after each 
run to determine the internal state of participants during the 
previous scan. We used the Spielberger Trait Anxiety Inven-
tory (STAI, Form Y36) to assess trait anxiety.

Image acquisition

Functional MRIs were acquired on a GE Signa HDXT 3 T 940 
scanner equipped with an 8-channel coil array. Ambient 
lights were turned off to limit visual distraction. Both 
6- minute runs (180 sagittal volumes, with parallel imaging to 
increase coverage) had identical imaging parameters: repeti-
tion time (TR) 2000 ms, echo time (TE) 30 ms, slice thickness 
3.5 mm, flip angle 90°, field of view (FOV) 22 × 22 cm, matrix 
64 × 64. The first 5 volumes from each run were discarded to 
allow for magnetization equilibrium before image acquisi-
tion. The structural T1-weighted image was acquired using a 
magnetization prepared rapid gradient echo sequence: flip 
angle 10°, TR 7200 ms, TE 3000 ms, slice thickness 1.0 mm, 
slice spacing 0 mm, inversion time 450 ms, FOV 24 × 24 cm, 
matrix 224 × 224. 

Physiologic data acquisition

We measured respiration volume using a bellows belt placed 
around the diaphragm, and we measured heart rhythm 

 using a pulse oximeter cuff placed around the right index fin-
ger. Respiration and pulse data were sampled at 50 Hz.

Image preprocessing

All data were processed in Analysis of Functional Neuro-
Images37 and FreeSurfer,38 using the ANATICOR approach to 
remove local artifacts in the echo planar imaging signal and 
to reduce the distance-dependent bias39 (i.e., increased prox-
imal and decreased distal correlations that result from arti-
facts in the data) identified by Power and colleagues40 with-
out introducing the problems associated with global signal 
regression.41 At the single-subject level potential artifacts 
were addressed by truncating signal spikes, modelling 
physio logic noise using cardiac and respiratory phase, and 
modelling movement using 6 rigid-body motion parameter 
regressors. We discarded data in cases of excessive motion 
(centre of mass deviation > 1.5 mm). After slice-time correc-
tion, the anatomy and second time series acquired were reg-
istered to the first time series. The aligned anatomy was pro-
cessed through FreeSurfer’s automated pipeline in order to 
reconstruct the cortical surface area and conduct whole-brain 
parcellation. White matter and lateral ventricle masks were 
extracted and eroded 1 voxel in each direction (to reduce par-
tial volume effects). In the final regression model we entered 
the following regressors: local estimates of eroded white mat-
ter and ventricle signal, motion parameters and respiration 
and cardiac signal. In cases where erosion of the ventricle 
mask eliminated the mask entirely, it was not included in the 
analysis for these participants. Variance explained by these 
nuisance regressors was discarded, and the residual variance 
(assumed to be an estimate of the true grey matter signal) 
was kept as the variable of interest. The residuals were 
 bandpass filtered from 0.01 to 0.1 Hz, converted to Talairach 
space, and smoothed with a 6 mm full-width at half- 
maximum Gaussian kernel.

Seed-based functional connectivity analysis

Amygdala and DMPFC regions of interest seeds were cre-
ated so that signal in these regions could be correlated with 
signal in the rest of the brain. The right amygdala seed was 
selected based on each participant’s FreeSurfer parcellation, 
and each mask was verified against the corresponding anat-
omy. The bilateral DMPFC seed was selected based on a 
meta-analysis of instructed fear studies (i.e., studies that in-
duced anticipatory anxiety).12 An 8 mm sphere was centred 
on the DMPFC cluster maximum (Montreal Neurological In-
stitute [MNI] space x, y, z = 0, 16, 36) and converted to Talai-
rach space (x, y, z = –1, 10, 38) using the icbm2tal transform 
implemented in GingerALE.42,43 The fMRI signal was ex-
tracted from both seeds for the threat and safe runs. The cor-
relation analysis consisted of quadratic fitting of the baseline 
and drift, whole-brain correlation with the extracted time 
 series and transformation of the output using Fisher z in 
preparation for group analysis. At the group level, we per-
formed a t test on the individual participants’ z scores for the 
threat and safe runs using the amygdala seed and the 
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DMPFC seed. These maps were then entered into a second 
t test to examine differences in amygdala connectivity during 
threat versus safe runs (addressing the question, “What are 
the areas with which the amygdala shows differential con-
nectivity as a function of induced anxiety?”) and differences 
in DMPFC connectivity during threat versus safe runs (ad-
dressing the question, “What are the areas with which the 
DMPFC shows differential connectivity as a function of in-
duced anxiety?”). In addition to the whole-brain connectivity 
analysis performed with the amygdala and DMPFC seeds, 
we specific ally assessed coupling between the amygdala and 
DMPFC by comparing a correlation analysis on the time 
course extracted from each seed during anticipatory anxiety 

and safety (addressing the question, “Does sustained anxiety 
modify amygdala–DMPFC connectivity?”). All maps were 
thresholded using a false discovery rate correction at q < 0.05 
and restricted to clusters of 20 voxels or larger.

Results

Participants

Thirty-one healthy right-handed individuals (16 men) were 
recruited and received compensation for participation in the 
study. We excluded data from our analyses for 8 participants 
because of excessive movement, for 2 because of physiologic 
equipment failure and for 1 because of incomplete fMRI data. 
The final group consisted of 20 adults (13 men; mean age 28 
[range 22–37] yr).

Anxiety manipulation check

All participants reported that they expected to receive shocks 
and were significantly more anxious during the threat run 
than the safe run (anxiety during threat run: mean 5.6 ± 1.9; 
anxiety during safe run: 1.9 ± 1.5; t19 = 8.10, p < 0.001).

Neural connectivity during anticipatory anxiety versus 
safety

In preparation for comparison between the 2 states, we first 
identified the connectivity during threat of shock and safety 
separately by conducting a simple correlation using the right 
amygdala and DMPFC as seeds for each run. During the an-
ticipatory anxiety period, right amygdala activity was posi-
tively coupled with activity in the DMPFC, dACC, posterior 
cingulate, bilateral insula and orbitofrontal cortex (OFC); 
DMPFC activity was positively coupled with activity in the 
bilateral amygdala (confirming the correlation between these 
regions with the amygdala as a seed), dACC, bilateral basal 
ganglia (caudate, putamen), insula and paracentral lobule. In 
contrast, during the safety period, right amygdala activity 
was positively coupled with activity in the vmPFC, posterior 
cingulate, precuneus and superior frontal gyrus. Similar to 
threat, during safety DMPFC activity was positively coupled 
with activity in the ACC, bilateral basal ganglia (caudate, pu-
tamen) and insula, but not the amygdala.

To examine the differential connectivity during threat of 
shock versus safety, using the latter as a baseline measure to 
address connectivity changes induced by anxiety, we con-
ducted a t test comparing connectivity during anxious (threat 
run) and safety (safe run) states for the amygdala and DMPFC 
seed (see Table 1 for significant clusters). During  anticipatory 
anxiety in comparison to safety, right amygdala activity was 
positively coupled with activity in the DMPFC, bilateral in-
sula, bilateral basal ganglia and thalamus (Fig. 1). In contrast, 
right amygdala activity was negatively coupled with activity 
in the vmPFC, bilateral inferior temporal gyrus (ITG), poster-
ior cingulate and precuneus. Activity in the DMPFC during 
threat versus safe runs was positively  correlated with activity 
in the right amygdala, left insula, bilateral basal ganglia and 

Table 1: Whole-brain regions showing significant differences in 
connectivity with the seed regions in the contrast threat > safe

Seed (direction); location

Talairach 
coordinates;  

x, y, z
Peak t 
value Voxels

Amygdala (Pos)

L basal ganglia 23 –3 –4 3.1 188

R basal ganglia –31 5 –4 2.5 167

R thalamus –7 –11 12 2.8 105

R middle frontal gyrus –41 –47 18 3.2 64

L thalamus 15 21 2 3.1 47

R insula –37 15 14 3.5 44

R OFC –13 –53 –12 3.0 41

L insula 41 17 8 3.3 38

L parahippocampal gyrus 19 37 6 3.7 37

R middle occipital gyrus –39 71 6 3.0 30

L OFC 7 –49 –12 3.0 27

R DMPFC –5 –23 46 2.5 21

Amygdala (Neg)

R vmPFC –5 –23 –12 –2.8 48

R parahippocampal gyrus –25 11 –26 –3.1 43

L fusiform gyrus 37 21 –22 –3.3 35

R precuneus –7 69 28 –3.2 29

L ITG 39 –1 –28 –2.8 27

DMPFC (Pos)

L thalamus 9 3 12 3.0 164

R anterior cingulate gyrus –3 –19 32 3.7 84

R middle cingulate –3 5 46 3.3 66

R OFC –37 –31 –10 4.0 34

L insula 49 7 12 3.5 21

R amygdala –13 1 –16 2.9 20

DMPFC (Neg)

R ITG 55 37 –16 –4.4 256

L posterior cingulate 5 31 34 –4.0 110

L parahippocampal 
gyrus/ inferior temporal 
gyrus

31 15 –26 –5.3 81

L posterior cingulate –1 33 32 –3.1 58

R cuneus –3 81 6 –3.7 42

L parahippocampal gyrus 17 1 –24 –4.9 27

DMPFC = dorsomedial prefrontal cortex; ITG = inferior temporal gyrus; L = left;  
Neg = negative; OFC = orbitofrontal cortex; Pos = positive; R = right;  
vmPFC = ventromedial prefrontal cortex. 
False discovery rate–corrected at q < 0.05.
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dACC (Fig. 2). In contrast, activity in the DMPFC was nega-
tively correlated with activity in left ITG.

Trait anxiety predicts increased amygdala–DMPFC  
coupling

Previous research12,15,44 and results from the present study 
suggest that the amygdala and DMPFC are integrally in-
volved in a neural circuit that supports anxiety. To examine 
the potential impact of dispositional anxiety on amygdala 
and DMPFC coupling, we conducted Pearson product- 
moment correlation analyses between amygdala–DMPFC 
connectivity and trait anxiety. During sustained anticipatory 
anxiety, positive amygdala–DMPFC coupling was positively 
correlated with trait anxiety (r = 0.457, p = 0.043; Fig. 3). 
In  contrast, when participants were safe from shock, 
amygdala– DMPFC coupling was not related to trait anxiety 
(r = 0.103, p = 0.67). Further, a Steiger Z-test demonstrated 
that the association between trait anxiety and amygdala–
DMPFC coupling was significantly stronger in the threat 
versus the safe condition (Z17 = 2.07, p = 0.039).36

Supplemental psychophysiological analysis

To address the possibility that we excluded potentially mean-
ingful MRI signal (v. artifact) by regressing out pulse and res-
piration data, we conducted a supplemental analysis of the 
physiologic data to determine if there were obvious differ-
ences in the mean signal between threat and safe conditions. 
Paired-sample t tests demonstrated that mean pulse (t19 = 

–1.5, p = 0.14) and respiration (t19 = 0.39, p = 0.70) did not dif-
fer between threat and safe conditions.

Discussion

Our findings show that anticipatory anxiety increases intrin-
sic amygdala–DMPFC coupling, indicating that these 2 re-
gions work in concert to support anxious responding. This 
finding is consistent with the idea that the DMPFC serves as 
a functional homologue for the prelimbic cortex in rodents15 
by sustaining anxiety, potentially priming the amygdala for a 
rapid response to threat. Defensive responses to threat (e.g., 
acoustic startle reflex) are known to rely at least partially on 
the amygdala;45 however, the evidence that these responses 
are protracted while amygdala firing is transient46 suggests 
that the amygdala does not act alone. In addition, lesion 
 studies47,48 find mixed support for the amygdala as a critical 
component in defensive responding, which may reflect the 
fact that it is the ongoing medial PFC–amygdala communica-
tion that is critical to sustained experience of anxiety.

Our finding of increased amygdala–DMPFC coupling dur-
ing induced anxiety is a replication and extension of research 
showing that state anxiety, without anxiety induction, disrupts 
baseline negative coupling between these 2 brain regions in 
healthy controls.23 Specifically, Kim and colleagues23 found 
negative amygdala–DMPFC coupling at the group level, but 
they also reported a positive correlation between this coupling 
and state anxiety, which reflected the fact that as state anxiety 
increased (probably owing to the scanner environment), the 
amygdala–DMPFC connectivity also increased, changing from 

Fig. 1: Right amygdala seed functional connectivity. The statistical map illustrates areas that showed increased positive 
coupling with the amygdala (orange) and decreased coupling with the amygdala (blue) during anticipatory anxiety as 
compared with safety. Areas with significant increases in positive coupling include the medial prefrontal cortex, insula, 
thalamus and basal ganglia. Areas with significant decreases in coupling include the ventromedial prefrontal cortex, in-
ferior temporal gyrus and precuneus. Sagittal view x = –5; Coronal view y = 18. Images are in Talairach space, neurologic 
convention, and thresholded at q < 0.05, false discovery rate–corrected.

Seed region 
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negative coupling to no coupling or positive coupling (see 
supplementary Figure 1 in the study by Kim and colleagues23 
for the curve of the association between state anxiety and 
amygdala–DMPFC coupling). The present finding of no coup-
ling in the safe condition is not necessarily inconsistent with 
these effects; instead of an anxiety-related shift from negative 
coupling to neutral (i.e., no coupling) or positive amygdala–
DMPFC coupling, here we see a shift from no coupling to posi-
tive coupling. Both sets of findings suggest a move away from 
negative and toward positive synchronization between these 
2 regions. When anxiety becomes more salient and consuming, 
as in the threat condition, DMPFC activity becomes increas-
ingly synchronized with activity in the amygdala, suggesting 
that anxiety underlies the increase in positive coupling.

In addition to the amygdala–DMPFC circuit, we found that 
anticipatory anxiety is associated with increased positive coup-
ling between regions involved in an affective, cognitive physio-
logic and motor defensive response, and decreased coupling be-
tween affective regions and regions involved in emotional 
control and other regions in the DMN. Specifically, compared 
with safety, during anticipatory anxiety right amygdala activity 
was positively coupled with activity in the DMPFC, bilateral in-
sula, bilateral basal ganglia and thalamus. The nodes in this net-
work (Fig. 4) each play an important role in the different aspects 
of anxiety, such as orienting attention (amygdala49), controlling 
autonomic responding (amygdala, insula,50 thalamus51), ampli-

fying affective biases (DMPFC15), appraising threat (DMPFC12), 
evaluating affective value (OFC), heightening interoceptive 
awareness (insula27), orchestrating necessary cardiovascular 
changes (insula52), priming motor function (insula,53 basal gan-
glia, thalamus54) and increasing alertness (thalamus, PFC55). In 
contrast, right amygdala activity was negatively coupled with 
activity in the vmPFC, which is implicated in emotional control 
via downregulation of amygdala activity,30 bilateral ITG (a re-
gion involved in reorienting attention to control emotion)56 and 
precuneus (a central hub of the DMN).57 Reduced or negative 
coupling with the DMN during anticipatory anxiety suggests 
that this network may not be involved in the cognitive aspects 

Fig. 2: Dorsomedial prefrontal cortex (DMPFC) seed functional 
connectivity. The statistical map illustrates areas that showed in-
creased positive coupling with the DMPFC (orange) and decreased 
coupling with the DMPFC (blue) during anticipatory anxiety com-
pared with safety. Areas with significant increases in positive coup-
ling include the amygdala, anterior cingulate cortex, insula and 
basal ganglia. The inferior temporal gyrus showed significant de-
creases in coupling with DMPFC. Coronal view y = 5. Images are in 
Talairach space, neurologic convention, and thresholded at q < 
0.05, false discovery rate–corrected.

Seed region 

Fig. 3: Dispositional anxiety predicts positive coupling between the 
amygdala and dorsomedial prefrotnal cortex (DMPFC). Trait anx-
iety was positively correlated with amygdala–DMPFC coupling (r = 
0.457, p = 0.037). STAI-T = State Trait Anxiety Inventory Trait. 
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Fig. 4: Proposed anticipatory anxiety network. Schematic illustra-
tion of the amygdala and prefrontal cortex (encompassing the 
dorso medial prefrontal cortex and dorsal anterior cingulate cortex) 
as hubs in a network associated with anticipatory anxiety. Other 
central components of the network include the bilateral insula and 
thalamus. These regions are known to support affective, cognitive 
and autonomic nervous system changes, and in concert they create 
a state of readiness to respond to potential threat.
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of an anxious response (e.g., worry). Although the DMN is asso-
ciated with a focus on internal thoughts and anticipatory anx-
iety may increase activity in this network, anticipation of shock 
could also be seen as a cognitive task, and thus anticipatory anx-
iety may decrease activity in this network. Previous research has 
shown that DMN activity is reduced when individuals engage 
in a concurrent task (e.g., working memory58). Together, these 
findings suggest that anticipatory anxiety may act as a concur-
rent task, engaging physiologic and cognitive networks while 
disengaging from the baseline DMN.

Activity in the DMPFC during anticipatory anxiety versus 
safety was positively correlated with activity in areas in-
volved in the expression of anxiety (bilateral amygdala1), au-
tonomic and interoceptive changes (insula50,52), motor plan-
ning (left basal ganglia54) and increasing negative biases and 
affective evaluation (dACC,15 OFC56). Similar to the amygdala 
coupling results, the DMPFC was negatively correlated with 
activity in the ITG, suggesting that emotional control pro-
cesses may have been active.56

Looking beyond the group level, PFC–amygdala coupling 
during anticipatory anxiety was also driven by interparticipant 
variability in trait anxiety, suggesting that such a coupling con-
stitutes a potential vulnerability marker for pathology. This hy-
pothesis is consistent with reports that increases in sustained 
metabolic activity in the DMPFC is a risk factor for posttrau-
matic stress disorder.59 The finding that increased amygdala–
PFC communication is linearly associated with increased dis-
positional anxiety reinforces the idea that anxiety is better 
conceptualized as a continuous versus a categorical dimension. 
By identifying neural circuitry that varies along a parallel con-
tinuum, the spectrum of anxiety from adaptive to maladaptive 
can be described by underlying biology, as suggested by the 
Research Domain Criteria initiative,60 which promotes a classi-
fication framework for mental disorders that is rooted in biol-
ogy. Studies investigating patient groups can illuminate the tip-
ping point where impairment is manifested in this circuit; once 
identified, such circuits may serve as biomarkers and candidate 
targets for more efficacious pharmacological interventions. The 
mechanisms of current treatment methods like selective sero-
tonin reuptake inhibitors, which are known to modulate this 
circuit,16 will be better understood and potentially optimized to 
target this discrete circuit. Interventions may eventually include 
techniques like transcranial magnetic stimulation, which can be 
used to increase61 or decrease62 activity in proximal and distal 
neural circuits.63 This type of intervention could preserve cer-
tain aspects of the adaptive response to threat by indirectly 
rather than directly targeting the amygdala while downregulat-
ing the maladaptive features of anticipatory anxiety that con-
tribute to an exaggerated response.

What is the potential role of amygdala–DMPFC coupling? 
One possibility is that it serves to prime the amygdala. In other 
words, the DMPFC may maintain the amygdala in a state of 
readiness. This priming could be the mechanism by which the 
amygdala can react rapidly to explicit threat cues during a sus-
tained anxiety state without showing a sustained level of activa-
tion.5 It was recently reported that shock anticipation increases 
attention bias for threat (fearful faces) and that this effect was 
also mediated by increased DMPFC–amygdala coupling.12 One 

possible interpretation of these results is that DMPFC–amygdala 
coupling may serve to keep the amygdala in a primed state dur-
ing uncertain threat and then drive or amplify amygdala reac-
tivity when an explicit threat is encountered.

Limitations

Among the strengths of the present study is the use of a robust 
translational sustained anxiety induction paradigm that enabled 
us to study functional connectivity changes in anxiety in a 
within-subjects design. However, such coupling may not reflect 
anatomic coupling. Yet it is important to note that when Heb-
bian principles (neurons that fire together wire together) are ap-
plied on a larger scale, functional connectivity may indeed sug-
gest anatomic connectivity. The DMPFC has both direct64 and 
indirect10 reciprocal anatomic connections to the amygdala, with 
the indirect connections stemming from the dACC (which is a 
richly interconnected extension of the DMPFC65). Taken to-
gether, this evidence suggests that there may be viable projec-
tions to and from the DMPFC to the amygdala. One limitation 
of the study was the small sample size, which reduced the 
power to detect individual differences. As such, our correla-
tional findings should be interpreted with this in mind. A sec-
ond potential limitation is that our decision to reduce spurious 
artifacts in our data by controlling for regularity in physiologic 
signals may have inadvertently excluded true neural signal 
from our analysis. However, a supplemental examination of 
pulse and respiration signal suggests that the means did not dif-
fer between threat and safe conditions. Further, although there 
are many data to support the claim that emotions like anxiety 
have discrete physiologic signatures, these signatures are not 
drawn directly from pulse and respiration data, particularly at 
such a low sampling rate (paradigms optimized for this type of 
psychophysiological data acquisition typically sample at 4–20 
times the rate used here66,67). Differentiation of emotion states 
based on physiologic data require complex pattern classification 
using a broad range of signals, including respiratory sinus ar-
rhythmia and heart rate variability.66 Anxiety in particular has 
been shown to exhibit a discrete physiologic signature based on 
a combination of electrocardiography parameters.67,68 Accord-
ingly, it is unlikely that our artifact reduction technique sup-
pressed a substantial amount of critical neural signal because 
anxiety-related neural signal associated with these physiologic 
states likely follows a more complex pattern than pulse or res-
pir ation signals reveal. Given that our sample consisted solely of 
healthy individuals, we also acknowledge that our results pri-
marily reflect normal changes in the face of threat. Yet the vari-
ability in connectivity observed when trait anxiety is taken into 
account suggests that individuals on the higher end of the range 
may show patterns that are more similar to patient populations 
if anxiety is indeed a continuous trait.

Conclusion

Unlike fear, anxiety is a dimensional construct that is patho-
logically manifested in a wide range of psychiatric disorders. 
Our sustained anticipatory anxiety paradigm allowed us to uni-
quely identify intrinsic DMPFC–amygdala network associated 
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with this construct. In sum, our findings show that anticipa-
tory anxiety increases coupling between regions involved in 
both adaptive and maladaptive responses to threat, creating a 
specific emotional, cognitive and physiologic signature. The 
identification and description of this circuitry is crucial be-
cause it can serve as a target for the detection of pathology in 
anxiety disorders and as a target for the development of more 
effective pharmacological interventions.
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