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a b s t r a c t 

Memories are not stored in isolation. Insight into the relationship of initially unrelated events may trigger a 
flexible reconfiguration of the mnemonic representation of these events. Such representational changes allow 

the integration of events into coherent episodes and help to build up-to-date-models of the world around us. 
This process is, however, frequently impaired in stress-related mental disorders resulting in symptoms such as 
fragmented memories in PTSD. Here, we combined a real life-like narrative-insight task, in which participants 
learned how initially separate events are linked, with fMRI-based representational similarity analysis to test if 
and how acute stress interferes with the insight-driven reconfiguration of memories. Our results showed that 
stress reduced the activity of medial temporal and prefrontal areas when participants gained insight into the link 
between events. Moreover, stress abolished the insight-related increase in representational dissimilarity for linked 
events in the anterior part of the hippocampus as well as its association with measures of subsequent memory that 
we observed in non-stressed controls. However, memory performance, as assessed in a forced-choice recognition 
test, was even enhanced in the stress group. Our findings suggest that acute stress impedes the neural integration 
of events into coherent episodes but promotes long-term memory for these integrated narratives and may thus 
have implications for understanding memory distortions in stress-related mental disorders. 
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. Introduction 

When watching a movie, we often experience a plot twist , a mo-
ent when we realize how earlier, seemingly unrelated scenes are

onnected. As we gain insight into the relationship between initially
nrelated events, we integrate formerly separate memory representa-
ions into coherent episodes ( Schlichting and Preston, 2017 ). Inferring
hich events to integrate and which to keep separate is a fundamen-

al mechanism of memory and requires an intricate interplay of pat-
ern completion and separation processes ( Horner and Burgess, 2014 ;
arr, 1971 ; Nakazawa et al., 2002a ; Norman and O’Reilly, 2003 ;
olls and Kesner, 2006 ). Given its prominent role in both pattern com-
letion and separation processes, it is not surprising that the medial
emporal lobe, including the hippocampus, has been identified as a key
egion for mnemonic integration ( Brunec et al., 2020 ; Collin et al.,
015 ; Horner et al., 2015 ; Huffman and Stark, 2014 ; Marr, 1971 ;
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chapiro et al., 2017 ; Schlichting et al., 2015 ). The hippocampus, how-
ver, appears not to be functionally homogeneous and previous stud-
es suggested a functional hierarchy along the hippocampal long axis:
nterior portions were more related to memory integration, whereas
osterior areas were more associated with memory separation, result-
ng in memory representations with different granularity ( Brunec et al.,
020 ; Collin et al., 2017 ; Collin et al., 2015 ; Eichenbaum, 2004 ;
ilivojevic et al., 2015 ; Morton et al., 2017 ; Schlichting et al., 2015 ).
ccumulating evidence shows that mnemonic integration processes are
ltered in stress-related disorders, such as post-traumatic-stress dis-
rder (PTSD), resulting in fragmented memories ( Amir et al., 1998 ;
erntsen et al., 2003 ). In light of these clinical implications, the key
uestion arises as to which factors modulate the capacity to integrate
vents into coherent episodes. 

Acute stress is known to have a major impact on learning and mem-
ry ( Joëls et al., 2011 ; Sandi and Pinelo-Nava, 2007 ; Schwabe et al.,
ecember 2022 
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Fig. 1. Narrative-insight task (NIT). The videos (A, B, and X) from each of six story lines could either be integrated (events A and B) into narratives during the 
linking phase or not (A and X) and were each repeated six times. Between the different phases there was a short break to collect saliva samples. 
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012a ; Schwabe et al., 2022 ; Shields et al., 2017 ). These stress ef-
ects are mediated by the action of stress mediators, such as glucocor-
icoids (mainly cortisol in humans), on prefrontal and medial tempo-
al areas. Converging lines of evidence from cellular to neuroimaging
tudies show that stress and glucocorticoids may have differential ef-
ects on hippocampal neuroplasticity and functioning, depending, for
nstance, on the timing of the stressor ( Diamond et al., 2007 ; Joëls et al.,
011 ; Kim and Diamond, 2002 ). Stress unrelated to learning is generally
hought to reduce hippocampal activity and hippocampus-dependent
emory processes ( Kim and Diamond, 2002 ; Lupien and Lepage, 2001 ;

chwabe and Wolf, 2012 ; Vogel et al., 2018 ). Beyond the well-known
ffects of stress and glucocorticoids on hippocampal memory formation
nd retrieval ( de Quervain et al., 1998 ; Joëls et al., 2011 ; Schwabe et al.,
012b ), stress may bias the engagement of multiple, anatomically and
unctionally distinct memory systems from ‘relational’ hippocampus-
ependent memory towards rather habit-like forms of memory that
epend, for example, on the dorsal striatum ( Goodman et al., 2012 ;
chwabe, 2017 ; Vogel et al., 2016 ). Thus, in contrast to hippocampus-
ependent memory, dorsal striatum dependent stimulus-stimulus mem-
ry is often enhanced after stress ( Kim et al., 2001 ; Schwabe et al., 2007 ;
anElzakker et al., 2011 ). The reduced medial temporal lobe involve-
ent after stress might translate into a reduced capacity to integrate sep-

rate events into a coherent episode, thus contributing to the mnemonic
ntegration deficit in stress-related disorders. However, whether and
ow stress may affect this process of dynamic memory integration re-
ains unknown. 

In this study, we tested the hypothesis that acute stress inter-
eres with integration processes during insight-driven reconfiguration
f memory representations. To this end, we combined fMRI, neuroen-
ocrinology, and representational similarity analysis with a life-like
arrative-insight task ( Milivojevic et al., 2015 ; Fig. 1 ). One week after
ncoding, we performed a comprehensive behavioral analysis of correct-
ess, detailedness as well as memory representation. The delayed mem-
ry test included a standard free recall, a multidimensional arrangement
ask, and a forced-choice recognition test, and thus provided insights
nto which memory processes were altered by stress. Because the an-
erior part of the hippocampus appears to be particularly relevant for
nemonic integration ( Collin et al., 2015 ; Schlichting et al., 2015 ), we
redicted a change in the neural representation of linked events specifi-
ally in the anterior part of the hippocampus from pre- to post-insight. As
ask-unrelated stress is thought to interfere with hippocampal function-
ng, we hypothesized that acute stress would impair this insight-driven
nemonic reconfiguration in the anterior hippocampus. 
2 
. Methods 

.1. Participants 

Fifty-nine right-handed, healthy individuals (30 males, 29 females,
ge: M = 24.66 years, SD = 4.06 years) with normal or corrected-to-
ormal vision volunteered to participate in this study. Participants were
creened with a standardized interview for exclusion criteria, which en-
ompassed a history of neurological and psychiatric disorders, medica-
ion intake and drug abuse, cardiovascular-, thyroid- or kidney-related
iseases, body-mass index below 19 and over 26 kg/m 

2 , any signs for
OVID-19 infection or exposure, as well as any contraindications for
RI scanning. We tested only women who did not use hormonal contra-

eptives and who were not currently menstruating at the first day of the
xperiment, since these factors are known to influence their endocrine
tress response ( Kudielka and Kirschbaum, 2005 ). Two hours prior to
he experiment participants were asked to refrain from physical exer-
ise, caffeine and alcohol intake as well as fatty meals. All participants
rovided informed consent before participation and received a monetary
ompensation (50 €) at the end of the experiment. Procedures were ap-
roved by the local ethical review committee (Faculty of Psychology and
uman Movement Science, Universität Hamburg, Hamburg, Germany,
Z: 2017_143 Schwabe) and adhered to the Declaration of Helsinki. The
ample size is based on an a priori calculation using G 

∗ Power, indicat-
ng that a sample size of N = 60 is sufficient to detect a medium-sized
roup × link effect ( f = .30) with a power of .80. 

We implemented a mixed-design including the within-subject factors
ink (linked vs. non-linked events) and session (pre- vs. post-link) and
he between-subjects factor group (stress/control). Participants were
seudo-randomly assigned to one of the two groups to balance male
nd female participants per group. The stress group included 30 partic-
pants (15 females) and the control group consisted of 29 participants
14 females). 

.2. Procedure 

Testing was conducted on two days, one week apart. All experi-
ents took place in the afternoon or early evening (between 12 and
 p.m.) to account for the diurnal rhythm of the stress hormone
ortisol. Before starting the first day of the experiment, participants
ompleted questionnaires assessing trait-anxiety (STAI-T; Laux et al.,
981 ), depressive symptoms (BDI; Hautzinger et al., 2006 ), chronic
tress (TICS; Schulz and Schlotz, 1999 ), personality dimensions (BFI-
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; Danner et al., 2016 ), and chronotypical morningness and evening-
ess (MEQ; Adan and Almirall, 1991 ). After verification of eligibility for
RI measurements by a radiologist, participants gave informed consent

nd completed a state-anxiety questionnaire (STAI-S; Laux et al., 1981 )
nd sleep quality questionnaire (PSQI; Buysse et al., 1989 ). Thereafter,
hey performed a training run and a baseline measurement of a working
emory task (N-back; Kirchner, 1958 ) to control for effects due to stress-

elated impairments in working memory. Next, they completed a train-
ng session of the modified narrative-insight task (NIT; Milivojevic et al.,
015 ), a life-like video-based task that probes the integration of initially
istinct events into coherent episodes. Participants then underwent the
tress induction or control manipulation and completed the second N-
ack task and three runs of the modified narrative-insight task in the
RI scanner. One week later, to assess episodic memory integration,

articipants performed a free recall, a forced-choice recognition test and
 multidimensional arena task (MAT; Kriegeskorte and Mur, 2012 ). 

.2.1. Day 1: Stress manipulation and manipulation check 

In order to experimentally manipulate acute stress before the
arrative-insight task, which assesses mnemonic integration, par-
icipants underwent either the Trier Social Stress Test (TSST;
irschbaum et al., 1993 ) or a control manipulation. During the TSST,
articipants were requested to give a 5-min free speech, after a 3-min
reparation period, about their qualification for a job tailored to their in-
erests. Following this, participants had to perform a 5-min mental arith-
etic task (counting backwards from 2043 in steps of 17). Both tasks
ere performed in front of a panel (one man and one woman), dressed in
hite lab coats. The panel was introduced as experts in behavioral anal-
sis and was instructed to act in a rather cold, non-reinforcing manner,
on-responding to questions of the participant. In addition, participants
ere video-taped during the TSST. In the control condition, participants
ngaged in two tasks of the same duration. The first task included a free
peech about a topic of their choice (e.g. the last book they read). In the
econd task, participants counted forward (in steps of 15). Importantly,
here was no panel present and no video was recorded. 

To assess the effectiveness of the stress manipulation, subjective
ood ratings, blood pressure, pulse and saliva samples were taken at

everal time points throughout the experiment. Mood changes were
easured via a German mood scale (MDBF; Steyer et al., 1997 ). MDBF
easures were obtained before and after the stress manipulation as well

s after participants were removed from the MRI scanner (i.e., -5, + 20,
 110 min relative to treatment onset). Blood pressure and pulse (arm
uff: Omron Healthcare Europe BV) were measured before, during, and
fter the stress manipulation as well as after participants were removed
rom the scanner (i.e., -5, + 8, + 20, + 110 min relative to treatment on-
et). Saliva samples were collected before and after the experimental
reatment, twice in the MRI scanner and after participants were removed
rom the MRI scanner (i.e., -5, + 20, + 60, + 80, + 110 min relative to
reatment onset) using Salivette collection devices (Sarstedt, Germany).
aliva samples were stored at -18°C and after completion of data collec-
ion, salivary cortisol levels were analyzed using a luminescence assay
IBL, International, Hamburg, Germany). 

.2.2. Day 1: Working memory control task 

To control for potential stress effects on working memory, two mea-
urements of working memory performance were obtained before and
fter the TSST and control manipulation, respectively. The second as-
essment of working memory took place approximately 20 min after
tress induction, before the narrative-insight task began. Working mem-
ry was assessed with an N-back task ( Kirchner, 1958 ). In this task, par-
icipants were presented with single-digit numbers from 0 to 9 and were
sked whether the number on the screen ( “target ”) was the same number
s the number presented n-trials before ( “cue ”). Working memory load
as manipulated by using two complexity levels: 3-and 4-back trials. In
ddition to these two load levels, participants performed a control task
0-back), in which they had to indicate whether the current number was
3 
 zero. Responses were given either by pressing the left button ( “no ”) or
y pressing the right button ( “yes ”), if the target number was different or
dentical to the cue, respectively. The selected response was highlighted.
n total, participants were presented with six pseudo-randomized blocks
onsisting of two blocks from each level (0, 3 and 4 back). All blocks
onsisted of 20 numbers in random order. Numbers were presented for
00 ms and separated by a delay of 1.5 s. The blocks were separated by
 s outside the scanner on the baseline assessment and by 13 s inside the
canner on the second assessment. Prior to each block, participants were
nformed of the type of the upcoming cognitive task (0-, 3-, or 4-back).

.2.3. Day 1: Narrative-insight task 

Approximately 30 min after treatment onset, when cortisol lev-
ls were expected to peak ( Kirschbaum et al., 1993 ; Vogel and
chwabe, 2016 ), participants completed a modified version of the
arrative-insight task (NIT; Milivojevic et al., 2015 ), while functional
mages were collected in the MRI scanner. In this task, participants were
resented with life-like videos from the computer game The Sims 3 that
elonged to multiple different story lines. In total, participants saw 6
ifferent story lines. The videos from each story line could either be in-
egrated (events A and B) into narratives or not (A and X; see Fig. 1 ).
nbeknownst to the participant, each narrative had 2 possible versions

o control for nonspecific stimulus effects and visual similarity. The 2
arrative versions comprised an identical event A, but different events
 and linking event (L). Control event X from one version served as
vent B in the other version. Therefore, all participants saw the same
vents A, B, and X but 32 participants linked events A and X, while 27
articipants linked events A and B. 

Each story was presented in three phases: pre-insight phase, linking
hase, and post-insight phase ( Fig. 1 ). In the pre-insight phase , partici-
ants were presented with events A, B, and X for 2 s each, separated by
nter-stimulus intervals of 1, 4 or 11 s (ISIs; ∼5.3 s on average). Each
ideo was presented six times in a pseudorandom order, such that each
ideo was shown before the next round of presentations began and the
ame video was not presented on two consecutive trials. After the pre-
nsight phase, participants had to indicate on a scale from not at all (1)
o very much (4) how much they thought the events belonged together.
n the subsequent linking phase , participants viewed the linking video
vent (L) intertwined with a control video event (C), each presented for
s and repeated six times (ISIs of 1, 4 or 11 s; ∼5.3 s on average). The
inking video (L) showed the main characters from videos A and B inter-
cting with each other, whereas the control video (C) showed only an
nknown character engaged in an unrelated activity (e.g. a man walking
is dog). After the linking phase, participants completed several ratings
egarding the understanding of the link and adherence to instructions
n a scale ranging from not at all (1) to very much (4). In the final post-

nsight phase , participants again saw events A, B and X presented for 2 s
ach, repeated six times and separated by inter-stimulus intervals of 1,
 or 11 s (ISIs; ∼5.3 s on average). This phase was mainly used to assess
hanges in the neural representation of the events A and B, after learning
hat they were linked. After the post-phase, participants had to indicate
gain how much they thought that the events belonged together on a
cale from not at all (1) to very much (4). Although the process of link-
ng events is thought to occur in the linking phase, the successful linking
f the events A and B is operationalized by the ratings of belonging af-
er the linking phase compared to before the linking phase. Events in
he post-insight phase were also presented in a pseudo-random order to
educe potential sequence effects. Participants received visual feedback
hen they entered an answer by highlighting the selected response. In
ddition to presenting A, B, and X events in the pre- and post-insight-
hases, we also presented target events to which participants responded
y pressing a button with the index finger of their right hand. These tar-
et events accounted for 11% of trials of the pre- and post-insight phases
nd consisted of a 2 s animated video of a girl on a pink scooter. These
arget trials were recorded to ensure that participants remained atten-
ive throughout the experiment. 
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.2.4. Day 2: Free recall 

To measure the detailedness of memory one week after encoding,
articipants were instructed to recall the events presented on day 1 in
s much detail as possible. During free recall, they were voice recorded
or a maximum of 15 min. To assess the level of detailedness of the
ntegrated episodes, audio recordings from free recall were scored ac-
ording to how many details of the different video events (A, B, X, L,
nd C) were remembered from day one. The rating scheme was such,
hat it allowed for separate coding of details remembered for the A, B,
nd X events as well as for the events from the linking phase (L and
). The raters were instructed to assign details only to events where

t was clear that they belonged exclusively to that event, so that there
as no confusion of details between different events. Two raters rated

he first half of the data and the other two raters rated the second half.
ll raters were blinded with regard to experimental conditions. To as-
ess inter-rater reliability, all raters rated the first 5 participants and on
verage these ratings correlated highly with each other ( mean correla-

ion = .83, SD = .06). To obtain a better estimate of inter-subjectivity,
he ratings were averaged. The details for the different event types (A,
, and X) were summed across stories to give an overall rating of event
etail. 

.2.5. Day 2: Multidimensional arena task 

To assess the representational structure of episodic memory, par-
icipants were asked to arrange representative images of the video
vents (A, B and X) of each story according to their relatedness on a
wo-dimensional circular arena in a multidimensional arena (MA) task
 Kriegeskorte and Mur, 2012 ; Fig. S1). They were asked to bring the
ictures that had been linked (A and B) one week earlier closer together
han the pictures that had not been linked (A and X, B and X) by drag-
ing and dropping them with the computer mouse within a white circu-
ar arena on the computer screen. All trials were self-paced and could
e ended by the participant by pressing “Done ”. On the first trial, par-
icipants had to arrange all images by similarity and were instructed to
o so carefully. Subsequent trials consisted of subsets of the first trial se-
ected based on an adaptive procedure aimed at minimizing uncertainty
nd better approximating the high-dimensional perceptual representa-
ional space. This procedure is based on an algorithm optimized to pro-
ide optimal evidence for the dissimilarity estimates ( Kriegeskorte and
ur, 2012 ). Distances in this MA task were computed by initially com-

uting the squared on-screen distance (Euclidian distance) between all
tems in the first trial to produce a roughly estimated representative dis-
imilarity matrix (RDM) and by iteratively updating this RDM by the
eighted average of scaled trial estimates. This MA task took 10 min to

omplete. 

.2.6. Day 2: Forced-choice recognition test 

In addition to the free recall test, we administered a forced-choice
ecognition test. In this test, participants completed a matching task in
 forced-choice format. They were presented with an image of event
 at the top of the computer screen and had to indicate whether the

mage of B or X in the bottom half of the screen belonged to A. Par-
icipants were presented with these forced-choice options for each of
he stories they had seen a week before. After indicating for a story
hich event belonged to event A, they had to rate how confident they
ere in their answer. Confidence was rated on a scale from not at all

1) to very sure (4). This was repeated for each of the six stories. Par-
icipants were presented with the forced-choice question and the con-
dence rating for 5.5s each, separated by inter-stimulus intervals of
, 4 or 11 sec (ISIs; ∼5.3 s on average). Participants received visual
eedback when they entered a rating question by highlighting the se-
ected response. The forced-choice recognition test lasted about 2 to
 min. 
4 
.3. Analysis 

.3.1. Behavioral and physiological data analysis 

Mood ratings were analyzed by means of a mixed 2 × 2 ANOVA
ith the between-subjects factor group (stress/control) and the within-

ubject factor time (-5/ + 20/ + 110 min relative to treatment onset).
lood pressure and pulse were analyzed using a mixed 2 × 2 ANOVA
ith the between-subjects factor group and the within-subject factor

ime (-5/ + 3/ + 20/ + 110 min relative to treatment onset). Finally, sali-
ary cortisol levels were analyzed by means of a mixed 2 × 2 ANOVA
ith the between-subjects factor group and the within-subject factor

ime (-5/ + 20/ + 60/ + 80/ + 110 min relative to treatment onset). 
To assess the degree of insight-dependent mental reorganization, the

atings for the event duplets of interest (AB and AX) from the pre- and
ost-insight-phase were entered into a mixed 2 × 2 × 2 ANOVA with
he between-subjects factor group and the within-subject factors time
pre/post) and link (link/non-link). To evaluate the long-term represen-
ation of the integrated events, performance in the forced-choice recog-
ition test was assessed by computing the proportion of correct answers.
hese performance measures (in %) were then entered into a Welch two-
ample t-test with the between-subjects factor group. In order to check
or confidence in the forced-choice recognition test, confidence ratings
ere averaged over the six stories and entered into a Welch two-sample

-test with the between-subjects factor group (Fig. S2). To analyze the
epresentational structure of memory, Euclidian dissimilarity estimates
rom the multidimensional arena task were extracted for linked (AB)
nd for non-linked events (AX), averaged over stories, and, thereafter,
ntered into a mixed 2 × 2 ANOVA with the between-subjects factor
roup and the within-subject factor link (link/non-link). Details from
ree recall were entered into a mixed 2 × 2 ANOVA with the between-
ubjects factor group and the within-subject factor link (link/non-link).

All analyses were performed in R version 4.0.4 (https://www.r-
roject.org/). In case of violated sphericity, as indicated by Mauchly’s
est, Greenhouse-Geisser corrected degrees of freedom and p -values are
eported. Before analyses data were checked for outliers. Outliers were
efined as mean + /- 2.5 SD. For the analysis of the narrative-insight
ask (NIT), four outliers were identified and excluded (two from the
tress group and two from the control group). For the analysis of the
orced-choice recognition test, one outlier was identified and excluded
stress group). For the analysis of the multidimensional arena task, two
utliers were identified and excluded (one from the stress group and one
rom the control group). For the free recall analysis, three outliers were
dentified and excluded (two from the stress group and one from the
ontrol group). For the representational similarity analysis (RSA) of the
nterior hippocampus, four outliers were identified and excluded (two
n the stress group and two in the control group). For the additional RSA
f the posterior hippocampus, one outlier was identified and excluded
stress group). 

Imaging data were acquired on a 3T Siemens PRISMA scanner
Siemens, Germany) using a 64-channel head coil. Data was collected
n three functional runs, separated by short breaks in which saliva sam-
les were collected. We used a custom 3D echo-planar imaging (EPI)
ulse sequence acquiring interleaved slices with the following parame-
ers: TR = 2000 ms; TE = 30 ms; flip angle = 60°; volume resolution = 2
m 

3 ; slices = 62; approx. 530 volumes per run; field of view (FoV) = 224
m; acceleration factor PE = 2. Additionally, a structural T1-weighted

mage was acquired using a MPRAGE-grappa sequence with the follow-
ng parameters: TR = 2500 ms; TE = 2.06 ms; flip angle = 9°; voxel
esolution = 0.8 mm 

3 ; slices = 256; field of view (FoV) = 244 mm; 3D
cceleration factor = 1 at the end of the MRI session. 

.3.2. fMRI data preprocessing 

Preprocessing and analysis of the fMRI data were performed using
ustom scripts based on MATLAB (The Mathworks, Inc, Natick, US) and
PM 12 (Wellcome Trust Centre for Neuroimaging, London, UK). To al-
ow for magnetic field (T1) equilibration, the first three functional scans
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ere discarded. First, functional images were spatially realigned and
lice-time corrected. Thereafter, functional images were co-registered to
he structural image by co-registering the structural image to the mean
PI. To check for differences in motion between the groups, we ran a
ontrol analysis and found that there were no group differences on these
ovement parameters (all p corr > .120). Moreover, we controlled for in-
ividual head movement by including the motion regressors in our gen-
ralized linear model (GLM). For the multivariate analysis (see below),
he images were not preprocessed further. For the univariate analysis
see below), the functional images were normalized to the MNI template
nd subsequently smoothed using a 6 mm 

3 full-width at half maximum
FWHM) Gaussian kernel. 

Results of the neural analyses were considered significant at a family-
ise error (FWE) corrected threshold of p < .050. To test our hypothe-

es, we performed, in addition to more explorative whole-brain analy-
es, ROI analyses with a-priori defined ROIs using small-volume correc-
ion (SVC; p < .050, FWE corrected) with an initial threshold of p < .001
ncorrected. Based on previous findings in the mnemonic integration
nd stress literature ( Milivojevic et al., 2015 ; Schlichting et al., 2015 ;
chwabe et al., 2012a ; Wirz et al., 2018 ), we focused on the follow-
ng ROIs: amygdala, hippocampus, parahippocampal cortex, and or-
itofrontal cortex. The hippocampus was split into posterior and an-
erior sub-regions, as these have been found to be differentially impli-
ated in mnemonic integration and separation processes ( Collin et al.,
015 ; Dandolo and Schwabe, 2018 ; Robin and Moscovitch, 2017 ). We
sed hippocampal masks built by dividing a hippocampal mask into
hree parts with approximately equal lengths along the long axis, us-
ng the WFU pick-atlas: pHC from Y = − 40 to − 30, mHC from Y = − 29
o − 19, and aHC from Y = − 18 to − 4 ( Collin et al., 2015 ; Dandolo and
chwabe, 2018 ). With the exception of the hippocampal sub-regions all
ther anatomical masks were derived from the Harvard-Oxford cortical
nd subcortical atlas using a probability threshold of 50%. We corrected
or the number of ROIs in the specific analyses by applying Bonferroni
orrection ( p corr ). The resulting estimates were extracted using the Mars-
ar Toolbox ( Brett et al., 2002 ) to correlate the neural activity with
ehavioral outcomes. 

.3.3. Univariate fMRI analysis 

For the univariate fMRI analysis, data from all three runs were con-
atenated to allow estimation of neural responses using all acquired
ata. The concatenated time series was analyzed using a generalized
inear model (GLM) as implemented in SPM12. This model included
ne regressor per event type (A, B, and X) during each phase (pre- and
ost-link). Each of these six event regressors of interest modelled 36 tri-
ls (six different stories). Each model also included the following task
uisance regressors: regressors for the link video and control video in
he link phase, and one regressor for the 24 target events (girl on the
ink scooter). All task regressors and the nuisance task regressors of
o interest were convolved with the canonical hemodynamic response
unction, producing a modelled time-course of neural activity. All analy-
es further contained six concatenated nuisance regressors to control for
ead movement as well as three run constants. A high-pass filter of 128
 was used to remove low-frequency drifts and serial correlations in the
ime series were accounted for using an autoregressive AR(1)-model. To
nalyze the neural basis of the change from pre- to post-insight we com-
uted a contrast comparing post link events to pre link events (AB post >

B pre ). These contrast images were analyzed on the group level using
 two-sample t-test. To rule out that the differences found between this
ontrast are due to time, we also computed a contrast comparing post
on-link events to pre non-link events (X post > X pre ). 

.3.4. Univariate fMRI adaptation in linking phase 

To measure insight-related changes during the linking phase, we set
p another model contrasting link and control events. This model was
djusted for effects of lag between the presentation of link and control
vents due to fMRI adaptation. Functional images from all three runs
5 
ere concatenated to allow for estimation of neural responses using a
LM. This model included single regressors for all event types (A, B, X,
, C) in each story separately. Essentially, to measure the insight-related
esponse that is adjusted for fMRI adaptation processes, six parametric
egressors were included that reflect the time between events during
he linking phase. To assess the degree of fMRI adaptation, the regres-
ors were defined as –log (time since last presentation of link [linking
vent to linking event] or control event [control event to control event]).
hese lags were calculated as the difference between the onsets of the
vents of interest (e.g. linking event to linking event or control event
o control event) and could take on values of 18s, 21s, 24s, 28s, 31s,
r 38s. We used log lags according to a previous paper using the same
aradigm ( Milivojevic et al., 2015 ) since other studies suggested that
daptation effects are not automatically linear at longer lags between
vents ( Weiner et al., 2010 ; Zhou et al., 2018 ). Each model also in-
luded the following nuisance variables: one regressor for the 24 target
vents, six concatenated nuisance regressors to control for head move-
ent as well as three run constants. All task regressors and the regressor

or target events were convolved with the canonical hemodynamic re-
ponse function, producing a modelled time-course of neural activity. A
igh-pass filter of 128 s was used to remove low-frequency drifts and
erial correlations in the time series were accounted for using an au-
oregressive AR(1)-model. For each subject contrast images collapsed
cross the six stories were calculated (Link > Control) and were then
aken to the second-level group analysis. On the second level, analyses
ere performed using two-sample t-tests. 

.3.5. Multivariate analysis 

In order to assess changes in neural patterns induced by insight
nto the narrative structure of events, we conducted a Representational
imilarity Analysis (RSA, Kriegeskorte et al., 2008 ) using the rsatool-
ox ( Nili et al., 2014 ). We focused on the hippocampal long axis,
ince its subcomponents have been differentially associated with mem-
ry integration as well as segregation – two processes that are criti-
al to episodic memory integration ( Brunec et al., 2018 ; Collin et al.,
017 ; Dandolo and Schwabe, 2018 ; Milivojevic et al., 2015 ; Robin and
oscovitch, 2017 ; Schlichting et al., 2015 ). On the first level, functional

mages from all three runs were concatenated to allow for estimation of
eural responses using a GLM. Only un-normalized and un-smoothed
mages entered the GLM. This model included single regressors for each
f the event types and each phase (A pre , B pre , X pre , L, C, A post , B post ,
 post ) in each of the 6 story lines separately. Thus, each event-regressor
odeled 6 trials. Each model also included the following additional nui-

ance regressors: one regressor for the 24 target events, six concatenated
uisance regressors to control for head movement as well as three run
onstants. All task regressors and the regressor for target events were
onvolved with the canonical hemodynamic response function, produc-
ng a modelled time-course of neural activity. Voxel-wise beta estimates
esulting from the regressors of interest (A pre , B pre , X pre , A post , B post ,
 post ) were further transformed into t -statistics to account for noise in-
uced unreliability ( Walther et al., 2016 ). In a second analysis step, we
ack-transformed the ROIs from MNI space to subject-space for each par-
icipant individually. The computation of Representational Dissimilarity
atrices (RDMs) for each ROI and each subject was, thus, performed in

ative space of each participant. The resulting t -images from the regres-
ors of interest were used to create vectors of activity pattern for each
vent, separately for each ROI. These activity patterns were used to cal-
ulate the dissimilarity between two trials by correlation distances (1- r ,
earson’s rank order correlation). Thereafter, the dissimilarities for each
ombination were entered into a 36 × 36 Representational Dissimilarity
atrix (RDM). The dissimilarities for linked (AB pre , AB post ) and non-

inked events (AX pre , AX post ) pre- and post-insight were extracted for
ach story and averaged over stories for each participant. These aver-
ged dissimilarities were then entered into a mixed 2 × 2 × 2 ANOVA in
 version 4.0.4 (https://www.r-project.org/) with the between-subjects

actor group (stress vs. control) and the within-subject factors time (pre



A.-M. Grob, B. Milivojevic, A. Alink et al. NeuroImage 265 (2023) 119804 

Table 1 

Subjective mood ratings. 

Stress Control 

-5 + 20 + 110 -5 + 20 + 110 

MDBF M ( SD ) M ( SD ) M ( SD ) M ( SD ) M ( SD ) M ( SD ) 
Positive mood 33.40 (4.77) 27.57 ∗ ∗ ∗ (6.61) 31.40 ∗ (5.59) 32.89 (5.34) 33.75 (5.27) 34.21 (4.66) 
Calmness 31.07 (5.90) 26.10 ∗ ∗ (6.53) 31.53 (5.66) 30.14 (5.86) 31.21 (5.95) 33.71 (3.65) 
Wakefulness 29.67 (5.47) 28.67 (5.60) 24.07 (6.82) 31.00 (5.48) 30.89 (5.80) 25.04 (6.72) 

The subjective mood scale MDBF with its sub-scales valence, arousal, and wakefulness was rated on a Likert 
scale ranging from not at all (1) to very much (5) five minutes prior to treatment onset, 20 min after treatment 
onset, and 110 min after treatment onset. Data represents means (SD); significant between-subjects effects are 
indicated by: ∗ p < .05, ∗ ∗ p < .01, ∗ ∗ ∗ p < .001; significant within-subjects effects are highlighted in bold. 
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s. post) and link (link vs. non-Link). We corrected for the number of
OIs by applying Bonferroni correction ( p corr ). 

.3.6. Correlations with cortisol 

To relate our behavioral, univariate and multivariate results to cor-
isol measures, we calculated the area under the curve with respect to in-

rease (AUC I ), as this measure has been shown to operationalize a crit-
cal aspect of cortisol release: AUC I is related to the sensitivity of the
ystem and shows changes over time ( Pruessner et al., 2003 ). 

.3.7. Regression analysis 

To directly assess the relation between neural dissimilarity measures
nd perceived dissimilarity in the multidimensional arena task, we cal-
ulated a linear regression model and compared it to a quadratic re-
ression model using the likelihood ratio test for the stress and control
roups separately. To further probe whether potential group differences
ere significant, we built a basic model that did not include interaction

ffects with group and an interaction model that included these interac-
ion effects. We determined which model better fit the data by testing
hese two models against each other implementing the likelihood ratio
est. These analyses were performed in R version 4.0.4 (https://www.r-
roject.org/). 

. Results 

.1. Successful stress induction 

Approximately 30 min before participants completed the narrative-
nsight task ( Fig. 1 ) in the MRI scanner, they underwent either a psy-
hosocial stressor (Trier Social Stress Test, TSST; n = 30) or a non-
tressful control manipulation ( n = 29). Significant changes in subjective
ood as well as in blood pressure and salivary cortisol confirmed the

uccessful stress induction by the TSST. Negative mood increased signif-
cantly in response to the TSST but not after the control manipulation
 time × group interaction: F (1.96, 111.78) = 14.75, p < .001, 𝜂G = .059).
ost-hoc t-tests showed significantly higher negative mood ratings in
he stress group compared to the control group after the experimental
anipulation ( t (55.23) = 3.82, p < .001, d = .99), as well as at the end of

he experiment ( t (55.55) = 2.09, p = .041, d = .54), whereas there was no
ifference at baseline ( t (56.07) = -.04, p = .682, d = -.11). There was also
 significant increase in restlessness in the stress condition but not in the
ontrol condition ( time × group interaction: F (1.99, 113.63) = 9.81, p < .001,

G = .045). Post-hoc comparisons revealed significantly higher restless-
ess ratings after the experimental manipulation in the stress group (vs.
ontrol; t (56.81) = 3.02, p = .004, d = .78) and a similar trend at the end
f the experiment (vs. control; t (49.30) = 1.78, p = .081, d = .46), while
roups did not differ at baseline ( t (56.99) = -.63, p = .528, d = -.17).
urthermore, there was an increase in tiredness across the experiment,
rrespective of the experimental group ( F (1.50, 85.22) = 56.03, p < .001,

G = .172; Table 1 ). 
Systolic blood pressure increased significantly in stressed par-

icipants but not in the control group ( time × group interaction:
6 
 (2.41, 132.45) = 22.66, p < .001, 𝜂G = .057; see Fig. 2 ). Post-hoc t-tests
howed significantly higher systolic blood pressure in the stress group
ompared to the control group during the experimental manipulation
 t (52.32) = -4.06, p < .001, d = 1.07). There was no significant differ-
nce at the other time points of measurement (in minutes relative to
reatment onset: -5 min (baseline): t (56.90) = -.02, p = .984, d = .01;
 20 min: t (55.85) = -1.49, p = .141, d = .39; + 110 min: t (55.44) = -.97,
 = .339, d = .25). Likewise, diastolic blood pressure increased in re-
ponse to the TSST but not to the control manipulation ( time × group

nteraction: F (2.46, 135.44) = 29.15, p < .001, 𝜂G = .088; see Fig. 2 ). Post-
oc t-tests indicated significantly higher diastolic blood pressure in the
tress group compared to the control group during the experimental ma-
ipulation ( t (48.54) = -4.70, p < .001, d = 1.23; all other time points of
easurement in minutes relative o treatment onset: -5 min (baseline):

 (56.99) = 1.07, p = .291, d = -.28; + 20 min: t (55.83) = -1.17, p = .246,
 = -.31; + 110 min: t (56.84) = .19, p = .848, d = -.06). Furthermore,
articipants’ pulse increased significantly in the stress but not the con-
rol group ( time × group interaction: F (2.17, 119.09) = 13.19, p < .001,

G = .049; see Fig. 2 ). Post-hoc t-tests showed again significantly higher
ulse in stressed participants compared to controls during the experi-
ental manipulation ( t (45.56) = -3.64, p < .001, d = .95; all other time
oints of measurement in minutes relative to treatment onset: -5 min:
 (56.68) = .10, p = .923, d = -.03; + 20 min: t (55.98) = -.66, p = .513, d = .17;
 110 min: t (56.62) = -.76, p = .452, d = .20). 

Finally, salivary cortisol increased significantly in stressed partici-
ants but not in controls ( time × group interaction: F (2.64, 150.54) = 9.88,
 < .001, 𝜂G = .050; see Fig. 2 ). While groups did not differ in baseline
ortisol concentrations ( t (46.12) = -.73, p = .470, d = .18), stressed partici-
ants had significantly higher salivary cortisol concentrations compared
o controls after the experimental manipulation, with peak levels at the
tart of the narrative-insight task ( t (35.34) = -4.35, p < .001, d = 1.12),
hich remained elevated throughout the task ( + 60 min: t (55.84) = -3.20,
 = .002, d = .83; + 80 min: t (54.88) = -2.45, p = .018, d = .64; end of the
xperiment: t (56.98) = -1.70, p = .096, d = .44). 

.2. Superior memory for linked vs. non-linked events 

In order to examine stress effects on mnemonic integration, we used
 modified narrative-insight task ( Fig. 1 ). In this task, participants first
epeatedly watched three videos showing specific episodes (pre-insight
hase). Thereafter, a new (linking) event (L) was presented that linked
wo of the previously seen events (A and B) but left the third event
on-linked (control event X; linking phase). Finally, the now linked or
on-linked events were presented again to examine insight-driven rep-
esentational changes (post-insight phase; Fig. 4 ). In all of these phases,
e included target stimuli to which participants should respond, thus

ontrolling for their attention during the task. Participants responded
o 94.92% ( SD = 14.04%) of the target presentations, without any dif-
erences between groups ( t (38.117) = -.81, p = .423, d = -.21), indicating
hat stress did not affect attention during the task. 

In the narrative-insight task, all participants gained – as expected
insight into the relationship of the initially separate events, as
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Fig. 2. Physiological stress responses. (A) Significant increases in systolic (mmHG) and (B) diastolic blood pressure (mmHG) and (C) pulse (bpm). (D) as well as in 
concentrations of salivary cortisol (nmol/l) confirmed the successful stress induction by the Trier Social Stress Test (TSST). Grey shades indicate periods of the TSST 
and control procedure, respectively, (red flash) and the narrative insight task (film roll). Data represents means ( + /- SE); ∗ p < .05, ∗ ∗ p < .01, ∗ ∗ ∗ p < .001. 
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eflected in significantly increased assessments of belonging after the
inking phase for linked than non-linked events ( time × link interaction:
 (1, 53) = 745.21, p < .001, 𝜂G = .626, Fig. 4 ). Importantly, groups did
ot differ in these assessments of belonging, indicating that stress did
ot affect the basic insight into the relationship of events. In addition
o the initial linking of events on day 1, which required connection and
ntegration of the initially unrelated events, we also examined mem-
ry for this insight, one week later. The findings of day 1 were also
eflected in the multidimensional arena task one week after encoding of
he events. In this task, in which participants placed events that belong
ogether closer to each other, participants performed very well (multi-
imensional arena task: mean distance for linked events = .02, SD = .01;
ean distance for non-linked events = .05, SD = .02; Fig. 4 ). Again, there
ere no significant differences between stressed and control participants

multidimensional arena task: link: F (1, 50) = 89.35, p < .001, 𝜂G = .324),
hus indicating that both groups remembered the basic association be-
ween events. In line with this view, those in both groups who rated
he linked events as more closely related after insight also arranged the
inked events more closely in the multidimensional arena task one week
ater ( r = -.49, t (50) = -3.96, p < .001). In addition, those in both groups
ho distinguished more between linked and non-linked events after in-

ight (link - nonlink) arranged the linked events closer together in the
ultidimensional arena task ( r = -.30, t (46) = -2.14, p = .038). However,
e found that the increase in cortisol over time (AUC I ) in the stress
roup was associated with closer distances for non-linked events (A and
), whereas this was not the case in the control group (stress: r = -.43,
7 
 (23) = -2.26, p = .034; control: r = .08, t (24) = .41, p = .683; stress vs.
ontrol: z = -1.91, p = .028; Fig. 3 ). 

Strikingly, whether events were linked or not during encoding had
 significant impact on the memory for these events, as assessed one
eek after encoding in the free recall test: participants recalled linked

vents (averaged A and B) in significantly more detail than non-linked
vents (X; item: F (1, 53) = 48.27, p < .001, 𝜂G = .243; Figs. 4 D and S5).
his enhanced memory for linked vs. non-linked events was observed in
oth groups (stress: t (26) = 4.79, p < .001, d repeated measures = -.86; control:
 (27) = 5.05, p < .001, d repeated measures = -.79; group × item: F (1, 53) = .32,
 = .575, 𝜂G = .002). Although the stress group seemed to recall more
etails on a descriptive level, there was no significant effect of group in
he free recall test ( group: F (1, 53) = 1.96, p = .167, 𝜂G = .023). We also
ound that those in both groups who recalled more details for linked
vents also arranged the linked events closer together in the multidi-
ensional arena task ( r = -.32, t (49) = -2.39, p = .021). 

In addition to the free recall test, we administered also a forced-
hoice recognition test, which involves lower memory search demands.
verall, performance in the forced-choice recognition test was very high
 M = 79.95%; SD = 22.17%). Interestingly, stressed participants per-
ormed better than controls in this task (forced-choice recognition test:
 (46.79) = -2.17, p = .035, d = -.58). Moreover, we found a positive re-
ationship between post-insight link ratings and delayed forced-choice
ecognition test performance across both groups ( r = .48, t (55) = 4.01,
 < .001), suggesting that those participants who gained better insight
nto which events were linked on day 1 also performed better in the
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Fig. 3. Association between cortisol and multidimensional arena task. (A) Non-significant correlation between the increase in cortisol release over time (AUC I ) and 
Euclidian distance for non-linked events (A and X) in the multidimensional arena task in controls. (B) Significant correlation between the increase in cortisol release 
over time (AUC I ) and Euclidian distance for non-linked events (A and X) in the multidimensional arena task. 

Fig. 4. Behavioral measures of insight and memory performance. (A) Significant increases in ratings of belonging for linked events and significant decreases in ratings 
of belonging for non-linked events in the control group (left) and in the stress group (right). (B) Significant differences between linked and non-linked events in the 
multidimensional arena task (Euclidian distance) for the control and stress group. (C) High performance (correct responses (%)) in the forced-choice recognition 
test for both groups. (D) Significant differences between linked (A and B) and non-linked events (X) events in the free recall for the stress and control group. Data 
represents means ( + /- SE); ∗ p < .05, ∗ ∗ ∗ p < .001. 
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orced-choice recognition test. We further obtained that those in both
roups who differentiated better between linked and non-linked events
ost-insight also performed better in the forced-choice recognition test
 r = .32, t (51) = 2.44, p = .018). Participants in both groups who ar-
anged the linked events closer together in the multidimensional arena
ask also performed better on the forced-choice recognition test ( r = -.59,
 (49) = -5.17, p < .001). 

.3. Stress lowers medial temporal lobe activity during linking of events 

To shed light on the insight-related neural processes underlying
pisodic integration, we measured BOLD-activity using fMRI during the
inking phase, when participants learned about the relationship of the
nitially unrelated events A and B through a linking video (L), which was
nterleaved with an unrelated control video (C). We compared the neu-
8 
al activity of the linking event (L) with control events (C; Link > Con-
rol; Fig. 5 ) and accounted for fMRI adaptation processes by including
arametric regressors that reflect the time between events during the
inking phase. We used log lags since previous studies suggested that
daptation effects are not automatically linear at longer lags between
vents ( Weiner et al., 2010 ; Zhou et al., 2018 ). This analysis revealed
hat stress (vs. control) lowered linking-related activity in the left hip-
ocampus (SVC peak level: x = -28, y = -10, z = -20; t (1,57) = 4.49,
 corr (FWE) = .012, k = 23) extending into the left amygdala (SVC peak
evel: x = -26, y = -8, z = -20; t (1,57) = 4.25, p corr (FWE) = .012, k = 13). In
n exploratory analysis, we found a correlation suggesting that partici-
ants in the stress group with higher amygdala activity during linking
lso recalled more details for non-linked events ( r = .37, t(26) = 2.05,
 = .051). As this correlation did not reach statistical significance, this
ssociation should be interpreted with caution though. 
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Fig. 5. Neural activity during linking phase (stress vs control group). (A) Significant decreases in stressed participants (vs. controls; Link > Control) in left hip- 
pocampus (SVC peak level: x = -28, y = -10, z = -20). Only masked ROI is displayed. Coronal and sagittal sections are shown, superimposed on a T1-template image. 
Depicted next to this is the peak voxel activity of the left hippocampus (HC) for stressed participants and controls during linking. Data represents means ( + /- SE); 
∗ ∗ ∗ p < .001. (B) Significant decreases in stressed participants (vs. controls; Link > Control) extended into the left amygdala (SVC peak level: x = -26, y = -8, z = -20). 
Only masked ROI is displayed. Coronal and sagittal sections are shown, superimposed on a T1-template image. Depicted next to this is the peak voxel activity of the 
left amygdala (AMY) for stressed participants and controls during linking. Data represents means ( + /- SE); ∗ ∗ ∗ p < .001 and left amygdala when accounted for fMRI 
adaptation processes. 
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.4. Stress hinders insight-related increase in medial temporal lobe activity 

To assess neural changes associated with insight induced during the
inking phase, we compared BOLD-activity changes for events that were
inked (A and B) from the pre- with the post-insight-phase (AB post >

B pre ). Our initial whole-brain analysis revealed a decrease in neural
ctivity from pre- to post-insight in stressed participants (vs. controls)
n the right putamen (whole-brain cluster-level: x = 18, y = 14, z = -8;
 (1,57) = 4.95, p corr (FWE) = .005, k = 215; Fig. S4 in supplementary mate-
ial). Focusing on our regions of interest, we found decreases from pre-
o post-insight in neural activity in stressed participants (vs. controls)
n the right orbitofrontal cortex (OFC: SVC peak level: x = 34, y = 28,
 = -8; t (1,57) = 4.25, p corr (FWE) = .036, k = 4; Fig. 6 ), and in the bilat-
ral parahippocampal cortices (left PHC: SVC peak level: x = -24, y = 0,
 = -30; t (1,57) = 4.30, p corr (FWE) = .012, k = 22; Fig. 6 ; right PHC: SVC
eak level: x = 20, y = -16, z = -28; t (1,57) = 4.67, p corr (FWE) = .004,
 = 19). We performed an exploratory analysis to relate this result to
he behavioral level and found that across both groups, those who had
 greater increase from pre to post insight for linked events in the right
arahippocampus tended to remember fewer details for the non-linked
vent ( r = -.26, t(54) = -1.96, p = .055); yet this results needs to be
nterpreted with caution as the correlation did not reach statistical sig-
ificance. To rule out that these differences for linked events were only
ue to the passage of time, we also compared activity changes for non-
inked events from the pre- with the post-insight-phase and found no dif-
erences between the groups (left OFC: SVC peak level: x = -16, y = 22,
9 
 = -24; t (1,57) = 3.68, p corr (FWE) = .120, k = 3; left PHC: SVC peak level:
 = -26, y = -2, z = -32; t (1,57) = 3.45, p corr (FWE) = .133, k = 1), thus sug-
esting that the above activity changes were specific to the insight into
he link between initially unrelated events. Interestingly, we found that
he change in the right orbitofrontal cortex from pre- to post-insight was
egatively associated with the cortisol increase (AUC I ) over both groups
 r = -.37, t (55) = -3.00, p = .004). 

.5. Stress disrupts insight-related change in event representations 

Finally, to examine the representational change induced by insight
nto the relationship of initially unrelated events, we compared mul-
ivariate voxel patterns pre- and post-insight by performing a ROI-
ased representational similarity analysis (RSA). We focused primarily
n the longitudinal long axis of the hippocampus, since hippocampal
ub-regions have been differentially implicated in integration and seg-
egation of events in general ( Cohn-Sheehy et al., 2021b ; Dandolo and
chwabe, 2018 ; Lohnas et al., 2018 ; Schlichting et al., 2015 ) and
nemonic integration across initially unrelated events in particular

 Collin et al., 2015 ; Milivojevic et al., 2015 ). In this analysis, repre-
entational dissimilarity matrices (RDMs) were computed for the an-
erior and the posterior portion of the hippocampal long axis. There-
fter, we extracted the neural dissimilarities averaged over stories for
inked and non-linked events pre- and post-insight from these RDMs
or each participant ( Fig. 7 B) and compared them in a mixed anal-
sis of variance. Interestingly, we found that while control partici-
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Fig. 6. Change in neural activity from pre- to post-insight. (A) Significant decreases in stressed participants (vs. controls; Linkpost > Linkpre) from pre to post 
insight in left parahippocampus (SVC peak level: x = -24; y = 0; z = -30). Only masked ROI is displayed. Coronal and sagittal sections are shown, superimposed on 
a T1-template image. (B) Peak voxel activity of the left parahippocampal cortex (PHC) for stressed participants and controls pre- and post-insight. Data represents 
means ( + /- SE); ∗ p < .05, ∗ ∗ ∗ p < .001. (C) Significant decreases in stressed participants (vs. controls; Linkpost > Linkpre) in orbitofrontal cortex (SVC peak level: 
x = 34; y = 28; z = -8). Only masked ROI is displayed. Coronal and sagittal sections are shown, superimposed on a T1-template image. (D) Peak voxel activity of the 
right orbitofrontal cortex (OFC) for stressed participants and controls pre- and post-insight. Data represents means ( + /- SE); ∗ ∗ ∗ p < .001. 
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ants exhibited a significant increase in representational dissimilarity
or linked events from pre to post insight in the right anterior hip-
ocampus, stress abolished this insight-related change in anterior hip-
ocampal representations ( group × time × link interaction: F (1, 53) = 6.20,
 corr = .032, 𝜂G = .017; Fig. 7 C). For the posterior hippocampus, there
as no such change ( group x time × link interaction: F (1, 56) = 1.03,
 corr = .626, 𝜂G = .002; Fig. S3), in line with previous studies suggest-
ng that the anterior but not the posterior part of the hippocampus is
nvolved in mnemonic integration ( Collin et al., 2015 ; Dandolo and
chwabe, 2018 ; De Shetler and Rissman, 2017 ; Duncan and Schlicht-
ng, 2018 ; Morton et al., 2017 ; Robin and Moscovitch, 2017 ). We per-
ormed a follow-up analysis of the interaction in the anterior hippocam-
us and found that controls showed a significant increase in repre-
entational dissimilarity from pre to post specifically for linked events
 t (26) = -2.13, p = .043, d repeated measures = .41; Fig. 7 C) but no increase
n representational dissimilarity from pre to post for non-linked events
 t (26) = .05, p = .620, d repeated measures = -.10; time × link interaction:
 (1, 26) = 4.51, p = .043, 𝜂G = .027). After stress, the change in repre-
entational dissimilarity for linked events was eliminated ( time × link

nteraction: F (1, 27) = 2.09, p = .160, 𝜂G = .011). The representational
issimilarity for linked events in the right anterior hippocampus post-
nsight was negatively related to the increase in cortisol release over
ime (AUC I ) across both groups, which was not the case for the repre-
entational dissimilarity pre-insight in the right anterior hippocampus
10 
pre: r = .06, t (53) = .42, p = .678; post: r = -.31, t (53) = -2.34, p = .023;
re vs. post: z = 1.90, p = .029). 

To further elucidate the behavioral relevance of the neural represen-
ational changes and their abolishment by stress, we first tested for a po-
ential linear relationship between representational dissimilarity in the
ight anterior hippocampus post-insight for linked events and distances
etween linked events in the multidimensional arena task. In this analy-
is, however, we observed no significant effect (R 

2 = -.02, F (1, 24) = .44,
 = .514). Since recent studies indicated that there might be a non-linear,
uadratic relationship between memory processes and changes in repre-
entational similarity ( Wammes et al., 2022 ), we tested also for a poten-
ial quadratic relationship and indeed obtained not only a better model
t for the quadratic compared to the linear relationship ( 𝜒2 

(1) = 15.21,
 < .001) but also a significant quadratic association between represen-
ational dissimilarity in the right anterior hippocampus post-insight for
inked events and linked events in the multidimensional arena task in
ontrols (R 

2 = .41, F (2, 23) = 9.52, p < .001; Fig. 6 D). Importantly, this
ssociation was abolished by acute stress: neither the linear (R 

2 = -.02,
 (1, 23) = .54, p = .472), nor the quadratic model (R 

2 = .06, F (2, 22) = 1.78,
 = .192; linear vs. quadratic model: 𝜒2 

(1) = 3.18, p = .075; Fig. 6 D) pro-
ided a significant fit in stressed participants. The significant interaction
ffect dissimilarity 2 × group in the interaction model, which showed a
etter fit compared to the basic model ( 𝜒2 

(2) = 10.83, p = .004), indi-
ated that the groups differed significantly from each other regarding
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Fig. 7. Conceptual RSA and results for anterior hippocampus (aHC). (A) Masked right anterior hippocampus. (B) Conceptual neural dissimilarity matrix from right 
anterior hippocampus. Dissimilarities for linked and non-linked events were extracted and averaged across six stories for each participant resulting in average 
dissimilarities for link and non-link pre- and post-insight. (C) Significant difference between pre- and post-insight for linked events in the right anterior hippocampus 
in controls as well as non-significant differences in the stress group. Data represents means ( + /- SE); ∗ p < .05. (D) Significant quadratic regression between neural 
dissimilarity post-insight in right aHC and perceived dissimilarity from MA-task (in Euclidian distance) for control group and non-significant quadratic regression 
for stress group. Each point represents one participants. Fitted quadratic regression line with shaded 95% confidence interval. 
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he fit of the quadratic model ( Table 2 ). We further found confirma-
ion of the behavioral relevance of neural dissimilarities post-insight,
s higher dissimilarities were related to greater distances between non-
inked events in the multidimensional arena task ( r = .31, t (51) = 2.29,
 = .026). Furthermore, those who had higher post-insight neural dissim-
larities for linked events also differentiated better between linked and
on-linked events in the multidimensional arena task ( r = -.30, t (49) = -
.23, p = .031). 

.6. Control variables 

To rule out the possibility that the stress and control groups differed
n terms of trait-anxiety (STAI-T), state-anxiety (STAI-S), sleep quality
PSQI), chronic stress (TICS), depressive symptoms (BDI), personality
imensions (BFI-2), and chronotype (MEQ), participants completed cor-
esponding questionnaires before the experiment. There were no differ-
11 
nces between the groups on any of these measures (all p > .10; see
able 3 ; for MEQ: Fisher´s exact test, p = .358). 

Furthermore, there was no difference between participants in their
orking memory capacity, as measured by an N-back task, neither at
aseline nor before the task (see Table 4 ). Thus, it is unlikely that stress
ffects during the narrative insight task (or in the retention test 1 week
ater) were influenced by mere group differences in working memory. 

. Discussion 

Integrating initially unrelated events into coherent episodes in light
f new information is a fundamental memory process. This process
ay, however, be impaired in stress-related disorders, such as PTSD

 Balderston et al., 2017 ; Berntsen et al., 2003 ; Lange et al., 2017 ). There-
ore, we tested here the hypothesis that acute stress interferes with the
nsight-driven reconfiguration of memory. Our results show that, com-
ared to a control manipulation, acute stress reduced medial tempo-
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Table 2 

Regression models for the prediction of distances for linked events in the multidimensional arena 
task. 

Model Variable B 95% CI 𝛽 t p R 2 adjusted 

Basic Constant .99 [.41, 1.56] -.32 -2.02 .049 ∗ .15 
Dissimilarity -2.53 [-4.02, -1.03] .11 .79 .434 
Dissimilarity 2 1.65 [.67, 2.63] .33 3.40 .001 ∗ ∗ 

Group -.00 [-.01, .00] -.14 -1.03 .310 

IA Constant 2.89 [1.59, 4.18] -.46 -2.99 .005 ∗ ∗ .29 
Dissimilarity -7.38 [-10.70, -4.06] -.07 -.52 .608 
Dissimilarity 2 4.74 [2.62, 6.85] .57 4.76 < .001 ∗ ∗ ∗ 

Group -2.34 [-3.78, -.90] .15 .99 .329 
Dissimilarity × Group 6.00 [2.29, 9.72] .09 .68 .502 
Dissimilarity 2 × Group -3.85 [-6.23, -1.46] -.39 -3.24 .002 ∗ ∗ 

Note. Basic: basic model without interaction terms; IA: interaction model including the group inter- 
action effects; CI = confidence interval for B; 𝛽 coefficients are standardized. ∗ p < .05, ∗ ∗ p < .01, 
∗ ∗ ∗ p < .001. 

Table 3 

Control variables. 

Stress Control 

Measure M SD M SD p 

STAI-T 37.47 9.26 35.90 8.87 .509 
STAI-S 36.90 6.90 35.72 7.35 .534 
PSQI 6.07 3.25 5.44 2.10 .402 
TICS 25.77 8.57 25.21 9.05 .808 
BDI 7.13 7.93 4.79 4.44 .167 
BFI-2 E 42.50 6.51 40.76 6.69 .315 
BFI-2 N 31.03 7.59 28.62 9.23 .278 
BFI-2 O 44.03 5.75 43.17 9.00 .665 
BFI-2 C 39.83 7.80 43.31 7.95 .096 
BFI-2 A 45.87 4.42 47.07 6.78 .400 

Note. The questionnaires (STAI-T, BDI, BFI-2 all di- 
mensions) were completed via an online-link before 
participants came in for day 1 and STAI-S and PSQI 
were completed at the beginning of the experiment. 
No significant difference between the groups were 
observed on these measures. Data represents means 
( + /- SD). 

Table 4 

N-back task. 

Stress Control 

N-back M SD M SD p 

Pre 
3-back Acc 79.75% 11.91% 79.40% 10.93% .906 
3-back RT 780.57 ms 164.01 ms 729.20 ms 164.91 ms .235 
4-back Acc 78.33% 9.20% 77.24% 11.52% .690 
4-back RT 765.27 ms 144.87 ms 722.75 ms 206.18 ms .365 
Post 
3-back Acc 80.58% 13.17% 80.00% 15.40% .877 
3-back RT 782.96 ms 182.44 ms 795.93 ms 211.56 ms .802 
4-back Acc 76.25% 12.71% 76.81% 15.25% .879 
4-back RT 779.51 ms 162.71 ms 797.09 ms 194.50 ms .708 

Note. Participants completed the N-back task before stress induction at 
baseline and after stress induction before they completed the narrative- 
insight task in the scanner. Groups did not differ on N-back measures pre- 
or post-stress or –control manipulation. Data represents means ( + /- SD). 
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2  
al activity when learning about the link between initially unrelated
vents as well as the increase in medial temporal activity from pre- to
ost-insight for linked events. Moreover, stress abolished the change in
he neural representation of linked events in the anterior hippocampus
hat we observed in a non-stressed control group. These stress-induced
hanges in the neural implementation of the integration across initially
nrelated events were directly linked to subsequent mnemonic measures
12 
f insight. Control analyses showed that these effects of acute stress
ould not be explained by group differences in chronic stress, anxiety,
epressive mood or working memory capacity. 

Across groups, our behavioral data revealed a memory benefit for
inked compared to non-linked events, suggesting that narrative co-
erence may promote memory longevity. This finding is in line with
he notion that the brain stores episodic memories as coherent nar-
atives ( Tulving, 1983 ) and with recent findings suggesting that inte-
rated episodes can be recalled more easily ( Cohn-Sheehy et al., 2021a ;
ang et al., 2015 ). This memory advantage of integrated episodes over

on-linked events might be due to a pattern completion process, which
llows cueing of an entire episode with a single element ( Gardner-
edwin, 1976 ; Horner and Burgess, 2014 ; Nakazawa et al., 2002b ;
olls, 2013 ). Although events A and B were not repeated during the

inking phase, the linking events may have induced a reactivation of
hese events, which may further have contributed to the differences in
etail recall for linked and non-linked events. Notably, the basic insight
nto the relationship between linked and non-linked events was not af-
ected by stress, most likely because the task was designed to result in
igh insight performance. In line with this view, performance in the
nsight task was near-ceiling for both groups. 

While performance in the multidimensional arrangement test was
omparable between groups, the stress group outperformed the con-
rol group in the forced-choice recognition test. A similar, but non-
ignificant trend was observed in the free recall test; the lack of signifi-
ance in the free recall test may be due to factors such as task sensitiv-
ty or differences in task difficulty. Compared to free recall, the forced-
hoice recognition test is cognitively less demanding as it requires only
 limited search process. In accordance with previous work, that has
hown that stress prior encoding led to improved recognition perfor-
ance for high-arousal pairings ( Goldfarb et al., 2019 ) and congruent
airings of faces and scenes one day after encoding ( Sep et al., 2019 ), we
how that stress prior encoding one week later led to improved recog-
ition performance of events that were linked through a narrative com-
ared to non-linked events. This memory boost in stressed participants
ay have been due to delayed cortisol effects that have been suggested

o boost memory consolidation processes and to potentially counteract
nitial impairments of memory updating ( Schwabe et al., 2022 ; van Ast
t al., 2013 ). 

At the neural level, however, stress led to a significant reduction
f insight-related increases of activity in the parahippocampus, or-
itofrontal cortex, and putamen. The finding that parahippocampal ac-
ivity increased after having learned which scenes belong together is
enerally in line with reports suggesting that the parahippocampus en-
odes spatial settings, such as scenes ( Epstein and Kanwisher, 1998 ;
aivre et al., 2019 ), as well as non-spatial associations ( Aminoff et al.,
007 ; Bar et al., 2008 ). The orbitofrontal cortex and the putamen have
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een associated with reward processing and goal orientation ( Basu et al.,
021 ; Porcelli et al., 2012 ; Rudebeck and Rich, 2018 ), pointing to a role
n monitoring which events were linked into episodes and which were
ot. 

Most strikingly, non-stressed control participants showed an increase
rom pre- to post-insight in neural dissimilarity in the anterior hip-
ocampus for linked events. This finding is consistent with studies high-
ighting the anterior hippocampus as key region for mnemonic inte-
ration ( Collin et al., 2015 ; Hannula et al., 2013 ; Schlichting et al.,
015 ). Because the anterior hippocampus is also critical for represent-
ng both (spatial) context ( Brunec et al., 2018 ; Collin et al., 2015 ;
ritch et al., 2020 ), novelty ( Bunzeck and Düzel, 2006 ; Cowan et al.,
021 ; Kaplan et al., 2014 ), and repulsion between overlapping repre-
entations ( Chanales et al., 2017 , 2021 ) may explain why we observed
n increase in dissimilarity particularly in this region after participants
earned that two of the events were linked via another event, resulting
n an integrated episode. Critically, however, this insight-driven change
n neural representations disappeared in stressed participants. Consis-
ent with this stress effect, the more cortisol increased over time, the
maller the insight-related neural reconfiguration in the right anterior
ippocampus. In light of evidence suggesting that stress might impair
rocesses of pattern completion and separation ( Balderston et al., 2017 ;
erntsen et al., 2003 ; Esterling et al., 1999 ; Leal et al., 2014 ), it is
empting to speculate that acute stress disrupted these processes which
re likely mechanisms allowing representational dissimilarity to change
 Muller and Kubie, 1987 ). 

Interestingly, we observed an increase in dissimilarity in the an-
erior hippocampus, but not an increase in similarity, as observed in
ome earlier studies ( Collin et al., 2015 ; Dimsdale-Zucker et al., 2018 ;
annula et al., 2013 ; Schlichting et al., 2015 ) or an increase in sim-

larity for linked events and a decrease in similarity for non-linked
vents, as observed in the posterior hippocampus in previous work
 Milivojevic et al., 2015 ). Importantly, our design differs from previ-
us work ( Milivojevic et al., 2015 ) that used the narrative-insight task
n terms of video length: the events during the pre- and post-phase were
resented for 2 sec while events in the linking phase were presented for
 sec for technical reasons. In addition, our design differs from this pre-
ious work in that we used a control event (C) during the linking phase
o which the linking event (L) was compared to obtain only the linking-
elated activity. It has also been suggested that hippocampal similarity
ay increase when events share item as well as context associations

ut not when events shared either context (scene) or item (people) in-
ormation ( Libby et al., 2019 ), which may have been the case in the
resent study. This was, however, also the case in a previous study us-
ng the same paradigm in which increased similarity for linked events
as found in the anterior hippocampus ( Collin et al., 2015 ). Further

vidence suggests that memory representations that have been mod-
rately co-activated, result in increased dissimilarity ( Wammes et al.,
022 ). Increases in dissimilarity between related memories might be in-
erpreted as a pattern separation mechanism allowing inferences across
vents ( Molitor et al., 2021 ). Indeed, increased dissimilarity has been
ssociated with better memory performance in several previous studies
 Chanales et al., 2017 ; Dandolo and Schwabe, 2018 ; Favila et al., 2016 ;
ulbert and Norman, 2015 ; Koolschijn et al., 2019 ). In line with these
ndings, we also found a link between neural dissimilarity post-insight
nd memory performance (in the multidimensional arena task) in con-
rols. Here, medium dissimilarity values were related to the smallest
istance between linked events, whereas low and high dissimilarities
esulted in worse performance. Although Wammes et al. (2022) found
hat the co-activation of memories is non-monotonically related to a
esulting increase or decrease in dissimilarity, our results even suggest
hat the resulting representational dissimilarity is related to a behavioral
utcome in a quadratic manner. Wammes et al. (2022) show that low
evels of co-activation resulted in no change regarding the dissimilarity
etween memories and that high levels of co-activation led to decreased
issimilarity. Moderate levels of co-activation, however, – where one
13 
emory is strongly activated and the unique parts of the other memory
re moderately active – resulted in increased dissimilarity and, thus, less
ompetition between these memories, which might have been the case
n the present study. Again, the link between hippocampal reconfigura-
ion and subsequent memory was abolished by acute stress. 

Beyond the insight-driven reconfiguration of memory representa-
ions, acute stress did also affect the neural processes involved in the
inking of initially unrelated events itself. During the linking phase,
tress particularly reduced medial temporal lobe activity, in line with the
roposed stress-induced shift of multiple memory systems at the expense
f a ‘cognitive’, medial temporal lobe-based system ( Goodman et al.,
012 ; Kim et al., 2001 ; Schwabe, 2017 ; Schwabe and Wolf, 2012 ;
ogel et al., 2016 ; Wirz et al., 2017 ). Linking two previously unre-

ated events together requires a neural substrate that can integrate
hese memories into a novel unified mnemonic representation, and the
ippocampus has been found to be specifically relevant to this func-
ion ( Bowman and Zeithamova, 2018 ; Griffiths and Fuentemilla, 2020 ;
chlichting et al., 2015 ). Here, it should be noted that linking previously
eparate events into a coherent narrative requires several sub-processes,
uch as the successful retrieval of the previously encoded events, the
nference of their link, and their mnemonic integration, all of which
re relevant and likely dependent on the hippocampus but can hardly
e dissociated during the linking process. In addition to the hippocam-
us, we observed increased amygdala activity in controls during link
s. control events, which was directly associated with insight manifes-
ations one week later. Given the well-documented role of the amyg-
ala in both positive and negative affect ( LeDoux, 2007 ; Phelps and
eDoux, 2005 ; Weymar and Schwabe, 2016 ), it is tempting to specu-
ate that the insight into the link between previously unrelated events
omes with an (presumably positive) affective response, which may
acilitate the subsequent memory of the gained insight. Indeed, there
s abundant evidence that emotion-related amygdala activation may
odulate mnemonic processing in other brain areas, such as the hip-
ocampus, to promote memory consolidation ( Roozendaal et al., 2009 ;
oozendaal and McGaugh, 2011 ). 

In sum, our findings show that acute stress comes with significant
hanges in the neural integration of initially separated events into coher-
nt episodes. Specifically, stress reduced medial temporal activity when
earning about the links between events and hindered an increase in me-
ial temporal activity from pre- to post-insight. Moreover, stress abol-
shed the insight-driven representational reconfiguration in the anterior
ippocampus, which was directly linked to the subsequent memory of
he linked events. Although stress reduced the neural changes associated
ith insight, it enhanced long-term memory, most likely due to the fa-

ilitating effect of glucocorticoids on memory consolidation. Together,
he present findings shed light on how acute stress impacts mnemonic
ntegration across separate events and may aid our understanding of
isintegrated, fragmented memories in stress-related disorders, such as
TSD ( Amir et al., 1998 ; Bisby et al., 2020 ; Esterling et al., 1999 ). 
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