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ABSTRACT
BACKGROUND: Deficient extinction learning has been suggested as an important mechanism involved in the eti-
ology of posttraumatic stress disorder. A key feature of posttraumatic stress disorder, reexperiencing the trauma in
form of intrusions, may be linked to deficient extinction learning. This link is investigated in a novel, functional
magnetic resonance imaging–compatible fear conditioning procedure that uses trauma films. Based on previous
results, we expected deficient fear extinction indexed by exaggerated responding in the anterior insula and dorsal
anterior cingulate cortex to predict subsequent intrusions.
METHODS: A total of 58 healthy participants underwent acquisition and extinction learning with faces as conditioned
stimuli (CS) and highly aversive 16-second films depicting interpersonal violence as unconditioned stimuli. During the
subsequent 3 days, participants reported intrusive memories on their smartphone.
RESULTS: Successful fear acquisition was evidenced by differential (CS1 . CS2) activity (threat cues associated
with trauma films . cues paired only with neutral films) of a widespread network, including the anterior insula and
dorsal anterior cingulate cortex, whereas extinction was characterized exclusively by differential anterior insula ac-
tivity. Differential conditioned responding during late extinction in the anterior insula and dorsal anterior cingulate
cortex was positively related to intrusive memory frequency independent of unconditioned stimuli responding.
Exploratory analysis also revealed intrusion sensitivity of the hippocampus, rostral anterior cingulate cortex, and
ventromedial prefrontal cortex, among others.
CONCLUSIONS: Results support the role of extinction learning in intrusive memory formation; a failure to uncouple
conditioned emotional responding from external threat cues was associated with subsequent intrusive memories,
representing a potential risk marker for developing posttraumatic stress disorder symptomatology after trauma.
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Up to 90% of the population experiences a traumatic event
during their lifetime (1). Most people will reexperience the event
by highly vivid, emotional, and involuntary recollections, although
those so-called intrusions typically subside after a few days. For
some people, however, intrusions will persist, constituting a
hallmark symptom of posttraumatic stress disorder (PTSD) (2–4).
Our current understanding of how intrusive memories develop
and why they persist with such high frequency and intensity for
some individuals is limited. Theoretical accounts propose that
intrusions develop through associative learning mechanisms (5);
however, this has not yet been sufficiently testedby experimental
studies. The current study is the first to investigate whether
increased neural fear acquisition and/or deficient extinction
learning can explain intrusive memory formation.

Conditioning research proposes alterations in associative
learning (i.e., acquisition and extinction learning) as a core
mechanism linked to PTSD development (6–8). Conceptually,
during fear acquisition, a neutral stimulus (e.g., a specific sound,
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object, or person in temporal and spatial proximity to the
occurrence of the traumatic event) is paired with a traumatic
event (unconditioned stimulus [US]). This turns the neutral stim-
ulus into a conditioned stimulus (CS1) that will subsequently
elicit a conditioned response (CR) in the absence of the US.
Subsequently, during extinction learning, the CS1 is presented
in the absence of the US, and thereby the CR should gradually
decrease. Alterations in associative learning have been reported
for patients with PTSD linked to heightened fear acquisition as
well as deficient extinction learning (9). Deficient extinction
learning has been proposed to be a key mechanism causing
PTSD (10), and deficient pretrauma extinction learning has been
linked to PTSD development following trauma (11). In addition,
theoretical accounts propose that intrusions, a core symptom of
PTSD, develop through associative learning (12); thereby, in-
trusions can be conceptualized as a CR to cues resembling
stimuli that were present around the traumatic event and thus
may continue to predict an aversive event (US) (5,13). In
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summary, clinical studies and theoretical accounts propose a
key role of deficient extinction learning in the persistence of in-
trusions following trauma.

Using experimental analog designs, the etiological role of
conditioning mechanisms and trauma memories in the develop-
ment of PTSD-like symptoms can be studied under controlled
experimental conditions in real time. Previous analogstudies used
either the trauma-film paradigm (14) or fear conditioning para-
digms with basic aversive stimulation such as electric shock (15).
Using the trauma-film paradigm, participants watch highly aver-
sive film clips in the laboratory and subsequently report any
intrusive recollections of those clips. Applying fear conditioning
paradigms, associative learningmechanismscanbe investigated,
although the assessment of intrusions is limited when using
electric shockas theUS.Therefore,Wegereretal.combined those
two experimental approaches in their so-called conditioned-
intrusionparadigm (16–18).Highly aversivefilmclips servedas the
US and were paired with a neutral stimulus right before film onset
during acquisition (CS1). Using this paradigm, both deficient
evaluative and physiological extinction learning have been related
to intrusivememories (16).Moreover,Rattelet al. (19) revealed that
although both acquisition and extinction learning were related to
intrusions, deficient extinction learning was the driving mecha-
nism. In summary, first experimental studies corroborate claims
from theoretical accounts proposing that intrusions develop
through deficient extinction learning.

Recent models on functional neuroanatomical networks in
PTSDpropose that intrusionsdevelop throughpathological neural
encoding of trauma. These models propose that PTSD is char-
acterized by general hyperactivity in threat processing structures
such as the amygdala, anterior insula, and dorsal anterior cingu-
late cortex (dACC) and by hypoactivity in the ventral medial
prefrontal cortex (VMPFC) (20–23). However, amore recentmeta-
analysis by Stark et al. (24) proposed hyperactivity in the anterior
insula in PTSD compared with trauma-naïve control subjects as
the core region linked to PTSD development. Using the trauma-
film paradigm, networks around the ACC have been linked to
the formation of analog intrusions (25–27). Furthermore, theneural
pathophysiology proposed by neuroscientific models of PTSD
has also been linked to increased fear acquisition and deficient
extinction learning (23). In patients with PTSD compared with
trauma-exposed healthy control subjects, fear acquisition and
extinction learning have been related to the insula, dACC, and
amygdala (28). However, in healthy subjects, fear acquisition (29)
and extinction learning (30) have particularly been linked to brain
regions implicated in threat appraisal—the anterior insula and
dACC—but without consistent findings for the amygdala or
VMPFC.This is further supportedbya recent reviewproposing the
dACC and anterior insula as a common core of areas affected
acrossmost categories of psychiatric illness (31). What is unclear
so far is whether enhanced neural activity in these core regions,
particularly during fear extinction, is linked to intrusive memory
formation.

The Current Study

Using the conditioned intrusion paradigm adapted for mag-
netic resonance imaging (MRI), the current study set out to
investigate whether associative neural responses are linked to
subsequent intrusion formation. During acquisition, using
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neutral faces as the CS and film clips depicting severe inter-
personal violence as the US, we examined the neural activity to
learned threat cues associated with trauma films (CS1) in
comparison with cues that were paired only with neutral films
(CS2). During extinction, when the CS1 was not paired with
trauma films anymore, the same differential (CS1 . CS2)
neural activity was traced. We primarily expected CR activa-
tions of the anterior insula and dACC during extinction
learning. Moreover, additional analyses also checked for
similar neural activation patterns during fear acquisition. In line
with findings by Rattel et al. (19), we expected increased dif-
ferential activity of the anterior insula and dACC particularly
during late extinction to be linked to the frequency of intrusive
memories on subsequent days.

METHODS AND MATERIALS

Participants

A total of 60 healthy female participants were recruited for this
study. Exclusion criteria were blood injection injury phobia,
self-report of psychosis, psychotropic medication use, sub-
stance abuse/dependency, bipolar disorder, serious medical
conditions, anxiety, depression, PTSD, or history of traumatic
head injury. Further exclusion criteria were extensive media
consumption of violent and/or medical content (more than
three times a week) and poor sleep quality [score of 7 or lower
on the Pittsburgh Sleep Quality Index (32)]. Participants
answering “no” to the question “Are you currently mentally and
physically resilient?” were excluded. Having experienced
traumatic events in the past was not an exclusion criterion
because this is quite common. For functional MRI (fMRI),
exclusion criteria were pregnancy, ferromagnetic implants,
other nonremovable metal objects, and claustrophobia. Two
participants needed to be excluded owing to technical prob-
lems at the MRI scanner. Thus, 58 participants (mean age =
22.8 years, SD = 4.1) were included in the final analyses. The
study was approved by the local ethics committee. Partici-
pants provided informed consent before participation.

Materials and Procedure

One week before fMRI scanning, participants completed the
State-Trait Anxiety Inventory [German version (33)], the Center
for Epidemiologic Studies Depression Scale [German version:
Allgemeine Depressionsskala (34)], and a questionnaire
assessing habitual consumption of television and film footage/
video games depicting severe violence. Participants also
prerated 30 emotionally neutral faces [taken from the Radboud
Faces Database (35)], with the two most neutral faces in
valence and least arousing faces being used later in the con-
ditioning procedure (individually chosen for each participant).

The current study used an adaption of the conditioned
intrusion paradigm previously developed by Wegerer et al.
(16,18). The two neutral face stimuli were randomly assigned to
serve as the CS1 and CS2 (lasting 4 seconds each); CS1 was
followed by an aversive film clip, and CS2 was followed by a
neutral film clip. To prevent habituation to a single film clip over
repeated presentations, six film scenes depicting severe
interpersonal violence served as the US. Aversive and neutral
clips were extracted from commercial movies (see
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Supplement). Each film clip lasted 16 seconds. Stimulus pre-
sentation and behavioral data acquisition were controlled by
E-Prime 2.0 (Psychology Software Tools, Pittsburgh, PA).

Fear Conditioning Task. The fear conditioning task con-
sisted of acquisition and immediate extinction without delay
between acquisition and extinction. Trials were pseudo-
randomized, with no more than three stimuli of the same
type (CS1 or CS–) presented consecutively. Intertrial intervals
varied between 10 and 14 seconds.

Acquisition Phase. Similar to other studies [e.g., (9)], par-
ticipants were informed that one of the two presented faces
might be followed by an aversive film clip, whereas the other
face would not be followed by an aversive film clip. In total, 16
CS1 and 16 CS2 trials were presented, of which 4 CS1 and 4
CS– trials were presented without the film (75% reinforcement
rate). No pause was inserted after unreinforced CS1 to
compensate for the omission of the film clips. Thus, each of
the six film clips was presented two times in pseudorandom
order.

Extinction Phase. In total, 16 CS1 and 16 CS– trials were
presented without subsequent films (no pause was inserted to
compensate for the omission of the film clips).

Ratings. Ratings for US expectancy (“How much do you
expect this face to be followed by an aversive film clip during
its next presentation?” from 1 = very low expectancy to
9 = very high expectancy) and for negative valence (“How
unpleasant does this face appear to you?” from 1 = not un-
pleasant at all to 9 = very unpleasant) were acquired at the end
of early (after 8 CS1 and 8 CS– trials) and late (after 16 CS1
and 16 CS– trials) acquisition and extinction, respectively.

Ambulatory Assessment of Intrusive Memories. After
scanning, participants were instructed to report any intrusive
memories of the film scenes and faces seen in the experiment
over the following 3 days. Intrusive memories were defined as
recurring images or thoughts about the faces or films but also
as recurring thoughts or feelings that had been present during
watching (20–23). Participants were asked to report involuntary
memories only and no deliberate recall (e.g., recall directly
prompted by the diary questions); intrusions during the night
(e.g., dreams, during awakenings) were also counted. More-
over, for each intrusion, participants were instructed to record
the content and to indicate whether it was experienced as vi-
sual, auditive, thoughts, or feelings; participants were allowed
to indicate more than one modality per intrusion. The total
number of intrusions across the 3 days was summed as an
index of intrusion frequency. Intrusions were assessed via a
customized e-diary application (PsyDiary) installed on partici-
pants’ smartphones.

fMRI Recording

MRI data of the experimental task were acquired on a 3T system
(Magnetom TrioTim syngo; Siemens, Erlangen, Germany) with a
12-channel head coil. A total of 758 volumes, aligned to the
anterior and posterior commissure plane, were acquired for each
Biological Psychiatry: Cognitive Neuroscience and
session and the first 6 volumes were discarded to allow for sta-
bilization of the blood oxygen level–dependent signal. Functional
images were acquired with a T2*-weighted gradient echo-planar
imaging sequence (repetition time = 2250 ms, echo time = 30
ms,matrix64364,fieldofview=192mm,flip-angle=70�). A total
of36sliceswithaslice thicknessof3mmandaslicegapof0.3mm
were acquired within the repetition time. In addition, a gradient
echo field map (repetition time = 532 ms, echo time 1 = 5.17 ms,
echo time 2 = 7.63 ms) and a high-resolution (1 3 1 3 1.2 mm)
structural scan with a T1-weighted magnetization prepared rapid
acquisition gradient-echo sequence were acquired from each
participant. Participants viewed the films projected to a screen
outside the scanner bore throughaheadcoil–mountedmirror, and
sounds were presented via noise-shielding headphones.

Data Analysis

Statistical analyses of ratings were performed using SPSS
Statistics, version 21 (IBM Corp., Armonk, NY). For ratings of
US expectancy and CS valence, repeated-measures analyses
of variance, including CS type (CS1 or CS2) and time (early or
late) as within-participant factors, were calculated for each
conditioning phase (acquisition or extinction).

fMRI data preprocessing and analysis were performed using
SPM12 (Wellcome Department of Cognitive Neurology, Lon-
don, UK). Details can be found in the Supplement. Our primary
analysis was a region-of-interest (ROI) analysis on the dACC
and insula, as follows from the introductory paragraphs.
Parameter estimates of ROIs were extracted with MarsBaR
using the WFU PickAtlas implemented in SPM, and the dACC
mask was built with the WFU PickAtlas toolbox using the
procedures described by Cascio et al. (36). For the anterior
insula, we used an online atlas of functional ROIs (37). ROI
analyses were run for both early and late acquisition and
extinction by entering parameter estimates (average across
ROI) of the anterior insula and dACC to paired t tests
comparing CS1 with CS–. In addition, ROI analyses were
performed for the anterior insula and dACC by correlating
parameter estimates of the CS1 . CS– difference during late
extinction with intrusion frequency (log transformed). The alpha
level for analyses was set to .05. Because left and right anterior
insula activity yielded similar results (ps , .031), we report only
mean activity for the bilateral anterior insula. Exploratory
whole-brain analyses were run entering CS1 and CS– contrast
images per phase (early or late acquisition; early or late
extinction) into a second-level random effects model applying
a flexible factorial design with the factors CS type (CS1 or
CS2) and time (early or late) as within-participant factors for
each conditioning phase (acquisition or extinction). The
threshold for exploratory was set at p , .001 uncorrected, k =
10 for acquisition and p , .005 uncorrected, k = 10 for
extinction because the goal of these analyses was to ensure
that our ROI approach targeted the right regions and that we
did not miss large clusters of activity.

RESULTS

Ratings/Manipulation Check

Participants reported on average 2.12 intrusions (SD = 2.60,
range = 0–13) across the 3 days of assessment, with an
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Figure 1. Unconditioned stimulus (US) expec-
tancy rating (left) and valence rating (right) during
early and late acquisition (ACQ1 and ACQ2,
respectively) and early and late extinction (EXT1 and
EXT2, respectively). Error bars represent standard
error of the mean. *significant p , .05. CS, condi-
tioned stimuli.
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exponential decay pattern across days typical for trauma-film
studies confirmed by a repeated-measures analysis of vari-
ance showing both significant linear effects (F1,57 = 19.23, p ,

.001) and quadratic effects (F1,57 = 7.95, p = .007) of time (day
1, 2, or 3) on intrusion frequency. Visual intrusions (55%) and
thoughts (26%) were the most reported modalities (feelings:
12%; auditive: 7%). Depressive symptoms and trait anxiety
were within the normal range (Allgemeine Depressionsskala
score: mean = 9.93, SD = 5.88, range = 0–23; State-Trait
Anxiety Inventory trait score: mean = 35.19, SD = 6.84,
range = 25–47).

US expectancy and valence ratings demonstrated suc-
cessful acquisition and extinction (see Supplement and
Figure 1). However, US expectancy (p = .591) and valence (p =
.591) ratings during late extinction were not correlated with
intrusion frequency.

fMRI Results

ROI analysis of CS1 . CS– during acquisition showed sig-
nificant effects in the anterior insula and dACC, in line with our
expectations, whereas ROI analysis of CS1 . CS– during
extinction showed a significant trend only in the anterior insula
during late extinction (Table 1).

Exploratory whole-brain analyses entering CS1 and CS–
contrast images per phase confirmed effects of the ROI ana-
lyses (Figure 2) and also revealed hippocampus, amygdala,
ventral striatum, and rostral ACC (rACC) activation, among
other areas, during acquisition (see Supplemental Tables S1
and S2), whereas during extinction mainly the anterior insula
was active (see Supplemental Tables S10 and S11). Analyses
comparing early and late phases of acquisition as well as
extinction are reported in Supplemental Tables S3, S4, S12,
and S13.

ROI analyses revealed that activity in the dACC (r = .264, p =
.041) and anterior insula (r = .298, p = .023) during late
extinction (CS1 . CS– contrast) was positively correlated with
intrusion frequency (see Figure 3). At the request of the re-
viewers, we ran an additional exploratory whole-brain analysis
adding intrusion frequency as a covariate to a t test of the CS1
. CS– contrast. This analysis also revealed correlations of the
rACC, hippocampus, and occipital gyrus, among others, with
intrusion frequency (for results, see Supplemental Tables S14
and S15). To confirm that dACC and anterior insula effects
are contingent on CS responding and not US responding, we
406 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging A
included US responding (US . US control) and CS responding
(CS1 . CS– late extinction) of both regions in multiple linear
regression models to predict intrusion frequency. Results for
the dACC showed significant effects of both US responding
(p = .014) and CS responding (p = .025), whereas anterior
insula showed an effect for CS responding (p = .023) but not
for US responding (p = .251).
DISCUSSION

The current study investigated whether deficient fear extinction
learning predicts reexperiencing of analog trauma in the form
of intrusions. Combining classical fear conditioning with
trauma-film stimulation in healthy individuals, the current
findings revealed anterior insula activity to trauma reminders
during extinction. Moreover, individual differences in both
anterior insula and dACC activity during late extinction pre-
dicted higher intrusion frequency during subsequent days.
Results support the role of extinction learning in intrusive
memory formation; that is, individuals who failed to uncouple
conditioned emotional responding in the anterior insula and
dACC from external threat cues subsequently showed more
intrusive memories, further supporting the assumption that
intrusions are—at least in part—CRs (12).

The trauma-film conditioning proved to be effective during
acquisition, reflected by differential activity of the dACC and
anterior insula as core nodes of the central autonomic–
interoceptive network proposed by Fullana et al. (29). The
authors suggested that during acquisition the anterior insula
plays a crucial role in integrating awareness of one’s own
cognitive, affective, and physical state that is re-represented in
the dACC for triggering homeostatic autonomic and behavioral
responses. A recent study of our group (38) demonstrated
enhanced anterior insula (including dACC and thalamus) ac-
tivity during negative social evaluation (compared with neutral
and positive social evaluation), providing additional evidence
of anterior insula involvement during affective state integration
(39). Exploratory whole-brain analysis also revealed a wide-
spread differential activation pattern during acquisition,
including the amygdala, rACC, hippocampus, and ventral
striatum, in agreement with trauma-film studies linking these
regions to analog intrusion formation (25–27) as well as with
studies demonstrating amygdala involvement in heightened
encoding and processing of emotional events (40,41). In
pril 2020; 5:403–411 www.sobp.org/BPCNNI
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Table 1. ROI Analyses (Averaged Across Voxels Within ROI; Paired t Tests) During Early and Late Acquisition/Extinction

Contrast Region t Value p Cohen’s d

Early Acquisition

CS1 . CS2 dACC 4.68 ,.001 .678

R anterior insula 4.77 ,.001 .715

L anterior insula 4.60 ,.001 .733

Late Acquisition

CS1 . CS2 dACC 5.39 ,.001 .799

L anterior insula 4.90 ,.001 .752

R anterior insula 3.79 ,.001 .584

Early Extinction

CS1 . CS– No significant effects

Late Extinction

CS1 . CS2 R anterior insula 1.82 .074 .275

CS, conditioned stimuli; dACC, dorsal anterior cingulate cortex; L, left; R, right; ROI, region of interest.

Figure 2. (A) An exploratory whole-brain analysis yielded similar results as the region-of-interest analysis: CS1 . CS– during late acquisition revealed
widespread activity, including the dorsal anterior cingulate cortex (dACC) (left) and anterior insula (right) (display threshold: p , .0001 uncorrected) (see
Supplemental Table S2). (B) Parameter estimates of the dACC and anterior insula (averaged across voxels within region of interest) during all phases of the
experiment (*significant p , .05; 1significant trend .1 . p . .05; see Table 1). Error bars represent standard error of the mean. ACQ1, early acquisition; ACQ2,
late acquisition; CS, conditioned stimuli; EXT1, early extinction; EXT2, late extinction; MR, magnetic resonance.
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Figure 3. Positive correlation of CS1 . CS–
activity (averaged across voxels within region of in-
terest) during late extinction in the dorsal anterior
cingulate cortex (dACC) (left) and bilateral anterior
insula (right) with intrusion frequency. CS, condi-
tioned stimuli; MR, magnetic resonance.
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contrast, a recent meta-analysis showed no consistent
amygdala involvement or hippocampus deactivations during
fear acquisition (29), which could be related to differences in
the design relative to our conditioning study. While fMRI
trauma-film studies consistently demonstrated amygdala and
hippocampus activity (25–27,42), the current design combined
trauma films as the US with classical fear conditioning, where
participants probably transferred emotional responding to the
complex trauma films to the CS1, which might be less pro-
nounced and/or qualitatively different in designs using, for
example, electric shock as the US.

During extinction, differential CS1 . CS– activity was pre-
dominantly observed in the anterior insula. Anterior insula
activation during extinction could reflect persistent learned
threat-cue reactivity surviving from acquisition and is well in
agreement with studies showing central autonomic–
interoceptive network activity during fear acquisition (29) as
well as fear extinction (30) and is also in agreement with a
meta-analysis demonstrating insula hyperactivity during
extinction learning in patients with PTSD (28). The absence of
differential amygdala activation during extinction in the current
study could point to a swift intensity reduction of CS1
response during extinction (43) that could have been enhanced
by a procedural shift (i.e., reinforcement of both CS1 and CS–
by film clips) during acquisition, followed by complete film
US absence during extinction. Relatedly, Fullana et al.
408 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging A
demonstrated in meta-analyses a lack of robust amygdala
involvement during human fear extinction (30). Furthermore, it
has been shown that the amygdala was activated during both
negative and positive social evaluation processing (38), sug-
gesting broader amygdala involvement including relevance
detection (44) rather than exclusively fear processing. There-
fore, differential amygdala activation during extinction could
have been masked by predominantly signaling the absence of
both aversive and neutral film clips irrespective of their inherent
valence—which, however, appeared to still be discriminable in
the anterior insula. In addition, the VMPFC showed no
main effect during extinction, in line with a recent meta-
analysis (30).

The observed positive correlation between enhanced dif-
ferential activity in the anterior insula and dACC during late
extinction with intrusion frequency provides a link to previous
results of deficient extinction learning in patients with PTSD
(9,45) as well as recent fMRI studies on intrusion formation
using the trauma-film paradigm (26,27) and current neural
models of PTSD (20,21,23). It might reflect intrusion-predictive
hyperactivity of anterior insula, also reported to be involved in
the integration of the perceived threat value of stimuli (46),
enhanced empathy processing (47), and affective interoceptive
prediction signaling (48) of homeostatically relevant stimuli
(49,50). Importantly, dACC activity in combination with anterior
insula activity strengthens the role of these core areas affected
pril 2020; 5:403–411 www.sobp.org/BPCNNI
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across most categories of psychiatric illness (31) and points to
involvement of central autonomic–interoceptive processing
(29) in intrusion formation.

The anterior insula was the only region activated during late
extinction in the CS1 . CS– contrast, but the dACC, without
showing a main effect in the same contrast, was positively
correlatedwith intrusion frequency. This effect is partly driven by
deactivations in the CS1. CS– contrast, canceling out activity
in the same contrast over participants in the dACC. In general, a
significant CS1 . CS–main effect for a specific brain region is
not necessarily a prerequisite for demonstrating a meaningful
predictive relationship of this region with a behavioral variable
(here intrusion frequency); between-individual variance in (de)
activation and subthreshold task-related activity can be highly
informative for detecting individual vulnerability markers even in
the absence of task main effects. Exploratory whole-brain
analysis also revealed increased activity in the hippocampus
and rACC, extending to the VMPFC and occipital/parietal and
temporal regions during late extinction, being linked to height-
ened intrusion frequency. This is in line with research showing
that hippocampal hyperactivity is linked to PTSD symptoms,
probably reflecting enhanced processing of arousing memories
(51,52). rACC hyperactivity related to intrusion frequency is in
line with results of Bourne et al. (26), demonstrating heightened
rACC activity to intrusion-eliciting versus non-intrusion-eliciting
film scenes. Relatedly, rACC hyperactivity has been reported in
PTSD (53,54) and might be associated with increased attention
to salient information (49,55,56). Although VMPFC hypores-
ponsiveness in PTSD (57) has been linked to deficient emotion
regulation, the current study indicates a positive correlation
between VMPFC activity and subsequent intrusion frequency,
which in combination with the rACC could reflect unsuccessful
regulation (58).

Importantly, dACC and anterior insula effects on intrusion
frequency were independent of US (i.e., trauma-film)
responding, which further strengthens the argument of a
particular role of deficient extinction learning in intrusion
formation. Moreover, occipital activity in the CS1 . CS–
contrast during late extinction correlating with intrusion fre-
quency could be related to the fact that visual reexperiencing
(55%) was the most reported intrusion modality. Unexpect-
edly, although differential US expectancy and valence ratings
proved successful acquisition and extinction learning, they
were unrelated to intrusion frequency. It appears that explicit
ratings could not capture the fast and automatic dACC and
anterior insula responding during late extinction. Stimulus
generalization processes probably explain how non-
extinguished CS1 responses lead to subsequent intrusions
(16,59); although the exact CS1 face is, of course, never
again encountered in daily life, a variety of facial features
similar to the CS1 may have triggered intrusions in daily
life—probably driven by compromised selectivity of threat
detection in the anterior insula (60). Despite the obvious
complexity of neurocognitive processes involved, our novel,
naturalistic experimental task was able to capture neural
processes relating to the conditioning origin of intrusive
memories, with relevance for better understanding how
Biological Psychiatry: Cognitive Neuroscience and
peritraumatic and posttraumatic neural processing may result
in PTSD in some individuals.

The current results expand previous findings of behavioral
and physiological conditioned responses predicting intrusions
(16,19) on a neural level. It could be suggested that enhanced
autonomic–interoceptive responding during extinction not only
reflects deficient extinction learning (7,16) but also represents a
pervasive effect of enhanced sensation-based episodic
memory representation in response to cues (20), delineating a
PTSD vulnerability mechanism that is strengthening subse-
quent intrusive memory formation. Future studies should also
include men because it has been demonstrated that men
respond to aversive film clips differently than women (61) and
that this may mediate differences in intrusion formation (19).
Because the current sample included naturally cycling women
(n = 27) as well as women taking hormonal contraceptives of
different classes (n = 31), we cannot be sure whether the ef-
fects demonstrated here will generalize to all gonadal hormone
status subgroups of women (different cycle phases combined
vs. progestogen-only oral contraceptive use).

Conclusions

Our results demonstrate that in healthy women, stronger dif-
ferential anterior insula and dACC activity during extinction
predicted the subsequent occurrence of intrusive memories.
This extends findings in PTSD showing hyperactivity in these
regions by employing an experimental analog etiology model
of PTSD, possibly providing a first glimpse into peritraumatic
and early posttraumatic neural processes during PTSD
symptom development. It appears that particularly the sus-
tained conditioned responding of core nodes of the central
autonomic–interoceptive network to external threat cues not
associated with actual threat anymore was predictive of in-
trusions. This type of dysfunctional neural processing in
response to trauma cues might represent a vulnerability factor
for the development of persistent intrusions after traumatic
incidents.
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