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Abstract
Although intrusive memories are characteristic of many psychological disorders, the neuro-

biological underpinning of these involuntary recollections are largely unknown. In this study

we used functional magentic resonance imaging (fMRI) to identify the neural networks

associated with encoding of negative stimuli that are subsequently experienced as intrusive

memories. Healthy partipants (N = 42) viewed negative and neutral images during a visual/

verbal processing task in an fMRI context. Two days later they were assessed on the

Impact of Event Scale for occurrence of intrusive memories of the encoded images. A sub-

group of participants who reported significant intrusions (n = 13) demonstrated stronger

activation in the amygdala, bilateral ACC and parahippocampal gyrus during verbal encod-

ing relative to a group who reported no intrusions (n = 13). Within-group analyses also

revealed that the high intrusion group showed greater activity in the dorsomedial (dmPFC)

and dorsolateral prefrontal cortex (dlPFC), inferior frontal gyrus and occipital regions during

negative verbal processing compared to neutral verbal processing. These results do not

accord with models of intrusions that emphasise visual processing of information at encod-

ing but are consistent with models that highlight the role of inhibitory and suppression pro-

cesses in the formation of subsequent intrusive memories.

Introduction

Involuntary intrusive memories, thoughts or images are often distressing symptoms that occur
in a wide variety of clinical disorders, including posttraumatic stress disorder (PTSD) [1],
depression [2], health anxiety [3], agoraphobia [4], and social anxiety [5]. Despite their
prevalence and clinical impact, the neural mechanisms underlying intrusions are not well
understood.

Several psychological models have been developed to account for the formation and experi-
ence of intrusive memories. These attribute intrusions to factors such as: disruption of consoli-
dation processes that facilitate the incorporation of experiences into autobiographical memory
[6, 7], over-suppression and monitoring of difficultmemories or emotionally-salient events [8,
9], association of intrusive memory with internal or external triggers that were conditioned
with the intrusive memory [10], or that involuntary memories share the same underlying
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episodicmemory system as voluntary memories, but are recalled associatively, initiated by situ-
ational cues [11].

A prevailing model of PTSD suggests that data-driven or perceptually based encoding leads
to a greater likelihood of memories later becoming intrusive, while conceptual or verbally-
based encoding is thought to be protective against later development of intrusions [12]. Intru-
sions may occurwhen a perceptually basedmemory is not properly linked with its correspond-
ing verbally-basedmemory. This can lead to the perceptual memory being retrieved out of its
proper autobiographical and semantic context, appearing in a vivid and distressing form [7].
Prospective studies have found that self-reported visual or data-driven processing at the time
of encodingmemories of a traumatic event predicts subsequent PTSD symptoms [13, 14]. Sim-
ilar results have been reported following stressful life events [15]. Relatedly, there is evidence in
healthy participants that data-driven processing leads to more intrusions than conceptual pro-
cessing [16, 17]. It has also been found that completing a competing verbal task while viewing a
trauma film leads to increased intrusions [18]. These findings suggest that greater availability
of visual memory resources to process and consolidate traumamemories can lead to the forma-
tion of intrusive memories.

There has been little neuroimaging research to date that investigates the neural bases of
intrusions, or the role of visual and verbal processing in the encoding of intrusive memories.
However, predictions regarding the brain regions involved in the encoding of intrusions may
be drawn from the autobiographical and emotional memory imaging literature. This field is
relevant since intrusions often take the form of repeated, unwanted automatic retrievals of sig-
nificant and emotional autobiographical memories. Autobiographical and emotional memory
both involve multiple and complex neural systems, with activity in varying brain regions being
seen across studies [19]. In previous neuroimaging studies of autobiographical memory, differ-
ent brain regions have been associated with specific components of the autobiographical mem-
ory retrieval process. The lateral prefrontal cortex has been associated with search processes,
the ventromedial prefrontal cortex with monitoring processes, and the medial prefrontal cortex
(mPFC) with self-referential processes, while the amygdala and visual cortex have been impli-
cated in emotion and vividness of the memory respectively [20]. When specifically considering
the experience of unpleasant autobiographical memories, a network involving the amygdala,
anterior cingulate cortex (ACC) and medial prefrontal cortex has been implicated [21], and
amygdala activity at encoding has been found to be positively correlated with the ability to
retrieve emotional memories [22]. Other medial temporal lobe (MTL) structures, including the
hippocampus and parahippocampal gyrus, also appear to be involved. The hippocampus func-
tions to enable contextual fear learning [23], while the posterior parahippocampal gyrus has
been implicated in the perceptual processing, encoding and retrieval of memories for scenes
and places [24], as well as emotional memory encoding [25]. Furthermore, systems responsible
for response inhibition and cognitive control may be recruited if individuals attempt to inhibit
their automatic reactions to an intrusive memory, especially if the content is negative. Cogni-
tive control of emotion and attentional responses appears to rely on a network of cortical
regions, including ACC, mPFC, orbitofrontal cortex (OFC), ventrolateral prefrontal cortex
(vlPFC) and dorsolateral prefrontal cortex (dlPFC) [26].

Research to date into the neural correlates of autobiographical and emotional memory has
largely neglected to distinguish betweenmemories that are experienced intentionally vs invol-
untarily (intrusions), with only 3 studies to date. In a PET study, healthy participants were ini-
tially presented with images, followed by a second presentation of the same images where a cue
word was aurally presented along with each image, and participants generated a sentence
which included the word and described the content of the image [27]. This task was designed
to ensure explicit memory for initial the image-word cue association. During PET scanning,
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participants were instructed to recall the picture associated with the original cue word (volun-
tary condition), or used a button press to make a semantic categorization of the cue word
(involuntary condition–intended to model intrusions of the encoded images). Participants
were not informed that cue words during the involuntary condition were intended to provoke
involuntary memories of the associated images, but indicated after scanning whether or not
they had recalled the images associated with these cues. This study found that, compared to a
control condition, both voluntary and involuntary recall were associated with regional cerebral
blood flow (rCBF) increases in the posterior cingulate gyrus, left precuneus, and right parahip-
pocampal gyrus.Additionally, voluntary recall was specifically associated with increased rCBF
in the right dlPFC and left precuneus compared to involuntary recall, and involuntary recall
was associated with increased rCBF in the left dlPFC. However, this study did not distinguish
between involuntary memories of emotional and neutral stimuli. Since intrusions generally
take the form of thoughts or memories with strong emotional content, this study could be seen
as lacking an important aspect of intrusions as they occur in a clinical context.

The second study investigated the neural bases of intrusions utilized during a trauma film
paradigm [28]. Healthy participants viewed a film that included both negative and neutral
scenes while undergoing a functionalMagnetic Resonance Imaging (fMRI) scan, and com-
pleted an intrusion diary for seven days post scan. The encoding of negative scenes that were
associated with subsequent intrusions was compared to the negative scenes that did not
become intrusive, as well as to neutral scenes. The encoding of subsequent intrusive negative
content was associated with increased activation in the amygdala, ventral occipital cortex, ros-
tral ACC, inferior frontal gyrus and medial temporal gyrus. These regions have been broadly
associatedwith emotional processing, mental imagery, threat processing, and flagging of salient
events to be remembered. However, this study did not investigate the effects of different modes
of processing at encoding upon the later development of intrusions, something which the cur-
rent study seeks to examine.

A third study investigated the neural bases of flashbacks experiencedby participants with
PTSD [29]. Flashbacks were triggered during an fMRI scan using personalized trauma-relevant
word cues. The experience of flashbacks, compared to ordinary episodic trauma memories, was
associated with increased activity in the insula, motor (precentral gyrus, supplementary motor
area) and sensory areas (occipital cortex), as well as decreased activation in the midbrain, para-
hippocampal gyrus, precuneus and posterior cingulate cortex. These findings suggest that the
neurocircuitryunderpinning flashbacks in PTSD is distinct from autobiographical memory
systems, involves increases in dorsal visual processing and results in decreased activity in
regions associated with contextualizing memories.

To investigate the neural networks involved in encoding intrusive memories under visual
and verbal processing conditions, we used a modified version of a paradigm previously
employed in fMRI studies [30]. The original study aimed to identify neural response patterns
during visual and verbal processing of emotional stimuli. Results showed that visual (or percep-
tual) processing involved amygdala activation, while verbal (or cognitive) evaluation showed
an attenuation of amygdala activation, with a concomitant increase in prefrontal cortex (PFC)
and ACC activation. Given the hypothesized importance of the mode of encoding in the for-
mation of intrusive memories, activation within these distinct pathways for visual vs. verbal
encodingmay be critical to the formation of intrusive memories. Thus, the use of this paradigm
(including highly negative images which may be likely to be recalled intrusively) may help to
elucidate the role of mode of processing in the formation of intrusions.

The current study used a similar experimental paradigm to investigate the effect of visual
and verbal processing on the encoding of intrusive memories.We hypothesized that intrusions
following the viewing of negative images will be associated with increased activation in the
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amygdala and MTL structures, which are associated with encoding of emotional memories.
Areas such as the ACC and mPFC could also be involved, if the negative images are unpleasant
enough to provoke inhibition of emotional responses. It was expected, in line with previous
research, that the subsequent experience of intrusions would be associated with enhanced
activity in these regions, as well as the inferior frontal gyrus, insula, motor and sensory regions.
It was further hypothesized that intrusion-related activation in the above regions would be
associatedmore with the visual processing condition than the verbal processing condition, and
that greater activation in the areas mentioned above will be seen during visual processing than
verbal processing conditions. In line with Hariri et al.’s visual/verbal processing study, the
visual processing conditions may be particularly associated with amygdala activity, while verbal
processing conditions are expected to involve PFC and ACC activation, while showing reduc-
tions in amygdala activation.

Method

Participants

Forty-two participants took part in the study (27 female, 15 male; mean age 20.1 years,
SD = 3.0). Participants were healthy undergraduate psychology students from the University of
New SouthWales, who participated in return for partial course credit.

At recruitment, participants were excluded if they had: a current diagnosis or history of psy-
chological disorder; history of serious brain injury or loss of consciousness for more than ten
minutes; history of stroke or neurological disorder; severe non-correctable impairment of
vision; impairment of hearing or hand movement; and current or previous heavy consumption
of alcohol and other drugs (e.g. marijuana, heroin, cocaine, amphetamines). This study was
approved by the Northern Sydney LocalHealth District and University of New SouthWales
human research ethics committees, and all participants gave written informed consent prior to
participating.

Measures

Pre-scanning questionnaires. Before undergoing the scan, participants completed the fol-
lowing self-report questionnaires: BeckDepression Inventory- Second Edition (BDI-II [31]) to
assess depression symptoms over the previous fortnight; State-Trait Anxiety Inventory (STAI
[32]) trait anxiety subscale; Impact of Event Scale (IES [33]) to assess the extent to which par-
ticipants experienced intrusions relating to any previously experiencednegative event over the
week prior to scanning; and the Vividness of Visual Imagery Questionnaire (VVIQ [34]) to
assess individual differences in vividness of mental imagery.

Post-scanning questionnaire. This four item questionnaire was used to investigate partic-
ipants’ general perceptions of the stimuli from a third person viewpoint. The instructions read
as follows: ‘Thanks for looking at all these images. Before we finish, I would like to get a sense
of how you think people would generally rate these sorts of images. In the final section of the
experiment, you were asked to look at some neutral objects and some disfigured bodies. Can
you rate below how you think most people would rate these images on some dimensions:’ Fol-
lowing these instructions, questions included: ‘How negative would most people find these?’
and ‘How positive would most people find these?’, with responses provided on a 10-point
Likert-type scale (1 = Not at all, 10 = Extremely). Negative and neutral images were rated
separately.

Follow-up questionnaire. To measure the subsequent experience of intrusions, a reduced
version of the Impact of Event Scale (IES) was administered two days after scanning. The mea-
sure consisted of 4 items from the IES to index intrusive recollections of the images presented
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during the scan, specifically: ‘Any reminder brought back feelings of it’, ‘Other things kept
makingme think about it’, ‘I thought about it when I didn’t mean to’, and ‘Pictures about it
popped into my mind’), with responses provided on a five-point Likert-type scale (0 = Not at
all, 4 = Extremely). This subset of IES items was selected on the basis that they were the most
directly relevant to the experience of intrusions related to the encoded images. Instructions for
the questionnaire were as follows: ‘Think about the pictures you were shown when you came to
the experiment a few days ago. In the last section of the experiment, you were shown some pic-
tures of damaged bodies or neutral objects. Can you briefly describe some examples of these
pictures?’ Space was provided for participants to list some examples of each type stimulus con-
tent under the headings ‘Damaged bodies’ and ‘Neutral objects’, allowing for a manipulation
check, ensuring that participants were able to distinguish between the neutral and negative sti-
muli. Instructions then continued: ‘We are interested in whether any of those pictures have
popped into your mind at any time after the experiment.We want you to answer some ques-
tions about the 2 groups of images. First of all, think about any of the neutral objects you saw.
Thinking about any of those pictures, please read each item below and then indicate how true
each statement is for you.’ Participants then completed the four IES items relating to neutral
images, and then repeated the process for the negative images. Data from the follow-up ques-
tionnaire was used to categorise participants into high vs low intrusion groups for between-
group analyses (see below).

Experimental Task and Design

Stimuli. Stimuli were selected from the International Affective Picture System (IAPS;
[35]). Ten neutral (e.g. household objects) and ten highly negative and arousing images of
injured people were selected as target stimuli. A further ten neutral and ten negative (equiva-
lent to target images on valence and arousal ratings) images were selected from the same source
as non-target distractor images for the visual processing condition. Ten non-affective control
stimuli, consisting of black geometric shapes, were also constructed for use in a sensorimotor
control condition.

Experimental task. The experiment used a modified version of the visual/verbal process-
ing paradigm used by Hariri et al. [30], consisting of five conditions: negative and neutral
visual, negative and neutral verbal, and sensorimotor control. In the negative and neutral visual
conditions, participants were required to visually match a target stimulus to one of two distrac-
tor images. Trials consisted of one large negative or neutral IAPS target image, with two smaller
distractor IAPS images presented below, one corresponding to the target, and the other serving
as a non-target distractor image (similar in content to the target image). Participants were
instructed to select which of the two images corresponded to the target by button press
response. In the negative and neutral verbal conditions, participants were also presented with a
negative or neutral IAPS target image, but were required to select one of two word labels ‘Natu-
ral’ or ‘Artificial’ that best corresponded to the target. The position of these words (left vs.
right) was counterbalanced and pseudorandomisedwithin participants. Participants were
required to label the target image by pressing a button to choose one of the presented words.
They were instructed to select the label that was most applicable to the image. In the neutral
verbal condition, the expectationwas that items such as animals and plants would be labeled
‘Natural’; and household or manmade objects as ‘Artificial’. In the negative verbal condition,
participants were instructed to select the label that best corresponded to the cause of the injury
depicted, with ‘natural’ including circumstances such as animal attack or natural disaster, and
‘artificial’ including motor vehicle accidents or attack with a weapon. In the sensorimotor con-
trol condition, participants were simultaneously presented with one larger target geometric
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shape and two smaller shapes beneath it. Participants used a button press to select which of the
smaller shapes matched the target. This task was used as a baseline when processing the data,
to eliminate brain activation associated with the sensorimotor responses needed to complete
the task. The neutral visual and verbal conditions also served as a baseline comparison for
investigating neural responses to intrusive images, since due to their nature only negative
images were assumed to be likely to become intrusive.

Procedure. Participants underwent an fMRI scan while completing the visual/verbal task.
A block design was used, consisting of five trials per block, with a total of two blocks per condi-
tion (10 blocks in total). The order of block presentations was counterbalanced between partic-
ipants. Before each block, a slide was presented for four seconds which instructed participants
to either ‘match pictures’ (visual and sensorimotor control conditions) or ‘label pictures’ (ver-
bal condition). Each stimulus trial was presented for five seconds, with no inter-trial interval or
rest periods, and each modeled block ran for 25 seconds (the total block time was 38 seconds,
including instructions and stimulus ratings). After completing each block, participants pro-
vided a rating of their overall emotional reaction to the target stimuli on a 4-point Likert scale
(1 = not at all negative, 2 = slightly negative, 3 = moderately negative, 4 = extremely negative).
A slide was shown for nine seconds giving a visual representation of this rating scale, during
which time the participants made their rating by pressing the corresponding button. There was
no inter-stimulus interval between the stimulus slides and presentation of the rating scale.

Stimuli were presented via a computer monitor set up at the end of the scanner bore nearest
to the participant’s head. This image was then viewed by the participant via a small adjustable
mirror positioned outside of the head coil. Presentation of stimuli was controlled and logged
via a computer running Presentation1 software (Version 14.7, Neurobehavioral Systems,
www.neurobs.com). The experimental paradigm ran for 6.3 minutes, and took place during a
scanning session of approximately 20 minutes, which included a structural scan, resting state
scan and two non-affective functionalMRI paradigms (i.e. global vs local attention task and
sensory checkerboard task).

Image Acquisition

fMRI data was collected using a Siemens Trio 3 Tesla scanner (Siemens, Erlangen, Germany)
located at the Advanced Research and Clinical Highfield Imaging (ARCHI) facility at Royal
North Shore Hospital in St Leonards, Sydney. Data was collected using gradient echo echo-pla-
nar imaging to depict blood oxygen level dependent (BOLD) activity. Twenty-nine ascending
brain slices were acquired parallel to the AC-PC line (4mm thick with 1mm gap; effective
thickness 5mm), 64 x 64 matrix: TR 2sec, TE 32ms, FOV of 240mm.

Image Analysis

All fMRI data processing and analyses were performed using SPM8 (Wellcome Department of
Imaging Neuroscience, London, UK; http://www.fil.ion.ucl.ac.uk/spm). The images underwent
slice-time correction, realignment, reslicing, and normalization to the EPI template provided
by SPM8. Slice timing correction used slice 16 as the reference slice, and used SPM’s Fourier
phase shift interpolation.Motion correction used a rigid body spatial transformation, and reg-
istered to the mean image, using a two pass procedure. This registered the images to the mean
image after the first alignment. Second degree B-spline interpolation was used in motion cor-
rection. The normalization process used affine regularization to SPM’s ICBM space template.
Images were smoothed with an 8mm full-width half-maximumGaussian kernel. Data was
manually checked for alignment with the AC-PC line, and screened for excessive movement
across scans (greater than 3mm or greater than 2 degrees rotation). Four participants were
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scanned but excluded from final analyses due to excessive movement during scanning, leaving
a final sample size of thirty-eight participants.

Statistical Analysis

Participants were divided into high intrusion and low intrusion groups based on the sum of
their scores on the 4-item follow-up intrusion questionnaire. These items referred directly to
the experience of intrusions relating to the negative images, and had a total score range of
0–16. Participants who scored 0 or 1 on these items were categorized into the low intrusion
group, while participants who scored a total of 5 or higher summed across the 4-items were cat-
egorized as members of the high intrusion group. These upper and lower cutoff scores were
selected a priori in order to delineate between high and low intrusion experiencers respectively,
and exclude the mid-range group who did not fall clearly into either category in order to maxi-
mize between group comparisons.

One sample t-tests were conducted in SPM8 to investigate activations within the high and low
intrusions groups. Subsequent two sample t-tests were conducted to compare activations in the
high vs. low intrusion groups using the same contrasts as the within-group analysis. The contrasts
usedwere: 1) Negative visual processing (relative to neutral): negative visual> neutral visual; 2)
Negative verbal processing (relative to neutral): negative verbal> neutral verbal; 3) Negative ver-
bal vs visual processing: negative verbal> negative visual and negative visual> negative verbal,
with the sensorimotor control condition being used as an implicit baseline; 4) Neutral verbal vs
neutral visual processing: neutral verbal> neutral visual, and neutral visual> neutral verbal.
T-tests were conducted at the whole brain level, with a cluster based significance threshold of
p< 0.05 FWE, and cluster threshold of 10 contiguous voxels.

Region of interest (ROI) analyses were also conducted to explicitly examine intrusion-
related activation between high and low intrusions groups in regions previously associated
with visual vs. verbal affective processing [30] and intrusions [28, 36]. Hariri et al. [30] reports
that visual vs. verbal processing was distinguished by activity in the amygdala, anterior cingu-
late cortex, parahippocampal gyrus, fusiform gyrus, Broca’s area (inferior frontal gyrus, oper-
cular and triangular parts), and the ventral prefrontal cortex; a number of these regions have
also been associated with intrusions [28, 36]. We tested activity within these specific ROIs
using standardizedmasks derived from the AAL atlas [37] within SPM8. We anticipated that
differences in the BOLD signal between groups exhibiting high vs low intrusions to be rela-
tively small. Indeed, previous fMRI studies have reported that the unpredictable nature of
intrusions renders these types of memories resistant to efficientmodelling via the BOLD signal
[28]. We also expected the signal generated during the encoding of negative stimuli resulting in
higher intrusions in this non-clinical sample to be relatively weaker than that which would be
expected from clinically-relevant intrusions. Considering these limitations, and in accordance
with previous fMRI studies of intrusions that implemented ROI analyses [28], coupled with the
exploratory nature of this study, we adopted a significance threshold of p< 0.05 uncorrected,
with a cluster threshold of 10 contiguous voxels to enable focused analysis on the expected
small-scale variations in activity between high and low intrusions groups. Activation within
these ROIs was compared in the high and low intrusion groups via 2 sample t-tests, using the
same contrasts applied in the whole-brain analysis.

Additionally, independent samples t-tests were conducted to compare the behavioral (reac-
tion time) and self-reportmeasures between the high and low intrusion groups. Reaction time
data was inspected for outliers more than two standard deviations above or below the mean.
Outliers were replaced with the ±2SD value. In order to improve normality, the reaction time
data was log10 transformed.
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Results

High and Low Intrusion Group Characteristics

Thirteen participants were categorized into the low intrusion group (5 female, 8 male) with a
mean intrusion score of 0.46 (SD = 0.52), and 13 participants were classified in the high intru-
sion group (9 female, 4 male) with a mean intrusion score of 10.08 (SD = 2.38). High and low
intrusion groups did not differ in terms of age, or psychological measure scores (see Table 1).
Seven participants in the high intrusion group and three in the low intrusion group had BDI-II
scores indicative of mild to moderate depressive symptoms [31].

Behavioral Analyses

In their responses to the post-scanning questionnaire, participants rated the negative images as
significantlymore likely to be perceived as negative than the neutral images (t(24) = 22.913,
p< 0.005), whilst also finding the neutral images more positive than the negative images (t(24)
= -9.811, p< 0.005). There were no differences seen between the high intrusion and low intru-
sion groups on ratings of images (Table 2).

Participants were faster to match stimuli in the visual processing stimuli M = 3.12, SD =
0.07) and the sensorimotor control condition, compared with the verbal condition (M = 3.27,
SD = 0.09), t(25) = -10.24, p< 0.001). Participants also respondedmore quickly to the sensori-
motor control condition (M = 3.12, SD = 0.06) compared with the verbal condition t(25) =
8.56, p =< 0.001) but not the visual condition (t(25) = -0.13, p>0.05). There were no signifi-
cant group effects between the high intrusion and low intrusion groups in terms of reaction
time (visual: t(24) = 0.66, p> 0.05; verbal: t(24) = 0.-0.25, p> 0.05; sensorimotor control: t
(24) = -0.55, p> 0.05). A two-way mixed model ANOVA failed to find any group x condition
interactions for reaction time (F(2,48) = 0.60, p> 0.05).

Imaging Analyses

Whole brain analyses. Within-group one sample t-tests in the high intrusion group
(Table 3) revealed significant clusters of BOLD activity during negative visual processing (vs

Table 1. Mean Participant Characteristics.

Measure High Intrusion Low Intrusion t(df = 24) p

Age 20.15 years (2.38) 19.15 years (1.38) 1.41 0.17

BDI-II 11.93 (6.95) 10.46 (9.91) 0.44 0.67

STAI 45.92 (7.08) 47.63 (2.94) -0.80 0.43

IES 16.31 (8.78) 16.53 (12.17) -0.05 0.96

VVIQ 58.31 (13.86) 57.82 (11.41) 0.09 0.93

Note. Standard deviations appear in parentheses.

doi:10.1371/journal.pone.0140871.t001

Table 2. Mean Post-Scanning Ratings.

High Intrusion Low Intrusion t(df = 24) p

‘How negative would most people find these?’ (negative images) 8.85 (1.41) 8.15 (1.07) 1.41 0.17

‘How negative would most people find these?’ (neutral images) 1.77 (1.54) 2.31 (1.60) -0.88 0.39

‘How positive would most people find these?’ (negative images) 1.77 (1.64) 1.54 (1.13) 0.42 0.68

‘How positive would most people find these?’ (neutral images) 6.08 (2.63) 4.77 (1.83) 1.47 0.16

Note. Standard deviations appear in parentheses.

doi:10.1371/journal.pone.0140871.t002
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neutral) in visual processing areas including the right inferior temporal gyrus and fusiform
gyrus (Fig 1), while the negative verbal condition (vs. neutral verbal; Fig 2) activated a variety
of left lateralized regions, including the left lingual gyrus, left middle frontal gyrus, right infe-
rior frontal gyrus (opercular part), left superior medial frontal gyrus and left middle occipital
gyrus. Furthermore, the high intrusions group demonstrated greater BOLD signal during nega-
tive verbal processing in the right calcarine gyrus; left inferior frontal gyrus, orbital part, and
left lingual gyrus in the negative verbal> negative visual condition (Fig 3). No significant acti-
vations were seen in the negative visual> negative verbal, neutral verbal> neutral visual or
neutral visual> neutral verbal conditions.

Similarly, the low intrusion group (Table 4) showed significant clusters of activation for all
contrasts except negative visual> negative verbal. Both the negative visual and negative verbal
conditions activated occipital regions relative to neutral (Fig 4), while the negative
verbal> negative visual condition showed activation in the triangular part of the left inferior
frontal gyrus (Fig 4). No significant activations were seen in the neutral verbal> neutral visual
or neutral visual> neutral verbal conditions. Significant activations were not seen in any con-
trast investigating deactivations (i.e. neutral> negative) in either the high or low intrusion
group. Two sample t-tests comparing BOLD activations between the high intrusion and low
intrusion groups did not yield any significant clusters at the whole-brain level.

ROI analyses:High vs low intrusions group comparisons. During the negative verbal con-
dition, the high intrusion group displayed significantly greater activations than the low intrusion
group in the left amygdala, bilateral parahippocampal gyrus, bilateral ACC (peak activation in
the left dorsal ACC (dACC), extending bilaterally to the right ACC), the right inferior frontal
gyrus, opercular part, and left inferior frontal gyrus, triangular and orbital parts (Table 5).

During the negative visual condition, the high intrusion group showed significantly greater
activations than the low intrusion group in the left inferior frontal gyrus, opercular part, and
the right inferior frontal gyrus, triangular and orbital parts (Table 6).

Discussion

The key findings of this study suggest that healthy participants who reported a higher level of
intrusions following exposure to negative images, displayed activations in the amygdala,

Table 3. High Intrusion group, whole brain, p < 0.05 FWE corrected at the cluster level, within samples one-sample t-test.

Contrast Region MNI coordinates of peak activation

(x, y, z)

Cluster

size

Cluster p corr (FWE

0.05)

t

Negative Visual > Neutral

Visual

Inferior Temporal Gyrus R 51–61–10 1069 0.000 11.42

Fusiform Gyrus L -39–55–16 606 0.000 8.76

Negative Verbal > Neutral

Verbal

Lingual Gyrus L 18–91–7 688 0.000 8.25

Middle Frontal Gyrus L -30 41–1 297 0.000 6.76

Inferior Frontal Gyrus, Opercular

Part L

60 17 32 275 0.000 6.05

Middle Frontal Gyrus R -42 8 53 218 0.001 6.01

Superior Medial Frontal Gyrus L 0 32 62 109 0.024 6.16

Middle occipital Gyrus L -33–91–4 117 0.018 5.30

Negative Verbal > Negative

Visual

Calcarine Gyrus R 15–97–7 107 0.018 8.05

Inferior Frontal Gyrus, Orbital

Part L

-36 35–10 81 0.049 6.59

Lingual Gyrus L -12–100–16 137 0.006 6.57

Negative Visual > Negative

Verbal

No significant activations

doi:10.1371/journal.pone.0140871.t003

Intrusive Memories and Neural Processes

PLOS ONE | DOI:10.1371/journal.pone.0140871 September 29, 2016 9 / 17



bilateral ACC and parahippocampal gyrus during verbal encoding, compared to those who
experienced low levels of subsequent intrusions. The high intrusion group also showed greater
activity in dorsomedial (dmPFC) and dorsolateral PFC (dlPFC), inferior frontal gyrus and
occipital regions during negative verbal processing compared to neutral. In contrast, the low
intrusions group displayed singular activation in sensory occipital regions during verbal pro-
cessing. Activity during negative visual processing was less pronounced, with the high intrusion
group displayed activations in temporal regions, whereas the low intrusion group again showed
activations in occipital sensory regions.When directly comparing activations which were
greater during negative verbal processing than negative visual processing, activity was seen in
the inferior frontal gyrus in both the high and low intrusion groups. No significant activations
were observed for either group during negative visual processing relative to negative verbal
processing.

These results were partly in line with our hypotheses, which predicted activations in amyg-
dala and MTL structures, ACC and mPFC during the encoding of negative cues that resulted
in higher-reported intrusions, and with ACC activation specifically being associated with ver-
bal processing. Results diverged from those hypothesised in that activations associated with

Fig 1. Regions of BOLD activation during the contrast negative visual > neutral visual for the High

Intrusion group. Crosshairs indicate peak activity in the inferior temporal gyrus (FWE 0.05 corrected at the

cluster level, cluster threshold of 10 contiguous voxels).

doi:10.1371/journal.pone.0140871.g001
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intrusions were seen specifically in the verbal processing, rather than the visual processing,
conditions. Results also diverged from hypotheses derived from previously reported visual vs
verbal processing studies [30] findings, which specifically reported enhanced amygdala activity
during visual not verbal processing. However, this previous study did not investigate intrusive
memories, which may explain the differences seen in the results.

The high intrusions group activated key frontal regions during negative verbal processing
that have been previously associated with intrusive memories–including the dmPFC, inferior
frontal gyrus [28] and dlPFC [36]. These particular regions may be involved in enhanced
encoding of negative cues, and with activation predicting later retrieval. Of these frontal
regions, the dmPFC is associated with fear processing, emotional appraisal and expression [38,
39], which is consistent with the possibility that emotional processing enhances encoding of
intrusions. Inhibitory processes may also contribute to the development of intrusions, in line
with thought suppression theories of intrusions [8]. Thus it is of interest that the dlPFC and
inferior frontal gyrus have been implicated in cognitive control processes and the suppression
of emotional responses [26, 40–43], with activations in these regions potentially suggesting
support for these theories. However, further research is needed to clarify the possible role of
inhibition in the encoding of intrusions. In addition, the high intrusion group also showed acti-
vations in Broca’s area (inferior frontal gyrus, opercular and triangular parts) during verbal
conditions (most likely because of verbal processing invoked by the task). Both high and low
intrusions groups demonstrated activation within sensory occipital and temporal regions dur-
ing negative verbal processing, since even the verbal conditions involved a strong visual
component.

Fig 2. Regions of BOLD activation during the contrast negative verbal > neutral verbal for the High

Intrusion group. Crosshairs indicate peak activity in the cluster described in the legend (FWE 0.05 corrected at

the cluster level, cluster threshold of 10 contiguous voxels).

doi:10.1371/journal.pone.0140871.g002
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Results from the ROI analyses lend marginal support to the conclusions drawn from the
whole brain analysis. Significant activation was observed in the negative verbal condition in
regions critical to emotion processing including the amygdala, dACC and parahippocampal
gyrus, as well as in the inferior frontal gyrus. In the negative visual condition, activations were

Fig 3. Regions of BOLD activation during the contrast negative verbal > negative visual for the High

Intrusion group. Crosshairs indicate inferior frontal gyrus activity (FWE 0.05 corrected at the cluster level, cluster

threshold of 10 contiguous voxels).

doi:10.1371/journal.pone.0140871.g003

Table 4. Low Intrusion group, whole brain, p < 0.05 FWE corrected at the cluster level, within samples one-sample t-test.

Contrast Region MNI coordinates of peak activation

(x, y, z)

Cluster

size

Cluster p corr (FWE

0.05)

t

Negative Visual > Neutral

Visual

Middle Occipital Gyrus L -42–82 17 231 0.000 6.26

Inferior Occipital Gyrus R 42–76–7 484 0.000 6.15

Negative Verbal > Neutral

Verbal

Middle Occipital Gyrus L -21–100 5 131 0.000 9.60

Inferior Occipital Gyrus L 33–97–7 335 0.000 7.61

Negative Verbal > Negative

Visual

Inferior Frontal Gyrus, Triangular

Part L

-36 17 23 196 0.001 6.74

Negative Visual > Negative

Verbal

No significant activations

doi:10.1371/journal.pone.0140871.t004
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seen in the inferior frontal gyrus.However, it should be kept in mind that these ROI analyses
were exploratory and a reduced threshold was adopted. Further research is necessary to con-
firm these findings in a larger sample.

How do we understand these results in the context of current models of intrusive memories?
The activation of more inhibitory networks in those participants who displayed intrusions may
reflect compensatory responses by those people because they were particularly distressed by
the information they were encoding. Thought suppression theory posits that intrusions occur
because of excessive suppression of target information, which ironically results in preferential
monitoring of internal representations of these memories, thereby leading to involuntary
occurrences of these memories [8]. There is much evidence supporting this model of intrusion
memories [44, 45], and the current findingsmay reflect the neural responses that occur at the
time of encodingwhich reflect this inhibitory response to suppress full processing. It is also
possible that participants who experienced intrusions may have personally related to the

Fig 4. Regions of BOLD activation for the Low Intrusion group (FWE 0.05 corrected at the cluster level,

cluster threshold of 10 contiguous voxels).

doi:10.1371/journal.pone.0140871.g004

Table 5. Region of interest analysis: 2 sample t-test High Intrusion > Low intrusion Group, Negative Verbal > Neutral Verbal, uncorrected 0.05.

Region MNI coordinates of peak activation (x,

y, z)

Cluster size Cluster p

corr

voxel p

uncorr

t

Amygdala L -27 2–19 15 0.442 0.009 2.56

ACC L (peak in left side, but cluster extends bilaterally to

ACC R)

-1 8 29 123 0.513 0.003 3.06

Parahippocampal Gyrus R 18–34–10 17 0.865 0.002 3.18

Parahippocampal Gyrus R 15–1–22 17 0.865 0.004 2.89

Inferior Frontal Gyrus Triangular Part L -30 29–1 53 0.907 0.003 3.04

Inferior Frontal Gyrus, Opercular Part R 45 11 38 37 0.935 0.005 2.79

Inferior Frontal Gyrus, Orbital Part L -27 32–4 105 0.638 0.000 4.09

doi:10.1371/journal.pone.0140871.t005
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experience of the injured victims shown in the negative images, with development of intrusions
resulting from the enhanced emotional processing involved in an empathic response, resulting
in the greater activation in the inferior frontal gyrus.

Contrary to prediction, this study did not find the visual-based processing condition to be
associated with activity in regions hypothesized to be involved in intrusions. Rather, brain
activity was observed in regions relevant to intrusions (amygdala, ACC, parahippocampal
gyrus) specifically during the verbal processing condition. These very regions are also critical to
the development of emotional memories, including contextual memory encoding, and are
implicated in the experience of anxiety, fear and functional disruptions that appear to underpin
mechanisms of PTSD [46, 47]. The specificity of findings to the verbal processing conditioning
could be due to the need for more detailed assessment of the negative content of the image in
order to perform the verbal task, resulting in greater activation in these emotional memory
regions during encoding for the high intrusions group. An alternative explanation is that com-
petition for intrusion-protective verbal resources leads to greater intrusive activity due to
increased perceptual processing of the negative visual image [18]. In the current study, the
nature of the task was such that more effort was likely required to respond to images in nega-
tive verbal, than visual, condition because the stimuli and associated labels were somewhat
ambiguous. Reaction time data supports this, with faster responses in visual conditions than in
verbal conditions. The visual condition was relatively easy to complete because participants
could readily match images without fully processing the meaning of the image. Current models
of intrusions allude to the importance of sufficient cognitive resources being available to
encode and contextualize the unpleasant information in such a way that it can be fully under-
stood within one’s normal memory base [48]. If these resources are insufficient, then one
reverts to focusing on perceptual features of the experience,which can then contribute to sub-
sequent intrusions. It is also possible that the ease with which the visual condition could be
completed allowed for avoidance, where participants spent less time looking at the negative
images in the visual condition as a means of emotion regulation.

A limitation of the current study is the difference in difficulty between the visual and verbal
conditions. Future research could improve upon the paradigm used by making the stimuli in
each trial of the visual condition more similar, thereby equating the cognitive resources
required to complete the visual and verbal tasks, and helping to eliminate the possibility of par-
ticipants attempting to avoid processing the negative aspects of images in the visual condition.
Another limitation which must be kept in mind is that the whole brain results discussed in this
paper were seen in within-groups analysis only; no significant between-group activations were
observed at the threshold implemented. Although these results give some preliminary indica-
tions of the brain regions associated with the encoding of intrusive memories under visual and
verbal conditions, the lack of significance in the between groups results may have been due to
the size of the sample used. The ROI group comparisons implemented a more lenient threshold
to determine significant activations. These findings therefore need to be confirmed using dif-
ferent experimental paradigms and larger sample sizes. Further research using larger samples
would be useful in confirming the results of this study at a between-groups level. In addition,
the use of a block design in this study did not allow for the identification of the specific images

Table 6. Region of interest analysis: 2 sample t-test High Intrusion > Low intrusions Group Negative Visual > Neutral Visual, uncorrected 0.05.

Region MNI coordinates of peak activation (x, y, z) Cluster size Cluster p corr voxel p uncorr t

Inferior Frontal Gyrus Opercular Part L -51 14 20 396 0.462 0.002 3.11

Inferior Frontal Gyrus Triangular Part R 33 26 26 20 0.991 0.005 2.82

Inferior Frontal Gyrus Triangular Part R 36 32 11 60 0.963 0.005 2.79

doi:10.1371/journal.pone.0140871.t006
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were experienced intrusively. In order to gain stronger BOLD signal associated with intrusions,
further research should be considered using event-related designs, which would allow identifi-
cation of activations associated with encoding of specific intrusive images.

The current findings provide initial evidence that intrusive memories are related to activa-
tion of regions involved in emotion processing, emotional memory encoding and emotional
and behavioral inhibition during effortful verbal processing at encoding, but not under visual
processing conditions. This novel finding is interesting because it does not align with models
that argue that perceptually-driven processing is more closely associated with intrusive memo-
ries. Rather, it may be that increased resources at encoding due to a higher demand verbal task,
and resulting activation of emotional and cognitive networks, could lead to compensatory per-
ceptual based consolidation, and associated increases in subsequent intrusive memories. It is
also important to note that whereas one school of thought posits that development of intrusive
memories is centrally linked to encoding processes, other theories emphasize factors associated
with consolidation and retrieval phases of memory. It is important for future neuroimaging
studies to investigate the neural networks associated with unintentional recall of memories at
each of these phases, in addition to encoding processes as investigated in this study.

Supporting Information

S1 Dataset. Participant characteristics and behavioral data of intrusivememories
(SAV)

Author Contributions

Conceived and designed the experiments:EB BL PD GMKF RAB.

Performed the experiments:EB BL PD.

Analyzed the data: EB BL PD.

Wrote the paper:EB BL PD GMKF RAB.

References
1. Bryant RA, O’Donnell ML, Creamer M, McFarlane AC, Silove D. Posttraumatic intrusive symptoms

across psychiatric disorders. Journal of Psychiatric Research. 2011; 45(6):842–7. Epub 2010/12/17.

doi: 10.1016/j.jpsychires.2010.11.012 PMID: 21159353

2. Reynolds M, Brewin CR. Intrusive memories in depression and posttraumatic stress disorder. Behav-

iour Research and Therapy. 1999; 37(3):201–15. doi: 10.1016/s0005-7967(98)00132-6 PMID:

10087639

3. Muse K, McManus F, Hackmann A, Williams M, Williams M. Intrusive imagery in severe health anxiety:

Prevalence, nature and links with memories and maintenance cycles. Behaviour Research and Ther-

apy. 2010; 48(8):792–8. doi: 10.1016/j.brat.2010.05.008 PMID: 20627270

4. Day S, Holmes E, Hackmann A. Occurrence of imagery and its link with early memories in agorapho-

bia. Memory. 2004; 12(4):416–27. doi: 10.1080/09658210444000034 PMID: 15487538

5. Hackmann A, Clark DM, McManus F. Recurrent images and early memories in social phobia. Behav-

iour Research and Therapy. 2000; 38(6):601–10. Epub 2000/06/10. S0005-7967(99)00161-8 [pii]. doi:

10.1016/s0005-7967(99)00161-8 PMID: 10846808

6. Conway MA, Pleydell-Pearce CW. The construction of autobiographical memories in the self-memory

system. Psychological Review. 2000; 107(2):261–88. PMID: 10789197

7. Brewin CR, Gregory JD, Lipton M, Burgess N. Intrusive images in psychological disorders: characteris-

tics, neural mechanisms, and treatment implications. Psychological Review. 2010; 117(1):210–32.

Epub 2010/01/13. 2009-25263-005 [pii]. doi: 10.1037/a0018113 PMID: 20063969

8. Wenzlaff RM, Wegner DM. Thought suppression. Annual Review of Psychology. 2000; 51:59–91.

Epub 2001/02/07. doi: 10.1146/annurev.psych.51.1.59. PMID: 10751965

Intrusive Memories and Neural Processes

PLOS ONE | DOI:10.1371/journal.pone.0140871 September 29, 2016 15 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0140871.s001
http://dx.doi.org/10.1016/j.jpsychires.2010.11.012
http://www.ncbi.nlm.nih.gov/pubmed/21159353
http://dx.doi.org/10.1016/s0005-7967(98)00132-6
http://www.ncbi.nlm.nih.gov/pubmed/10087639
http://dx.doi.org/10.1016/j.brat.2010.05.008
http://www.ncbi.nlm.nih.gov/pubmed/20627270
http://dx.doi.org/10.1080/09658210444000034
http://www.ncbi.nlm.nih.gov/pubmed/15487538
http://dx.doi.org/10.1016/s0005-7967(99)00161-8
http://www.ncbi.nlm.nih.gov/pubmed/10846808
http://www.ncbi.nlm.nih.gov/pubmed/10789197
http://dx.doi.org/10.1037/a0018113
http://www.ncbi.nlm.nih.gov/pubmed/20063969
http://dx.doi.org/10.1146/annurev.psych.51.1.59
http://www.ncbi.nlm.nih.gov/pubmed/10751965


9. Klinger E. The contents of thoughts: Interference as the downside of adaptive normal mechanisms in

thought flow. In: Sarason IG, Pierce G.R., Sarason B.R., editor. Cognitive interference: Theories,

methods, and findings. Mahwah, NJ: Erlbaum; 1996. p. 3–23.

10. Foa EB, Steketee G, Rothbaum BO. Behavioral/cognitive conceptualizations of post-traumatic stress

disorder. Behavior Therapy. 1989; 20(2):155–76. doi: 10.1016/s0005-7894(89)80067-x

11. Berntsen D. The unbidden past: involuntary autobiographical memories as a basic mode of remember-

ing. Current Directions in Psychological Science. 2010; 19:138–42. doi: 10.1177/0963721410370301

12. Ehlers A, Clark DM. A cognitive model of posttraumatic stress disorder. Behaviour Research and Ther-

apy. 2000; 38(4):319–45. PMID: 10761279

13. Murray J, Ehlers A, Mayou RA. Dissociation and post-traumatic stress disorder: two prospective stud-

ies of road traffic accident survivors. British Journal of Psychiatry. 2002; 180:363–8. doi: 10.1192/bjp.

180.4.363 PMID: 11925361

14. Ehlers A, Mayou RA, Bryant B. Cognitive predictors of posttraumatic stress disorder in children: results

of a prospective longitudinal study. Behaviour Research & Therapy. 2003; 41(1):1–10. doi: 10.1016/

s0005-7967(01)00126-7 PMID: 12488116

15. Buck N, Kindt M. van den Hout M., Steens L., & Linders C. Perceptual memory representation and

memory fragmentation as predictors of post-trauma symptoms. Behavioural and Cognitive Psycho-

therapy. 2007; 35:269–72. doi: 10.1017/S1352465806003468

16. Kindt M, van den Hout M., Arntz A., & Drost J. The influence of data-driven versus conceptually-driven

processing on development of PTSD-like symptoms. Journal of Behavior Therapy and Experimental

Psychiatry. 2008; 39:546–57. doi: 10.1016/j.jbtep.2007.12.003 PMID: 18328462

17. Halligan SL, Clark DM, Ehlers A. Cognitive processing, memory, and the development of PTSD symp-

toms: two experimental analogue studies. Journal of Behavior Therapy & Experimental Psychiatry.

2002; 33(2):73–89. doi: 10.1016/s0005-7916(02)00014-9 PMID: 12472172

18. Holmes EA. Intrusive emotional mental imagery and trauma: experimental and clinical clues Imagina-

tion, Cognition and Personality. 2003/2004; 23:147–54. doi: 10.2190/HJG1-7UPH-B3K0-P9H5

19. Svoboda E, McKinnon MC, Levine B. The functional neuroanatomy of autobiographical memory: a

meta-analysis. Neuropsychologia. 2006; 44(12):2189–208. doi: 10.1016/j.neuropsychologia.2006.05.

023 PMID: 16806314

20. Cabeza R, St Jacques P. Functional neuroimaging of autobiographical memory. Trends in Cognitive

Science. 2007; 11(5):219–27. doi: 10.1016/j.tics.2007.02.005 PMID: 17382578

21. Shin LM, Liberzon I. The neurocircuitry of fear, stress, and anxiety disorders. Neuropsychopharmacol-

ogy. 2010; 35(1):169–91. Epub 2009/07/25. [pii] doi: 10.1038/npp.2009.83 PMID: 19625997

22. Hamann SB, Ely TD, Grafton ST, Kilts CD. Amygdala activity related to enhanced memory for pleasant

and aversive stimuli. Nature Neuroscience. 1999; 2(3):289–93. doi: 10.1038/6404 PMID: 10195224

23. Eichenbaum H. A cortical-hippocampal system for declarative memory. Nat Rev Neurosci. 2000; 1

(1):41–50. doi: 10.1038/35036213 PMID: 11252767.

24. Epstein RA. Parahippocampal and retrosplenial contributions to human spatial navigation. Trends

Cogn Sci. 2008; 12(10):388–96. doi: 10.1016/j.tics.2008.07.004 PMID: 18760955; PubMed Central

PMCID: PMC2858632.

25. Murty VP, Ritchey M, Adcock RA, LaBar KS. fMRI studies of successful emotional memory encoding:

A quantitative meta-analysis. Neuropsychologia. 2010; 48(12):3459–69. doi: 10.1016/j.

neuropsychologia.2010.07.030 PMID: 20688087

26. MacDonald AW 3rd, Cohen J.D., Stenger V.A., Carter C.S. Dissociating the role of the dorsolateral

prefrontal and anterior cingulate cortex in cognitive control. Science. 2000; 288:1835–8. doi: 10.1126/

science.288.5472.1835 PMID: 10846167

27. Hall NM, Gjedde A, Kupers R. Neural mechanisms of voluntary and involuntary recall: a PET study.

Behavior Brain Research. 2008; 186(2):261–72. doi: 10.1016/j.bbr.2007.08.026 PMID: 17913256

28. Bourne C, Mackay CE, Holmes EA. The neural basis of flashback formation: the impact of viewing

trauma. Psychological Medicine. 2013; 43(7):1521–32. doi: 10.1017/S0033291712002358 PMID:

23171530

29. Whalley MG, Kroes MC, Huntley Z, Rugg MD, Davis SW, Brewin CR. An fMRI investigation of post-

traumatic flashbacks. Brain and Cognitoin 2013; 81(1):151–9. doi: 10.1016/j.bandc.2012.10.002

PMID: 23207576

30. Hariri AR, Mattay V.S., Tessitore A., Fera F., & Weinberger D.R. Neocortical modulation of the amyg-

dala response to fearful stimuli. Biological Psychiatry. 2003; 53:494–501. doi: 10.1016/s0006-3223

(02)01786-9 PMID: 12644354

Intrusive Memories and Neural Processes

PLOS ONE | DOI:10.1371/journal.pone.0140871 September 29, 2016 16 / 17

http://dx.doi.org/10.1016/s0005-7894(89)80067-x
http://dx.doi.org/10.1177/0963721410370301
http://www.ncbi.nlm.nih.gov/pubmed/10761279
http://dx.doi.org/10.1192/bjp.180.4.363
http://dx.doi.org/10.1192/bjp.180.4.363
http://www.ncbi.nlm.nih.gov/pubmed/11925361
http://dx.doi.org/10.1016/s0005-7967(01)00126-7
http://dx.doi.org/10.1016/s0005-7967(01)00126-7
http://www.ncbi.nlm.nih.gov/pubmed/12488116
http://dx.doi.org/10.1017/S1352465806003468
http://dx.doi.org/10.1016/j.jbtep.2007.12.003
http://www.ncbi.nlm.nih.gov/pubmed/18328462
http://dx.doi.org/10.1016/s0005-7916(02)00014-9
http://www.ncbi.nlm.nih.gov/pubmed/12472172
http://dx.doi.org/10.2190/HJG1-7UPH-B3K0-P9H5
http://dx.doi.org/10.1016/j.neuropsychologia.2006.05.023
http://dx.doi.org/10.1016/j.neuropsychologia.2006.05.023
http://www.ncbi.nlm.nih.gov/pubmed/16806314
http://dx.doi.org/10.1016/j.tics.2007.02.005
http://www.ncbi.nlm.nih.gov/pubmed/17382578
http://dx.doi.org/10.1038/npp.2009.83
http://www.ncbi.nlm.nih.gov/pubmed/19625997
http://dx.doi.org/10.1038/6404
http://www.ncbi.nlm.nih.gov/pubmed/10195224
http://dx.doi.org/10.1038/35036213
http://www.ncbi.nlm.nih.gov/pubmed/11252767
http://dx.doi.org/10.1016/j.tics.2008.07.004
http://www.ncbi.nlm.nih.gov/pubmed/18760955
http://dx.doi.org/10.1016/j.neuropsychologia.2010.07.030
http://dx.doi.org/10.1016/j.neuropsychologia.2010.07.030
http://www.ncbi.nlm.nih.gov/pubmed/20688087
http://dx.doi.org/10.1126/science.288.5472.1835
http://dx.doi.org/10.1126/science.288.5472.1835
http://www.ncbi.nlm.nih.gov/pubmed/10846167
http://dx.doi.org/10.1016/j.bbr.2007.08.026
http://www.ncbi.nlm.nih.gov/pubmed/17913256
http://dx.doi.org/10.1017/S0033291712002358
http://www.ncbi.nlm.nih.gov/pubmed/23171530
http://dx.doi.org/10.1016/j.bandc.2012.10.002
http://www.ncbi.nlm.nih.gov/pubmed/23207576
http://dx.doi.org/10.1016/s0006-3223(02)01786-9
http://dx.doi.org/10.1016/s0006-3223(02)01786-9
http://www.ncbi.nlm.nih.gov/pubmed/12644354


31. Beck AT, Steer RA, Brown GK. Beck Depression Inventory- Second Edition. San Antonio, TX: The

Psychological Corporation; 1996.

32. Spielberger CD, Gorsuch R.L., Lushene R., Vagg P.R., Jacobs G.A.. Manual for the State-Trait Anxi-

ety Inventory. Palo Alto, CA1983.

33. Horowitz MJ, Wilner N, Alvarez W. Impact of Events Scale: A measure of subjective stress. Psychoso-

matic Medicine. 1979; 41(3):209–18. doi: 10.1097/00006842-197905000-00004 PMID: 472086

34. Marks DF. Visual imagery differences in the recall of pictures. British Journal of Psychology. 1973;

64:17–24. doi: 10.1111/j.2044-8295.1973.tb01322.x PMID: 4742442

35. Lang PJ, Bradley M.M., Cuthbert B.N. International affective picture system (IAPS): Affective ratings of

pictures and instruction manual. Gainesville, FL: University of Florida, 2008.

36. Hall NM, Berntsen D. The effect of emotional stress on involuntary and voluntary conscious memories.

Memory. 2008; 16(1):48–57. doi: 10.1080/09658210701333271 PMID: 17852728

37. Tzourio-Mazoyer N, Landeau B., Papathanassiou D., Crivello F., Etard O., Delcroix N., Mazoyer B., &

Joliot M. Automated anatomical labeling of activations in SPM using a macroscopic anatomical parcel-

lation of the MNI MRI single-subject brain. Neuroimage. 2002; 15:273–89. doi: 10.1006/nimg.2001.

0978 PMID: 11771995

38. Etkin A, Egner T, Kalisch R. Emotional processing in anterior cingulate and medial prefrontal cortex.

Trends in Cognitive Science. 2011; 15(2):85–93. doi: 10.1016/j.tics.2010.11.004 PMID: 21167765

39. Phan KL, Wager TD, Taylor SF, Liberzon I. Functional neuroimaging studies of human emotions. CNS

Spectrums. 2004; 9(4):258–66. doi: 10.1017/s1092852900009196 PMID: 15048050

40. Koenigs M, Grafman J. Prefrontal asymmetry in depression? The long-term effect of unilateral brain

lesions. Neurosci Lett. 2009; 459(2):88–90. Epub 2009/05/09. S0304-3940(09)00593-X [pii] doi: 10.

1016/j.neulet.2009.04.063 PMID: 19422881

41. Golkar A, Lonsdorf TB, Olsson A, Lindstrom KM, Berrebi J, Fransson P, et al. Distinct contributions of

the dorsolateral prefrontal and orbitofrontal cortex during emotion regulation. PLoS One. 2012; 7(11):

e48107. doi: 10.1371/journal.pone.0048107 PMID: 23144849

42. Depue BE, Banich MT, Curran T. Suppression of emotional and nonemotional content in memory—

Effects of repetition on cognitive control. Psychological Science. 2006; 17(5):441–7. doi: 10.1111/j.

1467-9280.2006.01725.x PMID: 16683933

43. Depue BE. A neuroanatomical model of prefrontal inhibitory modulation of memory retrieval. Neurosci-

ence and Biobehavioral Review. 2012; 36(5):1382–99. doi: 10.1016/j.neubiorev.2012.02.012 PMID:

22374224

44. Harvey AG, Bryant RA. The effect of attempted thought suppression in acute stress disorder. Behav-

iour Research and Therapy. 1998; 36(6):583–90. S0005-7967(98)00052-7 doi: 10.1016/s0005-7967

(98)00052-7 PMID: 9648332

45. McNally RJ, Riccardi R.N. Suppression of negative and neutral thoughts. Behavioural Cognitive Ther-

apy. 1996; 24:1–25. doi: 10.1017/s1352465800016805

46. Lanius RA, Bluhm R, Lanius U, Pain C. A review of neuroimaging studies in PTSD: heterogeneity of

response to symptom provocation. Journal of Psychiatric Research. 2006; 40(8):709–29. doi: 10.

1016/j.jpsychires.2005.07.007 PMID: 16214172

47. Liberzon I, Martis B. Functional neuroimaging research in posttraumatic stress disorder. PTSD: Brain

Mechanisms and Clinical Implications2006. p. 211–33.

48. Ehlers A, Clark DM. A cognitive model of posttraumatic stress disorder. Behaviour Research and Ther-

apy. 2000; 38(4):319–45. PMID: 10761279

Intrusive Memories and Neural Processes

PLOS ONE | DOI:10.1371/journal.pone.0140871 September 29, 2016 17 / 17

http://dx.doi.org/10.1097/00006842-197905000-00004
http://www.ncbi.nlm.nih.gov/pubmed/472086
http://dx.doi.org/10.1111/j.2044-8295.1973.tb01322.x
http://www.ncbi.nlm.nih.gov/pubmed/4742442
http://dx.doi.org/10.1080/09658210701333271
http://www.ncbi.nlm.nih.gov/pubmed/17852728
http://dx.doi.org/10.1006/nimg.2001.0978
http://dx.doi.org/10.1006/nimg.2001.0978
http://www.ncbi.nlm.nih.gov/pubmed/11771995
http://dx.doi.org/10.1016/j.tics.2010.11.004
http://www.ncbi.nlm.nih.gov/pubmed/21167765
http://dx.doi.org/10.1017/s1092852900009196
http://www.ncbi.nlm.nih.gov/pubmed/15048050
http://dx.doi.org/10.1016/j.neulet.2009.04.063
http://dx.doi.org/10.1016/j.neulet.2009.04.063
http://www.ncbi.nlm.nih.gov/pubmed/19422881
http://dx.doi.org/10.1371/journal.pone.0048107
http://www.ncbi.nlm.nih.gov/pubmed/23144849
http://dx.doi.org/10.1111/j.1467-9280.2006.01725.x
http://dx.doi.org/10.1111/j.1467-9280.2006.01725.x
http://www.ncbi.nlm.nih.gov/pubmed/16683933
http://dx.doi.org/10.1016/j.neubiorev.2012.02.012
http://www.ncbi.nlm.nih.gov/pubmed/22374224
http://dx.doi.org/10.1016/s0005-7967(98)00052-7
http://dx.doi.org/10.1016/s0005-7967(98)00052-7
http://www.ncbi.nlm.nih.gov/pubmed/9648332
http://dx.doi.org/10.1017/s1352465800016805
http://dx.doi.org/10.1016/j.jpsychires.2005.07.007
http://dx.doi.org/10.1016/j.jpsychires.2005.07.007
http://www.ncbi.nlm.nih.gov/pubmed/16214172
http://www.ncbi.nlm.nih.gov/pubmed/10761279

