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Abstract

■ How susceptible a memory is to later modification might
depend on how stable the episode has been encoded. This sta-
bility was proposed to increase when retrieving information
more (vs. less) often and in a spaced (vs. massed) practice.
Using fMRI, we examined the effects of these different pre-fMRI
retrieval protocols on the subsequent propensity to learn from
episodic prediction errors. After encoding a set of different
action stories, participants came back for two pre-fMRI retrieval
sessions in which they encountered original episodes either
two or eight times in either a spaced or a massed retrieval pro-
tocol. One week later, we cued episodic retrieval during the
fMRI session by using original or modified videos of encoded
action stories. Recurrent experience of modified episodes was
associated with increasing activity in the episodic memory net-
work including hippocampal and cortical areas, when leading to

false memories in a post-fMRI memory test. While this observa-
tion clearly demonstrated learning from episodic prediction
errors, we found no evidence for a modulatory effect of the dif-
ferent retrieval protocols. As expected, the benefit of retrieving
an episode more often was reflected in better memory for orig-
inally encoded episodes. In addition, frontal activity increased
for episodic prediction errors when episodes had been less fre-
quently retrieved pre-fMRI. A history of spaced versus massed
retrieval was associated with increased activation throughout
the episodic memory network, with no significant effect on
behavioral performance. Our findings show that episodic pre-
diction errors led to false memories. The history of different
retrieval protocols was reflected in memory performance and
brain responses to episodic prediction errors, but did not inter-
act with the brain’s episodic learning response. ■

INTRODUCTION

Through episodic memories, we can mentally relive
events from our personal past (Tulving, 2002), and yet,
episodic memories are not always veridical reconstruc-
tions of our experiences (Scully & Hupbach, 2020; Lee,
Nader, & Schiller, 2017; Nader, 2015; Nader & Einarsson,
2010). In everyday life, there is always a certain discrep-
ancy between our expectations, which we derive from
memories, and new experiences. According to the predic-
tive coding framework, this discrepancy gives rise to pre-
diction errors, which serve as bottom–up learning signals
to the brain (Reichardt, Polner, & Simor, 2020; Barto,
Mirolli, & Baldassarre, 2013). It has been suggested that
memory modification is fueled by mnemonic prediction
errors (Sinclair & Barense, 2018; Fernández, Boccia, &
Pedreira, 2016), that is, subtle discrepancies between
the remembered situation and the current situation that
are encountered during retrieval. Memory modification
could be functional in that it allows us to maintain valid
predictions in a highly dynamic environment. Thus, new
experiences can be integrated into existing memories

or internal models (Barron, Auksztulewicz, & Friston,
2020) to successfully guide our behavior in the long
run (Fernández et al., 2016; Exton-McGuinness, Lee, &
Reichelt, 2015).

In the current fMRI study, we examined the influence of
different episodic memory retrieval protocols on learning
frommnemonic prediction errors. To this end, we used an
episode-modification paradigm adapted from our previ-
ous study ( Jainta et al., 2022). First, participants went
through a training during which they encoded episodes.
Then, they completed two active pre-fMRI retrieval ses-
sions. Half of the episodes were retrieved in a spaced
schedule, that is, during both sessions, whereas the other
half was retrieved in a massed schedule, that is, only in the
second session. Overall, half of the episodes were
retrieved only two times, whereas the other half were
retrieved eight times. During the subsequent fMRI ses-
sion, participants were presented videos reminiscent of
the encoded episodes. Whereas some episode videos
were presented in their original form, others were manip-
ulated to induce prediction errors. Finally, participants
completed a post-fMRI memory test that queried their
memory of episodes originally experienced.

A fundamental factor mediating memory solidity is con-
solidation, a process that stabilizes amemory trace after its
initial encoding. It occurs not only during sleep because of
off-line replay (Poe, Walsh, & Bjorness, 2010), but also
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when a memory is actively retrieved (Antony, Ferreira,
Norman, & Wimber, 2017). Retrieval practice does not
only improve memory performance, establishing the
so-called “testing effect” (Rowland, 2014), but can also
protect memories from later modification (Elsey, Van
Ast, & Kindt, 2018; Antony et al., 2017). On the one hand,
memory performance improves when an item is practiced
more often (Lyle, Bego, Hopkins, Hieb, & Ralston, 2020;
Karpicke & Roediger, 2007; Underwood, 1970). On the
other hand, spreading the information to be practiced
over several repetitions, so-called spaced practice, is more
efficient for long-term retention than practicing all items on
a single occasion, called massed practice (Lyle et al., 2020;
YeckehZaare, Resnick, & Ericson, 2019; Kang, 2016;
Gerbier & Toppino, 2015; Dempster, 1989; Underwood,
1970). The positive effect of spaced practice has been
explained by more effortful preretrieval processing (Feng
et al., 2019; Dobson, Perez, & Linderholm, 2017) that
determines later retrieval success (Rowland, 2014). Against
this backdrop, we expected that spaced (vs. massed)
retrieval of episodic memories as well as retrieving them
more (vs. less) frequently would lead to particularly stable
memory traces, which should render episodic memories
less susceptible to later change.

First, we tested the behavioral hypothesis that more
consolidated episodeswould be less susceptible to change
during retrieval. As previously reported (Jainta et al., 2022;
Siestrup et al., 2022), we found that repeated prediction
violation leads to increased acceptance of modified epi-
sode videos as originally encoded, and decreased accep-
tance for unmodified videos, corroborating the idea that
mnemonic prediction errors can contribute to memory
modification. The behavioral data suggested that this
modification consisted of incorporating additional variants
of the episode rather than overwriting the original epi-
sode. Building on this observation, we now testedwhether
this learning process depends on the solidity of memory,
which we manipulated using different retrieval protocols.
In particular, we expected that modified videos of more
solid episodes, that is, those that were retrieved more
frequently and/or following a spaced protocol, would
not be as readily accepted as original as modified videos
of less solid ones (Schiffer, Ahlheim, Ulrichs, & Schubotz,
2013).

Second, using fMRI, we aimed to elucidate the neural
processes underlying learning from episodic prediction
errors. Previous studies found elevated activation in the
hippocampal formation and medial frontal cortex (FMC)
during the recall of supposedly more consolidated mem-
ories (Bosshardt et al., 2005), either because of more
frequent prior retrieval (Wiklund-Hörnqvist, Stillesjö,
Andersson, Jonsson, & Nyberg, 2021; Schiffer et al.,
2013) or a spaced retrieval schedule (Li & Yang, 2020;
Ezzyat, Inhoff, & Davachi, 2018; Zhan, Guo, Chen, & Yang,
2018; Takashima et al., 2009). On the basis of own previ-
ous studies, we expected that themoment of modification
in an episodic cue triggers increases activity in areas that

process mnemonic prediction errors (Schiffer et al., 2013;
Schiffer, Ahlheim, Wurm, & Schubotz, 2012). We espe-
cially addressed the role of two brain areas, the hippocam-
pal formation and the FMC, in learning from prediction
errors during retrieval of differently consolidated epi-
sodes, as previously suggested (Bein, Duncan, & Davachi,
2020; van Kesteren, Ruiter, Fernández, & Henson, 2012).
The hippocampus is known to be relevant for both asso-
ciative learning (Suzuki, 2007) and initial consolidation
through its link to neocortical areas (Squire, Genzel,
Wixted, & Morris, 2015). Presumably because of this dual
function, the hippocampus mediates the comparison of
new information with stored memories, which may lead
to an updating of the internal model (Long, Lee, & Kuhl,
2016; Duncan, Curtis, & Davachi, 2009; Kumaran &
Maguire, 2007). The FMC is thought to play amore general
role in the retrieval of consolidated memories (Preston &
Eichenbaum, 2013; Sterpenich et al., 2009; Takashima
et al., 2009). Against this background, we expected that
the hippocampal complex (HC) and FMC respond more
strongly to mnemonic prediction errors when more solid
memories are involved, as divergent information triggers
stronger mismatch signals for more consolidated memory
traces (Schiffer et al., 2012, 2013).
However, it is also possible that less stable memories

might be more difficult to retrieve and thus lead to higher
activation in areas that are typically involved in episodic
retrieval (e.g., Nadel, Campbell, & Ryan, 2007), including
the hippocampus and FMC. Accordingly, it could be that
neural prediction error signals are stronger for weaker
memories, resulting in higher learning rates. To account
for both options, we examined all effects for both suppos-
edly strongly versus weakly consolidated memories and
vice versa. Together with the behavioral findings, we
would then be able to make assumptions about how
learning from episodic prediction errors is accomplished
by the brain.
As an important final step, we aimed at combining our

functional and behavioral measures to investigate which
neuronal processes give rise to learning from prediction
errors, and how they might interact with memory solidity.
In principle, learning from prediction errors can include
two different phenomena (Gershman, Monfils, Norman,
& Niv, 2017). In that sense, one possibility is that predic-
tion errors could lead to a modification of old memory
traces. In the memory test, this would manifest through
more false negatives (misses). Alternatively, prediction
errors might drive the acquisition of alternative variants
of earlier memories, which would result in more false pos-
itives (false alarms). Because we observed high hit rates
(i.e., low miss rates) combined with high false alarms
rates in our previous study ( Jainta et al., 2022), we sought
here to test which brain areas reflect a gradual establish-
ment of false memories. There is evidence suggesting
increased hippocampal activity during successful encod-
ing (Davachi, Mitchell, & Wagner, 2003) and retrieval of
episodic information while activation decreases with
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familiarity (Yonelinas, Otten, Shaw, & Rugg, 2005). In addi-
tion, stronger hippocampus activity during encoding is
associated with better episodic memory (Davachi, 2006).
Previous studies have shown that episodic memory encod-
ing is characterized by increasing neocortical activity and
decreasing hippocampal activity with number of repeti-
tions (Brodt et al., 2016, 2018) and also with ongoing con-
solidation (Takashima et al., 2006). However, no studies
have yet examined the cerebral reflection of incremental
learning because of repeated episodic prediction errors.
Hence, we were specifically interested in the dynamic
increase of brain responses with accumulating evidence
for new episode “alternatives.” We expected that brain
activity increases in areas related to memory formation,
including hippocampal and parahippocampal regions
(Ritchey, Libby, & Ranganath, 2015).

METHODS

This article is based on experimental data that were previ-
ously published in a companion paper (Siestrup et al.,
2022). Please note that the factors addressed in this article
were statistically independent of those reported in the
companion paper.

Participants

Forty-five participants took part in the study. Like in our pre-
vious study (Jainta et al., 2022), participants were all female
to achieve a good match between the hands in the videos
and the hands of the participants. This was important for
the credibility of our cover story that participants would
be presented videos of themselves during the fMRI session.
Four participants started the experiment but did not finish,
either because of technical problems during the second
retrieval session (three participants) or personal reasons
(one participant). Data from five additional participants
were excluded from analyses because of the incorrect pre-
sentation of video stimuli during the fMRI session (one par-
ticipant) and increased movement during the fMRI session
(four participants, approx. 5-mm movement). Conse-
quently, 36 participants were part of the final sample (M =
22 years, SD=2.78 years, range=18–30 years). This sample
size yielded stable results in our previous work, where we
used not only the same number of participants but also an
equivalent experimental and statistical design with the same
number of conditions and trials (e.g., Jainta et al., 2022).
Participants had (corrected-to-) normal vision, were

native German speakers, were and right-handed as
assessed by the Edinburgh Handedness Inventory
(Oldfield, 1971). They reported no history of neurological
or psychiatric disorders or substance abuse. Participants
received course credits or money for their participation
and gave written informed consent to participate in this
study. The study was conducted in accordance with the
Declaration of Helsinki and approved by the local ethics
committee of the University of Münster.

Stimuli

We used the same set of videos as previously reported
(Jainta et al., 2022; available upon request at https://www
.uni-muenster.de/IVV5PSY/AvicomSrv/). These were 78
short films (duration = 8.80–17.88 sec, M = 12.71 sec;
six to nine action steps, M = 7.4 steps) showing stories
played with PLAYMOBIL toys from a first-person perspec-
tive. Videos depicted toys from above being manipulated
in front of a matte white background and the hands and
underarms of an actress wearing a black pullover and
black gloves. The back of the right hand was additionally
marked with a yellow dot to facilitate imitation from demo
videos (Franz, Ford, & Werner, 2007). Videos were filmed
with a digital single-lens reflex camera (Nikon D5300).
The section captured by the camera (47.5 cm × 28 cm;
in the following referred to as camera frame) was marked
on the background with tape. For each video, objects that
were needed for the story were placed next to the camera
frame and moved into view when they first appeared in
the story. For editing video material, we used Adobe Pre-
miere Pro CC (Adobe Systems Software, Version 12.1.2).
Videos were cut so that they started with seven frames of
white background and ended after seven frames of the
final toy constellation. The frame size of the videos was
1920 × 1080 pixels, and the frame rate was 25 frames
per second. Videos were presented at a visual angle of
approximately 7.3° × 13° with the stimulus presentation
software Presentation (Version 20.3 02.25.19, Neuro-
Behavioral Systems) throughout the study.

A subset of 24 stories existed in three different versions.
First, there was an original version (ori), which was used for
encoding and retrieval. Second, in amodified version of the
story, two adjacent action steps were switched (structure
modification) to elicit prediction errors based on episode
structure (str). Third, one object was exchanged as com-
pared with the original version of the story (content
modification) to elicit prediction errors based on episode
content (con). Modifications did not occur during the first
two or last two action steps. Effects regarding the factor
modification (str, con) were addressed in a companion
paper (Siestrup et al., 2022). In this article, we aggregated
the modified videos (str, con) and will refer to them as
modified versions (mod) in the following sections. Four
additional videos were first introduced in the fMRI session
and will be referred to as novels in the following. Twomore
videos were used for practice trials for the different tasks
and were not shown in the fMRI experiment. These six
videos existed in only one version each.

Procedure

For an overview of the procedure, please see Figure 1.

Encoding

For encoding of episodes, participants went through
two initial training sessions in a computer lab at the
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Department of Psychology at the University of Münster.
The two sessions were conducted on two consecutive days
and lasted about 2.25 and 1.75 hr, respectively, and during
each session, participants encoded half of the 24 episodes.

Before the first encoding session started, participants
were informed that their hands and forearmswill be filmed
to use these videos for the fMRI session (cover story). In
contrast to our previous study, participants now imitated
all of the 24 stories from demo videos (i.e., the original ver-
sions). For that, each video was presented three times in
the first-person perspective (1 pp) and, afterward, had to
be imitated correctly three additional times by the partic-
ipant. For each participant, the order of videos was ran-
domized. All stories were equally often encoded during
the first and second sessions over the course of the study.
Videos trained during Sessions 1 and 2 were balanced for
the number of action steps.

During encoding sessions, participants wore the same
black pullover and gloves as the actress when filming the
demo videos and sat at the same filming setup. This way,
the hands and arms of participants closely resembled
those of the original actress in the videos, which was
important for our cover story that participants would be
presented videos of themselves during the fMRI session.
The experimenter was present to monitor the partici-
pants’ performance via a monitor that provided a live view
of the participants’ actions (Figure 2). Before a new video
was shown, all toys included in the story were placed next
to the camera frame in the sameway as during the creation
of the stimulus material. After three correct imitations of
the story as judged by the experimenter, participants
had to describe the story in detail to ensure that they
had paid attention to all objects and had understood the
story correctly. The experimenter immediately inter-
rupted the participants as soon as they made a mistake
during an imitation or description attempt to avoid encod-
ing of wrong stories. In both cases, the experimenter then
corrected the participant who had to start with a new
imitation/description attempt. The experimenter moni-
tored all details of the story as closely as possible, including
the sequence of action steps and the correct positioning of

hands and objects. Participants only performed one incor-
rect imitation attempt, on average (M = 1.037, SD =
0.469), so that they needed, on average, four attempts to
complete the three correct imitations.

Pre-fMRI Retrieval Sessions

To further consolidate episodic memories, the second
phase of the study was active retrieval of the before
encoded stories. To this end, participants went through
two pre-fMRI retrieval sessions. The first retrieval session
took place 1 day after the second encoding session, the
second retrieval session was conducted approximately 1
week later (range = 4–8 days; M = 6.36 days, SD =
0.93 days). Both sessions were conducted in a computer
laboratory at the Department of Psychology at the Univer-
sity of Münster.

Figure 1. Schematic overview of the experimental procedure. During the first week, participants underwent two encoding sessions and one pre-fMRI
retrieval session on three consecutive days. The first retrieval session only contained videos belonging to the spaced condition. Approximately 1 week
later, participants returned to the behavioral laboratory for the second pre-fMRI retrieval session, during which they re-encountered videos belonging
to the spaced as well as the massed condition. In Week 3, participants came back for the fMRI session, which was immediately followed by a post-
fMRI memory test about which participants were not informed beforehand.

Figure 2. Encoding setup. During training, participants imitated
PLAYMOBIL stories, while sitting at the filming setup. Their
performance was monitored by the experimenter. Figure adapted from
Siestrup et al. (2022).
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During the retrieval task, participants always saw the
first two steps of a demo video. Then, the video stopped
and a question was displayed, which was either “Left?” or
“Right?” Participants were instructed to visualize the rest of
the story from memory and then answer how many steps
of the entire story had been played with the left or right
hand, respectively. Participants had to answer by pressing
a number key (0–9) on their keyboard. We chose this
approach because we wanted to encourage active retrieval
of the encoded episodes without laying a special focus on
aspects that would be modified during the fMRI session.
Thus, we wanted to avoid asking for specific contents or
steps involved in the actions. In addition, we chose this
question because it could not be answered with mere
gist-knowledge about the episode. Importantly, the num-
ber of steps that were conductedwith the left or right hand
did not change in videos containing either type of modifi-
cation. Upon response delivery, the video played until the
end. Participants were instructed to carefully watch the
video to self-check their answers. Afterward, written feed-
back (“correct,” “incorrect”) was displayed on the screen
for 1.5 sec. When feedback is included in retrieval tasks,
consolidation has been shown to occur irrespective of
the initial retrieval success (Rowland, 2014; Roediger &
Butler, 2011). The task was self-paced, so participants
could decide themselves when they wanted to proceed
with the next video. As videos were not only presented
once but several times (outlined below), participants were
explicitly instructed to always visualize the story and not
just remember previous responses they gave. Each type
of question was presented equally often after each video
and per session. For a schematic depiction of the retrieval
task, see Figure 3.
Half of the stories were retrieved two times, the other

half eight times (factor TIMES). Furthermore, half of the

stories were retrieved during two separate sessions, that
is, in a spaced manner, whereas the other half of the
stories were retrieved only in Session 2, that is, in amassed
manner (factor SCHEDULE). All episodes that were retrieved
in a spaced manner were trained in Session 1 either 1 or
4 times, depending on which factor level of TIMES they
belonged to. Therefore, the retrieval task comprised 30 tri-
als (plus two practice trials) in Session 1. The remaining
repetitions, so either one our four additional trials per
story, were conducted in Session 2 (30 trials). In addition,
all episodes that were retrieved in a massed way were
trained in Session 2 (60 trials). Thus, the retrieval task in
Session 2 comprised 90 trials in total. Trials of different
levels of the factor SCHEDULE (spaced, massed) were not
trained in an interleaved manner to keep the second
retrieval of spaced items comparable to the first. Instead,
trials were blocked according to the factor level of SCHED-
ULE. Order of spaced and massed blocks was counterba-
lanced between participants. Within blocks, videos were
trained in a pseudorandom order. Repetitions of the
same video were also blocked together to avoid additional
spacing effects on a trial basis.

To avoid additional practicing between pre-fMRI
retrieval sessions, participants were informed that they
would perform a similar, but different task in Session 2
and explicitly asked not to think about the episodes
between experimental sessions. To control for additional
practice, participants were asked at the end of each ses-
sion whether they had tried to actively remember the
videos before the session. None of the participants
reported to have visualized the episodes outside the labo-
ratory. At the end of Session 2, participants went through a
short practice (four video trials, four question trials, one
null event) of the task they would conduct during the fMRI
scan. Please note that participants were informed during

Figure 3. Schematic depiction
of retrieval task. Participants
were presented the first two
steps of a demo video. Then,
the video stopped and a
question (“Left?” or “Right?”)
was displayed. Participants had
to visualize the story from
memory and answer how many
steps were conducted with the
left or right hand, respectively,
using the number keys on their
keyboard. Upon response
delivery, the video proceeded
to play until the end, and
written feedback was provided
(“correct” or “incorrect”). The
task was self-paced. Because of
copyright restrictions, we show
schematic illustrations of the
stimulus material.
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the first encoding session that they will be presented with
videos of their own during the fMRI session. Therefore,
participants were aware from the beginning on that they
would re-encounter the encoded action stories again.

fMRI Session

The fMRI session was conducted approximately 1 week
after the second pre-fMRI retrieval session (range =
6–13 days; M = 7.69 days, SD = 1.31 days). Participants
were presented with original and modified videos similar
to the previously encoded and retrieved episodes. As in
our previous study (Jainta et al., 2022), participants were
told that videos of themselves playing the stories would be
presented in the fMRI session. However, this was only a
cover story to elevate personal identification with the
videos to benefit episode reactivation. In fact, participants
were never presented videos of themselves. They were
fully debriefed after completing the experiment.

Each story was only shown in the original (eight videos)
or one divergent form (structure or content modification;
eight videos each). Before the fMRI session, stories had
either been retrieved two or eight times and the total num-
ber of retrieval times had either been spaced out over
the two pre-fMRI retrieval sessions or massed together in
Session 2. Videos were allocated to conditions pseudoran-
domly so that individual videos belonged to each condi-
tion minimally two and maximally six times (3 times on
average) over the course of the experiment. In addition,
four novel stories were included in the fMRI session.

The fMRI experiment was divided into six blocks, each
containing the 24 videos that had been previously encoded
during the training sessions. Each of these 24 episodes was
either presented in an original or a slightly modified ver-
sion once per block and, thus, was repeated six times in
total over the course of the fMRI session. Over the entire
experiment, the trial order was pseudorandomized and
transition probabilities were checked to ensure a balanced
number of transitions between conditions. Therefore, we
ensured each condition followed every other condition,
including the same condition, equally often. Each block
in addition contained three null events (fixation cross for
7 to 10 s) and four completely new videos (i.e., novels),
leading to 18 null events and 24 novel video trials in the
whole session.
During the fMRI session, the participants’ task was to

attentively watch the videos and answer a question after
some video trials. The task was included to focus the par-
ticipants’ attention on the video stimuli, as applied in pre-
vious studies ( Jainta et al., 2022; El-Sourani, Trempler,
Wurm, Fink, & Schubotz, 2019). Questions were short
descriptions (e.g., “Rescuing princess?”) of stories and
the participants had to indicate whether this description
matched or did not match the previously displayed video.
To do so, they had to press one of two buttons on a
response box with the right index finger (yes) or middle
finger (no), respectively (Figure 4). Question trials were
pseudorandomly interspersed with video trials. Over the
course of the experiment, each story (including novels)
was once followed by a matching, once by a non-matching
description. Thus, there were 56 question trials in total.

Figure 4. Schematic depiction of task during fMRI session. Video trials included a variable jitter (0, 0.5, 1, or 1.5 sec of fixation), a video showing a
PLAYMOBIL story (ca. 9–18 sec), and a 2-sec ISI (fixation). Question trials consisted of a variable jitter, a question regarding the story shown in the
preceding video (terminated by response or maximally 3 sec long), and a 2-sec ISI. The ISI after question trials was divided into a 1-sec feedback
(“correct,” “incorrect,” “too late”) and a 1-sec fixation. Under the question text, it was shown which button should be pressed to accept (left, green)
or reject (right, red) the description.
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Each block contained 9 to 10 question trials to achieve an
approximately even distribution of question trials over the
experiment. Maximally two successive videos were
followed by questions. Like that, we aimed to ensure that
question trials were neither highly irregular nor highly pre-
dictable so that participants would have to stay attentive at
all times. Questions were presented for maximally three
seconds or until participants responded. Participants then
received one second of written feedback whether they
had answered correctly, incorrectly or too late, in case
no response was given.
During ISIs, a fixation cross was presented (duration:

2 sec, 1 sec after question trials). In addition, a variable
jitter of 0, 0.5, 1 or 1.5 sec of fixation was added between
trials for enhancement of the temporal resolution of the
BOLD response (Figure 4). The fMRI task had a total dura-
tion of approximately 48 minutes.

Post-fMRI Memory Test

The memory test was conducted as previously described
(Jainta et al., 2022). Participants were not informed that
their memory for episodes would be tested at the end of
the experiment.
Immediately after the fMRI session, participants were

seated in a separate room in front of a laptop and
instructed to remember their encoding sessions. The
stories that had been part of the fMRI were now presented
in two different versions. When during the fMRI experi-
ment, an original version of a story had been presented,
this was now presented as well. Half of these stories were
then additionally presented in a structure-modified
version, the other half in the content-modified version.
When a modified version had been presented in the
scanner already, stories were presented in the same
modified version as well, and additionally in the original
version. Novel videos which had been encountered during
the fMRI session for the first time were now presented
twice in the same version to keep the number of presen-
tations per action story equal for all conditions. Impor-
tantly, participants were not explicitly informed that
modified and novel videos would be presented. The video
presentation order was pseudorandomized, so that half of
the stories (of each experimental condition) were first
presented in a modified version followed by an original
version and vice versa. Importantly, videos depicting
alternative versions of the same story were not shown
in direct succession.
The participants’ task was to rate after each video

whether they knew this exact episode from the encoding
sessions, using a Likert scale including 1 (yes), 2 (rather
yes), 3 (rather no) and 4 (no). Answers were collected
via fourmarked keys on the laptop’s keyboard. Please note
that for the analysis of ratings, we reversed the coding of
responses, so that higher ratings indicate higher accep-
tance. Response time was unrestricted, but participants
were instructed to react quickly and intuitively. In total,

the memory test comprised 56 video trials and the com-
pletion of the task took approximately 15 min.

MRI Data Acquisition and Preprocessing

MRI scans were acquired with a 3-Tesla Siemens Magne-
tom Prisma MR tomograph and a 20-channel head coil.
Participants lay on the scanner bed in a supine position,
their index and middle finger positioned on the two but-
tons on the response box. Movements of the head and
arms were minimized by fixation with form-fitting cush-
ions. During the scan, participants wore earplugs and
headphone to attenuate scanner noise. Stimuli were pro-
jected on a screen behind the fMRI machine which par-
ticipants saw through an individually adjusted mirror on
the head coil.

Before functional imaging, high-resolution anatomical
images (T1 weighted) were created with a 3-Dmultiplanar
rapidly acquired gradient-echo sequence (192 slices, voxel
size = 1 mm3, repetition time = 2130 msec, echo time =
2.28msec, flip angle = 8°, field of view= 256× 256mm2).
Functional images were acquired in interleaved order
along the AC–PC plane using a gradient-echo EPI sequence
to measure BOLD contrast (33 slices, voxel size = 3 mm3,
repetition time = 2000 msec, echo time = 30 msec, flip
angle = 90°, field of view = 192 × 192 mm2).

Imaging data were processed with SPM12 (Wellcome
Trust) implemented in MATLAB (Version R2020b, The
MathWorks Inc.). We applied slice time correction to the
middle slice, movement correction and realignment to
the mean image, co-registration of functional to structural
scans, normalization of functional and structural images
into standard Montreal Neurological Institute (MNI)
space, and spatial smoothing using a Gaussian kernel
of FWHM of 8 mm. A 128-sec high-pass temporal filter
was applied.

Statistical Data Analysis

Behavioral Data Analysis

The behavioral data analysis was conducted with RStudio
(R Core Team, 2020; Version 1.3.1073).

To analyze the participants’ performance during the
pre-fMRI retrieval sessions, we applied a 2 × 2 within-
subject factorial design. Factors were retrieval TIMES (8,
2) and SCHEDULE (spaced, massed), and we calculated the
correct answer rate for all factorial combinations collapsed
over both retrieval sessions.

For analyzing data from the fMRI session and post-fMRI
memory test, we applied a 2 × 2 × 2 within-subject facto-
rial design. Factors were retrieval TIMES (8, 2), SCHEDULE

(spaced, massed ), and MODIFICATIONFMRI (no, yes). For
the analysis of behavioral performance during the fMRI
session, we first excluded those 0.2% of question trials dur-
ing which no answer was given. We then calculated the
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error rate andmean RT (including only correct responses)
for each factorial combination.

For the analysis of data collected during the post-fMRI
memory test, we analyzed responses to modified (in
memory test) and unmodified (in memory test) videos
separately, in the following referred to as modifiedMT

and unmodifiedMT. For each factorial combination, we
calculated the mean rating score. Please note that for this
analysis, we reversed the initial coding of responses as it
is more intuitive that higher scores indicate higher
acceptance. In addition, we calculated the mean RTs
(correct responses only) for each factorial combination.
RTs can be used as indicators of how long it takes to
retrieve information (correctly) from memory (Collins
& Quillian, 1969). Longer RTs can be interpreted as
increased difficulty of retrieval because of elevated cogni-
tive processing demands (Noppeney & Price, 2004;
Larsen & Plunkett, 1987), which may also occur when
competing versions of an episode are processed. As
some participants did not give any correct answers for
some factorial combinations, the sample size for the
analysis of RTs was reduced to 35 (unmodifiedMT) and
23 (modifiedMT) participants.

For all behavioral analyses, we applied a significance
level of α = .05. Data were inspected for normal distri-
bution with the Shapiro Wilk Test and checked for out-
liers as defined as values higher than the 75% quartile
+3 × interquartile range or lower than the 25% quartile
−3 × interquartile range. When data were normally
distributed or could be transformed to fit normal distri-
bution (RTs; logarithmic transformation) and showed no
extreme outliers, we employed a three-way repeated-
measures analyses of variance (rmANOVA). When the
prerequisites for parametric analysis were not met, we
used a nonparametric three-way rmANOVA based on
aligned rank data (package ARTool; Wobbrock, Findlater,
Gergle, & Higgins, 2011) and computed post hoc pair-
wise comparisons using the Wilcoxon signed-ranks test
(one-tailed with respect to our hypotheses). p Values
were adjusted according to the Bonferroni correction
for multiple comparisons (Bonferroni, 1936). As descrip-
tive statistics, we report mean values and standard errors
of the means.

fMRI Design Specifications

For the analysis of fMRI data with SPM12, we used general
linear models (GLM) for serially autocorrelated observa-
tions (Worsley & Friston, 1995; Friston et al., 1994). We
set up four different GLMs, in each of which the six
subject-specific rigid-body transformations obtained from
realignment were included as regressors of no interest. All
regressors were convolved with a canonical hemodynamic
response function.

We applied gray matter masking on the first level of all
analyses, by using the smoothed individual normalized
gray matter image (8-mm FWHM), thresholded at .2 using

ImCalc in SPM12, as a binary mask (https://jpeelle.net/mri
/misc/creating_explicit_mask.html). Second-level group
analyses were performed with one-sample t tests across
participants. To control for false positive results, we
applied false discovery rate (FDR) correction and a thresh-
old of p < .05 or higher (voxel level) to resulting t-maps.
For completeness of our analysis and with regard to our
hypotheses, when no significant activation could be
detected using this threshold, we applied a threshold of
p < .001 (uncorrected) and included the results in the
Appendix.

General TIMES and SCHEDULE effects. The first GLM
(GLM1) aimed to examine the general effects of TIMES

and SCHEDULE on episodic retrieval for both original and
modified episodes. We included nine regressors for video
trials, one per factorial combination of VERSIONFMRI (ori,
mod ), TIMES (2, 8) and SCHEDULE (spaced, massed), and
one for novel videos. Please note, each factor level of the
factors TIMES and SCHEDULE contained two original and four
modified videos. All video trials were modeled as epochs
with onsets time-locked to the beginning of the videos and
containing the full video duration. In addition, we
included two regressors for the 18 null events and the 56
question trials. Null events weremodeled as epochs, ques-
tions were modeled as events. For GLM1, we calculated
the first-level-t-contrasts 8 > 2 and 2 > 8 to investigate
the effect of TIMES. For the analysis of SCHEDULE effects,
we built the contrasts spaced > massed and massed >
spaced.

Phasic TIMES and SCHEDULE effects at timepoint of modifi-
cation. With the second GLM (GLM2) we investigated
the phasic effect of the expectancy violation at the precise
moment it occurred. Regressors were the same as in
GLM1, but video trials were modeled as events and onsets
were time-locked to the point in the video at which the
modification occurred. For the original videos, the onset
used in each case was the time that corresponded, on aver-
age, to the onset of the structural and content change in
themodified videos. For novel videos, the onset was set to
the middle of the video. For GLM2, we calculated the con-
trasts 8 > 2, 2 > 8, spaced > massed, and massed >
spaced. In addition, we calculated these contrasts sepa-
rately for modified and unmodified episodes, that is,
mod2 > mod8 and mod8 > mod2 as well as modspaced >
modmassed and modmassed > modspaced, and accordingly
for originals. To investigate how SCHEDULE and TIMES

influence BOLD responses to mnemonic prediction
errors, we built the interaction contrasts (mod2 > ori2) >
(mod8 > ori8), (mod8 > ori8) > (mod2 > ori2),
(modspaced > orispaced) > (modmassed > orimassed) and
(modmassed > orimassed) > (modspaced > orispaced). As a
control, we calculated another model in which the onsets
for original videos corresponded to the times at which a
modification would occur. The whole brain as well as ROI
analyses yielded the same results as GLM2.
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Neuronal effects of later false alarm and correct rejec-
tions. We used a third GLM (GLM3) to conduct an anal-
ysis that modeled BOLD responses according to the
behavioral performance from the post-fMRI memory test
to investigate which brain activity predicted later false
memories, that is, false alarms in the memory test. GLM3
included regressors for null events (epochs), questions,
original videos, and novel videos (events). Modified video
trials were split into two separate regressors: those that
were later (in the memory test) erroneously accepted as
originals (false alarms [fa], originally Ratings 1 and 2)
and those that were later correctly rejected (correct
rejections [cr], originally Ratings 3 and 4). Please note that
fa and cr for those episodes that had been presented in
the modified version only in the post-fMRI memory test
but not during scanning were not considered. Moreover,
we added three further parametric modulators to model
the repeated presentation of each video for original
videos, modified videos resulting in fa, and modified
videos resulting in cr. Six participants who did not have
at least three false alarms ( fa) or correct rejections (cr)
in the memory test were excluded from this particular
analysis. On average, there were 7.833 fa trials (SD =
2.730 trials) and 8.167 cr trials (SD = 2.730 trials) per
participant.

Effect of TIMES on neuronal response to later false alarms.
Finally, to investigate whether learning from prediction
errors modeled by GLM3 depended on the employed
retrieval protocol, we set up a fourth design, GLM4. As
only TIMES yielded effects on memory performance, we
focused on this factor and split the fa regressor into
videos, which had been seen 2 times and videos that
had been seen 8 times before participants entered the
scanner ( fa2, fa8). Following the same criterion as
described above (minimally three later fa and three cr
per regressor), this analysis included 22 participants. We
calculated the contrasts for the parametric modulators
from GLM3 and GLM4 to identify those brain regions in
which the BOLD response increased with the number
of presentations of videos that resulted in false memories.

Regions of Interest Analyses

With regard to our hypotheses on specific brain regions
involved in memory formation as well as the detection of
mismatching information, we performed ROI analyses for
each GLM as described below.
To further explore the effect of retrieval SCHEDULE and

TIMES in episodic memory, we performed an ROI analysis
based on GLM1. Anatomical ROIs were the bilateral HC
and the bilateral FMC, according to our hypotheses. Based
on the finding by Jainta et al. (2022), we restricted the
FMC analysis to ACC, which was found to be activated
during episodic recall in the current paradigm. Following
our whole-brain analysis, we extracted mean contrast esti-
mates (y) against the implicit baseline for the regressors 2,

8, spaced, and massed, and calculated paired-samples
t tests (two-tailed) in each region. Next, we investigated
whether the different retrieval protocols influenced neu-
ronal processing of mnemonic prediction errors with a
ROI analysis based on GLM2. ROIs were the bilateral HC
(anatomical ROI) and regions we previously found to
respond to mnemonic prediction errors, bilateral superior
parietal lobe (SPL) and bilateral inferior frontal sulcus (IFS)
(functional ROIs; data from Jainta et al., 2022). Contrast
estimates for separate mod > ori contrasts, allocated to
the factors SCHEDULE (spaced, massed) and TIMES (2, 8),
were extracted and rmANOVAs with the same factors were
computed (nonparametric for hippocampal ROI as prereq-
uisites for parametric analysis were not met). In addition,
we conducted a ROI analysis for GLM3 to investigate the
increasing parametric response to later false memories
(i.e., gradual memory formation). Anatomical ROIs were
theHC and the parahippocampal gyrus (PHG), both highly
involved in learning (Davachi & Wagner, 2002; Köhler,
Crane, & Milner, 2002; O’Reilly & Rudy, 2000; Aguirre,
Detre, Alsop, & D’Esposito, 1996). Contrast estimates
extracted from the three parametric modulators for fa,
cr, and ori were first subjected to one-sample t tests
(PHG) or one-sample Wilcoxon tests (HC) to analyze
whether there was significant activity increase/decrease in
these areas (one-tailed for cr and fa, two-sided for ori).
Then, contrast estimates were compared with a rmANOVA
(nonparametric for hippocampal ROI) and post hoc pair-
wise comparisons were conducted using paired t tests
(one-tailed with respect to our hypotheses). We used the
same ROIs to extract contrast estimates fromGLM4. Here,
we compared contrast estimates between the parametric
modulators of fa2 and fa8 (paired t test, two-tailed). We
report means and standard errors.

All anatomical ROIs were created using the automated
anatomical labeling atlas (Tzourio-Mazoyer et al., 2002)
from the Wake Forest University Pickatlas toolbox
(Maldjian, Laurienti, Kraft, & Burdette, 2003) in SPM12.
To create functional ROIs, we used the peak voxel coordi-
nates from our previous study (contrast mod > ori; IFS:
x = 45, y = 26, z = 20; x = −42, y = 17, z = 23; SPL:
x = 33, y = −61, z = 44; x = −30, y = −64, z = 41) as
the central points for spheres with a diameter of 6 mm.
Mean contrast estimates were extracted using the MarsBar
Toolbox (Brett, Anton, Valabregue, & Poline, 2002), aggre-
gated over the left and right hemispheres.

RESULTS

Behavioral Results from Pre-fMRI
Retrieval Sessions

To analyze the participants’ performance during the pre-
fMRI retrieval sessions, we calculated the correct answer
rate for each combination of the two factors SCHEDULE

and TIMES and performed a nonparametric rmANOVA.
We found a significant main effect of TIMES, F(1, 35) =
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190.39, p < .001, ηp
2 = .84, as participants gave more cor-

rect answers when they retrieved the episode 8 instead of
2 times (M8 = .897 ± .008,M2 = .667 ± .022). There was a
trend toward higher correct answer rates in the massed
condition (Mmassed = .805 ± .013, Mspaced = .758 ±
.020), but the difference was not significant, F(1, 35) =
3.13, p = .09, ηp

2 = .08. There was no significant interac-
tion, F(1, 35) = 1.19, p = .28, ηp

2 = .03.

Behavioral Results from the Cover Task
during fMRI

To ensure that participants paid attention during the
scanning phase, they occasionally (after 33.33% of the
videos) had to answer questions about the content of
the video. A nonparametric rmANOVA on error rates
during the fMRI experiment with the factor stimulus
retrieval TIMES (8, 2), SCHEDULE (spaced,massed), and fMRI
modification mode MODIFICATIONFMRI ( yes, no) revealed a
trend for an interaction of MODIFICATIONFMRI and SCHEDULE,
F(1, 35) = 2.95, p = .095, ηp

2 = .078. Descriptively, error
rates were higher for original episodes, which had been
retrieved in a spaced compared with a massed fashion.
This difference could not be observed for modified
videos (Mno-spaced = .045 ± .012; Mno-massed = .010 ±
.006; Myes-spaced = .031 ± .006; Myes-massed = .033 ±
.008). Participants generally made only few mistakes, with
error rates of .028 ± .007 (mean ± standard error of mean)
for unmodified videos and .032 ± .005 for modified videos.
The error rate for the control condition (novel videos)
was .073 ± .014.

Regarding RTs on correct trials, we found a significant
main effect of MODIFICATIONFMRI, F(1, 35) = 5.70, p =
.022, ηp

2 = .140, indicating that participants correctly
recognized the story content of a video faster when pre-
sented with an unmodified version (Mno = 951.653 ±
26.821 msec) compared with videos containing a mod-
ification (Myes = 973.455 ± 27.912 msec), although
modification was task-irrelevant. Furthermore, we found
a trend that RTs were longer for actions trained in a spaced
(Mspaced = 970.808 ± 27.584 msec) compared with a
massed fashion (Mmassed = 954.300 ± 26.939 msec),
F(1, 35) = 3.49, p = .070, ηp

2 = .091. There were no
significant interactions, but we found a trend for an
interaction of SCHEDULE and TIMES, F(1, 35) = 2.94, p =
.095, ηp

2= .078.

Behavioral Results from the Post-fMRI
Memory Test

To investigate the effects of different retrieval protocols
on learning from prediction errors, we averaged rating
scores and RTs to modifiedMT and unmodifiedMT videos
separately for each factorial combination. Memory perfor-
mance for modifiedMT videos reflects how successfully
participants rejected modified videos as not matching
the originally experienced episodes. In contrast, memory

performance for unmodifiedMT videos reflects how suc-
cessfully participants accepted unmodified videos as truly
matching the originally experienced episodes. For both,
successful rejection and successful detection, we exam-
ined how they were modulated by the factors TIMES and
SCHEDULE during retrieval.

Rejection and RTs for Modified Videos

We found a significant main effect of MODIFICATIONFMRI

on rating scores, F(1, 35) = 12.45, p = .001, ηp
2 = .262,

showing reduced rejection for modified videos already
presented in a modified version during fMRI (Myes =
2.429 ± 0.103 vs. Mno = 2.125 ± 0.100). Moreover, there
was a significant main effect of TIMES, F(1, 35) = 10.37,
p = .003, ηp

2 = .229, suggesting that successful rejection
of a modified version was reduced when the original ver-
sion had been presented less often during the pre-fMRI
retrieval sessions (M8 = 2.177 ± 0.102; M2 = 2.377 ±
0.091). There were no significant interaction effects
(Figure 5A).
Thus, episodic prediction errors during fMRI may have

resulted in additional encoding of these particular stories
(i.e., learning of modified episodes), but to a greater
extent for less frequently retrieved memories, whereas
spaced or massed retrieval protocols had no effect. There-
fore, participants’ judgments on previously encoded
memories were influenced by these additional memory
traces and correct responses on old memories were more
difficult to make.
This was also reflected in RTs. Here, participants took

significantly longer to rate modified videos already
presented in a modified version during fMRI (Mno =
588.038 ± 61.449 msec; Myes = 695.545 ± 96.154 msec;
F(1, 22) = 4.63, p = .043, ηp

2 = .174). There were neither
significant interaction effects nor further main effects
(Figure 5B).

Acceptance and RTs for Unmodified Videos

We found a significant main effect of MODIFICATIONFMRI,
F(1, 35) = 40.03, p < .001, ηp

2 = .534, indicating that
participants were more likely to accept unmodified ver-
sions as originally encoded when already presented in
their original form during fMRI (Mno = 3.858 ± 0.043;
Myes = 3.753 ± 0.039). We further found a significant
main effect of TIMES, F(1, 35) = 5.49, p = .025, ηp

2 =
.136, reflecting higher acceptance for more frequently
retrieved episodes (M8 = 3.825 ± 0.029 vs. M2 = 3.786 ±
0.048). The interaction between SCHEDULE and TIMES was
also significant, F(1, 35) = 10.12, p = .003, ηp

2 = .224).
Post hoc analyses with Wilcoxon pairwise tests (one-tailed)
did not reveal significant differences between the levels
of the factors SCHEDULE and TIMES (massed-2 vs. massed-8:
Z = −0.87, p = 1; massed-8 vs. spaced-8: Z = −1.48, p =
.552; spaced-2 vs. spaced-8: Z = −1.06, p = 1; massed-2
vs. spaced-2: Z = −1.26, p = .824). However, when
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retrieval had been scheduled in a massed fashion, partic-
ipants were descriptively more likely to correctly recog-
nize an unmodified episode after retrieving it 8 times
(Mmassed-8 = 3.795 ± 0.042) versus twice (Mmassed-2 =
3.764 ± 0.062), and this pattern was even more pro-
nounced in absolute values for the spaced condition
(Mspaced-8 = 3.854 ± 0.031; Mspaced-2 = 3.809 ± 0.054).
That is, the factor TIMES descriptively had an overadditive
effect on the spaced SCHEDULE. Finally, there was a signifi-
cant three-way interaction of MODIFICATIONFMRI, SCHEDULE,
and TIMES, F(1, 35) = 7.37, p= .01, ηp

2 = .174 (Figure 5C).
Accordingly, repeated triggering of the original episode
led to better recall performance, especially if it had been

retrieved more frequently before. Please note, however,
that acceptance ratings in all conditions were at ceiling
level (Figure 5C).

In line with the ratings, RTs to unmodified videos were
faster when presented in their original version during
fMRI (Mno = 696.243 ± 38.372 msec; Myes = 832.948 ±
81.726msec), F(1, 34) = 7.14, p= .012, ηp

2 = .173. In addi-
tion, a significant main effect of TIMES, F(1, 34)= 13.63, p<
.001, ηp

2 = .286, indicated faster responses for more fre-
quently retrieved episodes (M8 = 679.031 ± 44.506 msec,
M2 = 850.160 ± 74.799 msec; Figure 5D).

Ratings for Novel Videos

Participants were clearly aware that novel videos had
not been part of the originally encoded episodes, as indi-
cated by floor-level rating scores (i.e., successful rejec-
tions; rating: M = 1.021 ± 0.015) and very fast RTs (M =
624.316 ± 55.878 msec).

fMRI Results

Neural Effects of Different Retrieval Protocols

To analyze the influence of the factor TIMES on brain
activation during re-exposure to episodes (GLM1), we
calculated whole-brain contrasts 8 > 2 and 2 > 8. For
both contrasts, we did not detect significant increases in
brain activity.

Following our hypotheses, we performed ROI analyses
to investigate how retrieval TIMES influence brain activa-
tion. Based on a previous study (Jainta et al., 2022), we
used anatomical ROIs of the bilateral ACC and the bilateral
HC and calculated paired-samples t tests (two-tailed) for
each brain region to compare conditions. Contrast esti-
mates were extracted from conditions for 2 and 8 (con-
trasted against the implicit baseline) using GLM1. We did
not find a significant effect of retrieval TIMES. Descriptively,
contrast estimates in ACC were lower for 8 versus 2 times,
t(35) = 0.93, p = .36, d = .155; M2 = −0.811 ± 0.128,
M8 = −0.872 ± 0.121. This descriptive pattern was also
present in the HC, t(35) = 1.18, p = .25, d = .196; M2 =
−0.116 ± 0.044, M8 = −0.137 ± 0.044.

Based on our hypothesis that spacing practice of
retrieval between encoding and fMRI sessions will lead
to more stable memory trace, we investigated how spaced
versus massed SCHEDULE during retrieval influence neural
activation for episodes in general. Here, we calculated the
whole-brain contrasts spaced > massed and massed >
spaced. For the contrast spaced > massed, we found
increased activity in the bilateral posterior cingulate cortex
(pCC), the bilateral SPL/ intraparietal sulcus (IPS), and the
right posterior precuneus (PCUN; Table 1, Figure 6)
whereas we did not find significantly greater activity for
the contrast massed > spaced.

Following our hypotheses that retrieval SCHEDULE influ-
ences brain activation, we again performed ROI analyses
and extracted contrast estimates from spaced and massed

Figure 5. Behavioral results from post-fMRI memory test. Episodes had
either been retrieved 8 or 2 times (factor TIMES) following a spaced or
massed schedule (factor SCHEDULE) before entering the fMRI session
during which episodes were shown in an original or modified version
(factor MODIFICATIONFMRI). Higher ratings reflect higher acceptance. (A)
Ratings for modified videos. Statistics: nonparametric rmANOVA based
on aligned rank data. (B) RTs for modified videos. Statistics: rmANOVA.
(C) Ratings for unmodified videos. Statistics: nonparametric rmANOVA
based on aligned rank data. (D) RTs for unmodified videos. Statistics:
rmANOVA. *p < .05, **p < .01, ***p < .001. For more clarity, the
factor SCHEDULE is not depicted here. For a graph covering all factors,
please see Appendix A (Figure A1).
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conditions (GLM1). We found a near-significant trend of
retrieval SCHEDULE on brain activity for episodes in HC,
as contrast estimates were higher for spaced compared
with massed retrieval, t(35) = 1.90, p = .066, d = .316;
Mspaced = −0.111 ± 0.042, Mmassed = −0.142 ± 0.046.
This was not the case in ACC, t(35) = 0.02, p = .99, d =
.003;Mspaced =−0.84 ± 0.128,Mmassed =−0.842± 0.120.

Effects of Retrieval Protocols on Neural Responses to
Modified Cueing

In our previous analysis of this data set, we demonstrated
that several brain regions respond to mnemonic predic-
tion errors (mod > ori; Siestrup et al., 2022). To now
understand the influence of previous retrieval TIMES on
brain activation for modified episodes, we calculated the
contrasts mod2 > mod8 and mod8 > mod2 (GLM2).
Regarding themod2>mod8 contrast, we found increased
activity in ACC (Brodmann’s area [BA] 24 and BA 32;
Table 2, Figure 6B). The contrasts 2 > 8 as well as ori2

> ori8 did not yield significant results, indicating that this
effect might be specific for modified videos. The reverse
contrast, mod8 > mod2, did not result in significant
effects. For further (subthreshold) results from GLM2,
please see Appendix B. Furthermore, we analyzed interac-
tion effects of retrieval protocols, which are reported in
Appendix C.
To further elucidate the impact of different retrieval pro-

tocol on neural responses for mnemonic prediction
errors, we conducted ROI analyses by extracting contrast
estimates from GLM2 for separate mod > ori contrasts,
allocated to the factors SCHEDULE (spaced, massed ) and
TIMES (2, 8). These yielded no significant results in IFS or
SPL. In the hippocampal ROI, we found a significant main
effect of SCHEDULE, F(1, 35) = 4.86, p = .034, ηp

2 = .122,
driven by higher contrast estimates for massed than for
spaced (Mmassed = 0.035 ± 0.051, Mspaced = −0.151 ±
0.050). There was no main effect of TIMES, F(1, 35) =
0.05, p = .829, ηp

2 = .001, and no significant interaction,
F(1, 35) = 0.04, p = .85, ηp

2 = .001.

Table 1. Peak Activations from Second-level Whole-brain Analyses of Retrieval SCHEDULE

Localization H Cluster Extent

MNI Coordinates

t Valuex y z

spaced > massed (FDR-corrected at p < .05)

Superior parietal lobe/intraparietal sulcus R 25 27 −67 59 5.27

L 66 −30 −64 56 4.95

Posterior PCUN R 44 12 −61 32 4.24

Posterior cingulate cortex R 60 6 −37 29 5.59

L l.m. −6 −34 32 5.15

H = Hemisphere; MNI = Montreal Neurological Institute; L = Left; R = Right; l.m. = local maximum.

Figure 6. Whole-brain activation for retrieval SCHEDULE and TIMES effects. (A) FDR-corrected t-map ( p < .05) for the spaced > massed contrast in
episodes (based on GLM 1). (B) FDR-corrected t-map ( p < .05) for the mod2 > mod8 contrast (based on GLM 2). pCC = posterior cingulate cortex;
SPL = superior parietal lobe; pPCUN = posterior precuneus; pgACC = pregenual anterior cingulate cortex; sgACC = subgenual anterior cingulate
cortex.
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Parametric Effects of Episode Repetition for
Later False Alarms

We were interested in how behavioral performance was
reflected in brain activity during repeated reactivation of
episodes. To investigate the neural effects of memory
modification, we analyzed the parametric increase in brain

activation to modified episodes that later elicited false
memories (GLM3). The BOLD response increased with
repeated presentation of a modified episode, when it
was later misclassified as original, in several regions:
superior frontal gyrus (SFG) extending into ACC, as well
as in inferior frontal gyrus, IPS, midcingulate cortex,
pCC, and middle temporal cortex (Table 3, Figure 7A).

Table 2. Peak Activations from Second-level Whole-brain Analyses of Retrieval TIMES for Modified Episodes

Localization H Cluster Extent

MNI Coordinates

t Valuex y z

mod2 > mod8 (FDR-corrected at p < .05)

Subgenual ACC (BA 24) R 13 3 23 −13 6.04

Pregenual ACC (BA 32) L + R 7 0 44 −13 5.09

H = Hemisphere; MNI = Montreal Neurological Institute; L = Left; R = Right; BA = Brodmann’s area.

Table 3. Peak Activations from Second-level Whole-brain Analyses of Parametric Effect (Increase) for Later False Memories

Localization H Cluster Extent

MNI Coordinates

t Valuex y z

Parametric modulator (fa; FDR-corrected at p < .01)

Superior frontal gyrus e.i. ACC (lateral BA 9 e.i. BA 10) L 550 −9 38 50 5.48

Middle frontal gyrus L l.m. −33 23 47 5.12

Superior frontal gyrus R 6 6 38 56 4.39

Middle frontal gyrus R 7 33 35 44 4.15

Angular gyrus/inferior parietal sulcus R 37 57 −46 44 4.35

Angular gyrus R l.m. 48 −55 38 3.94

PCUN R 7 −12 −43 41 4.01

Angular gyrus L 124 −51 −61 38 5.30

Supramarginal gyrus L l.m. −51 −52 29 4.89

Midcingulate cortex L 57 −6 −16 32 4.89

R l.m. 3 −19 35 4.41

Posterior cingulate cortex L 21 −3 −43 26 4.58

Superior temporal gyrus R 9 −63 −22 14 4.10

Inferior frontal gyrus (pars triangularis) L 44 −54 29 11 4.75

Inferior frontal gyrus (pars orbitalis) L l.m. −51 35 −10 4.20

Subgenual ACC R 12 3 20 −4 4.65

Middle temporal gyrus L 407 −51 −31 −7 6.77

R 322 57 −22 −10 7.33

Inferior temporal gyrus R l.m. 51 −16 −22 4.70

Middle temporal pole R 16 48 14 −28 5.14

Cerebellum L 52 −24 −91 −34 4.69

R 233 30 −85 −40 5.54

H = Hemisphere; MNI = Montreal Neurological Institute; L = Left; R = Right; e.i. = extending into; l.m. = local maximum.
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Following this whole-brain analysis, we performed a ROI
analysis to specifically investigate brain responses in areas
that are highly involved in memory formation, HC and
PHG, as hypothesized. In HC, we found a significant
increase of activation for fa (Z = −2.92, p = .01), whereas
the change of activation was not significant for cr (Z =
−0.56, p = 1), and ori (Z = −0.18, p = 1). In PHG, there
was a significant decrease in activation for cr, t(29)=−2.28,
p = .04, and no significant change of activation for fa,
t(29) = 1.07, p= .44, and ori, t(29) =−0.86, p= 1. Using
rmANOVA, we compared contrast estimates from the three
parametricmodulators for fa, cr, and ori. In HC, we found a
trend for an effect of condition, F(2, 58) = 3.0, p = .058,
ηp
2 = .094, as descriptively seen from an increase for false

alarms versus a decrease for correct rejections (Figure 7B).
In PHG, the same effect was significant, F(2, 58)= 3.26, p=
.045, ηp

2 = .101. Paired t tests showed that contrast esti-
mates in PHG were significantly higher for the parametric
fa than for the parametric cr response, t(29) = −2.40,
p = .034, d = −.439, as expected (Figure 7B). The
remaining pairwise comparisons did not yield significant
results (cr_par vs. ori_par: t(29) = −1.05, p = .45, d =
−.193; fa_par vs. ori_par: t(29) = 1.58, p = .19, d = .289).

Regarding effects of how the factor TIMES influenced
learning from prediction errors (GLM 4), we performed
ROI analysis on HC and PHG. As we only found sub-
threshold effects, we report the results in Appendix D.

DISCUSSION

When we encounter a previously experienced episode,
the brain reactivates a memory trace, corroborating its

stability while also allowing flexible adaptations to cope
with upcoming changes in the world (Lee et al., 2017).
In this study, we took the view that retrieval, and modifi-
cation of episodic memories upon retrieval, should be
influenced by how strongly memories were consolidated.
Specifically, we investigated the effects of different
retrieval protocols, namely, the temporal schedule of
retrieval practice (in the following referred to as retrieval
schedule) and the amount of practice. To separately test
stability induced by these two factors, we violated episodic
expectations using subtly modified retrieval cues and
assessed the effects of this prediction error on brain activ-
ity and subsequent memory performance.

Evidence for Learning through Prediction Errors

Concerning the post-fMRI memory test, we replicated our
previous finding that repeatedly experiencing modified
episodes during the fMRI session leads to a higher misat-
tribution of the same modified versions as part of the orig-
inal episode repertoire (Jainta et al., 2022). Again, we saw
that, following the presentation of the modified version in
the scanner, original videos received less acceptive ratings.
Still, there was a ceiling effect concerning ratings for orig-
inal videos; as in all conditions, acceptance was extremely
high. Our findings suggest that episodic prediction errors
lead to the encoding of an alternative representation of
the same episode, rather than replacing the original rep-
resentation based on new information. What remains
unclear is how exactly original memories were influenced
by the acquisition of alternative (nonveridical) episodes.
For example, memories might be modified through

Figure 7. Results from the
parametric analysis. (A) FDR-
corrected t-map ( p < .01) for
the whole-brain contrast of the
parametric modulator modeling
the repeated presentation of
modified episodes, which lead
to false alarm responses in
the post-fMRI memory test.
Activation clusters indicate
an increase of brain activity
with repeated exposure.
aPCUN = anterior precuneus;
SFG = superior frontal gyrus;
BA = Brodmann’s area; pCC =
posterior cingulate cortex;
mCC = midcingulate cortex;
sgACC = subgenual anterior
cingulate cortex; AG = angular
gyrus; IFG = inferior frontal
gyrus; MTG = middle
temporal gyrus; STS =
superior temporal sulcus;
IPS = intraparietal sulcus.
(B) ROI analysis for parametric
modulators modeling the
repeated presentation of modified episodes, which were later false alarms (fa_par) or correct rejections (cr_par), as well as parametric response to
original episodes (ori_par). Contrast estimates were extracted from hippocampal complex (HC) and parahippocampal gyrus (PHG). Statistics: one-
sample t/Wilcoxon tests; rmANOVA (nonparametric for HC ROI) and paired t tests (one-tailed). *p < .05.
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remodeling of the original memory trace, or through
source confusion or interference effects. A detailed dis-
cussion of this aspect is provided in Siestrup et al. (2022).
A set of neocortical areas and the hippocampal forma-

tion showed a BOLD response that increased with
repeated presentation of the samemodified episodewhen
this modified episode was later mistaken as originally
experienced. This cerebral reflection of incremental learn-
ing because of repeated prediction errors was found in
superior and inferior frontal areas, the cingulate cortex,
as well as in themiddle temporal and superior parietal cor-
tex. Hypothesis-driven ROI analyses in the hippocampal
formation revealed that, whereas activation to later correct
rejections decreased with repeated encounters, activation
to later false alarms increased, as expected. To our knowl-
edge, this is the first demonstration of a specific and
dynamic learning effect induced by episodic prediction
errors.
Hippocampus and neocortical areas are suggested to be

concurrently active during learning of new events, and
encoded memories become more and more independent
of hippocampal activity, which initially aids encoding
by detailed but short-lived storage run (Frankland &
Bontempi, 2005). Thus, the hippocampus was found to
support the development of a neocortical memory repre-
sentation during first stimulus encounters, but then
decreased in activity during further encounters with the
learned stimulus (Brodt et al., 2016). Notably, in Brodt
and colleagues’ work, learning was based on recurrent
experience of unmodified object–location information
without a particular necessity to update memory. Against
this backdrop, our findings speak in favor of sustained
learning in both neocortical and hippocampal areas when
participants repeatedly encountered slightly modified epi-
sodic cues. In our paradigm, sustained hippocampal
engagement during ongoing learning could be because
of the fact that the repetitions of a modified episode did
not occur consecutively, but in randomized sequences
intermixed with other modified and original episodes.
Another unique feature was that a preexisting memory
trace was activated and involved in a learning process. This
mixture of familiar and novel parts in the same stimulus
placed particularly high demands on associative learning,
resulting in participants accepting both the original and
the modified episode as belonging to the originally
learned set. Note that during the fMRI session, each
participant was exposed only to either the modified or
the original version of an episode.
For the interpretation of our findings, it was particularly

informative that successful learning of the modified epi-
sode depended on the presence of sustained hippocam-
pal activity. This could be concluded from the fact that
modified episodes that were later correctly rejected as
nonoriginal showed no such increase in hippocampal
areas.
Our results suggest the formation of additional memory

traces, specifically “alternative versions” of previously

encoded episodes, which are later erroneously taken as
veridically experienced, through engagement of the epi-
sodic memory network, including the HC, medial frontal
cortex, posterior cingulate, lateral temporal areas, and
temporo-parietal junction (Jeong, Chung, & Kim, 2015).
In addition to these well-known components for episodic
encoding and retrieval, there were two brain sites that do
not typically show up for episodic processes: BA 9m and
mid-cingulate cortex. We refrain from broadly discussing
these findings post hoc but would like to suggest how they
may contribute to modification processes of episodic
information, awaiting to be tested in future studies. On
the one hand, the mid-cingulate cortex has been sug-
gested to contribute to the monitoring of the other’s deci-
sions (Apps, Lockwood, & Balsters, 2013). This functional
description dovetails with the fact that our participants
experienced a subtle breach of episodic expectation
regarding a change in the videotaped toy story. Although
they later judged this modified episode to be veridically
self-experienced, the brain seemed to detect this specific
prediction error as if witnessing an unexpected decision.
On the other hand, BA 9 has been reported to be increas-
ingly activated for the emergence of coherence between
contextual relations (Ferstl, Neumann, Bogler, & von
Cramon, 2008), for example, in the presentation of syntac-
tically independent but episodically related sentences
(Ferstl & von Cramon, 2001, 2002). Although these studies
were very different from ours, the concept of coherence
could be an interesting starting point for understanding
the role of BA 9 in episodic modification: This area could
detect and code coherence between similar episodic
events, which in our study led to modified episodes being
accepted as originals during post-fMRI memory testing.

Effects of Pre-fMRI Retrieval Frequency

In line with our hypotheses, memory for originally
encoded episodes was better when participants had
retrieved episodes 8 times compared with 2 times before
the fMRI session. This was evidenced bymore rejective rat-
ings for modified videos, slightly (but significantly) more
acceptive ratings for unmodified videos and shorter RTs
for the latter. This pattern already emerged during the
pre-fMRI retrieval sessions, as episodes retrieved 8 times
had an overall higher percentage of correct responses.
Our findings contribute to the large body of literature
reporting the same effect (Lyle et al., 2020; Karpicke &
Roediger, 2007; Underwood, 1970). The benefit of eight
previous repetitions was also present when modified epi-
sodes had been presented during the fMRI session, which
is in line with reports that retrieval practice can protect
memories from modification (Scully & Hupbach, 2020;
Pastötter, Eberle, Aue, & Bäuml, 2017; Bäuml, Holterman,
& Abel, 2014; Rowland, 2014; Potts & Shanks, 2012;
Halamish & Bjork, 2011).

Interestingly, we did not find increased neural activation
after more frequent retrievals (8 vs. 2) when investigating
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the general effects of retrieval protocols, as would be
expected in areas where memory representation is estab-
lished. On the contrary, when focusing onmodifications in
episodes, we found evidence for decreasing activation as
one would associate it with decreasing effort of retrieval
(mod8<mod2); this effect was found for ACC, an area that
was reported to decrease in activity with progressing con-
solidation (Long et al., 2016). In addition, we found that
the brain response to mnemonic prediction errors was
modulated by previous retrieval times in a similar fashion,
as the interaction contrast (mod2> ori2) > (mod8> ori8)
revealed subthreshold activation in ACC and FMC (BA 9
and 10). Hence, it seems that less stable memories might
be more effortful to retrieve, which yields elevated brain
activation in areas associated with episodic recall (Nadel
et al., 2007). Schiffer and colleagues (2013) detected activ-
ity in ACC and medial frontopolar cortex (BA 10) when
comparing the influence of prediction errors on biased
versus balanced internal models, suggesting that the adap-
tation of internal models because of prediction errors
occurred more slowly for strong and faster for weak inter-
nalmodels (Schiffer et al., 2013). Asmentioned, the FMC is
activated through the experience of prediction errors
(Malekshahi et al., 2016; Schiffer et al., 2013). Regarding
our findings, the FMC may indicate the level of coherence
between previously encoded and currently perceived
modified episodes, which further corroborates our inter-
pretation of these areas being involved in model updating.
We interpret activity in these areas to indicate the detec-
tion of mismatching information as well as the increasing
familiarity with perceived modifications over time while
comparing them to mnemonic representations. Accord-
ingly, in the case of weaker mnemonic representations
(hence, weaker predictive models), prediction errors
potentially serve as amore potent signal for model updating
(i.e., learning). These findings extend the general func-
tional view of ACC as a region involved in conflict process-
ing (Vassena, Holroyd, & Alexander, 2017; Botvinick,
Cohen, & Carter, 2004) and learning from (prediction)
errors to adapt behavior (Vassena et al., 2017; Rushworth,
Noonan, Boorman, Walton, & Behrens, 2011).

It has previously been discussed that there is likely no
linear relationship between the number of retrievals and
later retention (Rowland, 2014; Roediger & Butler,
2011). Potentially, most mnemonic benefit is gained from
increasing the retrieval frequency from one to two
retrievals (Lyle et al., 2020; Rawson & Dunlosky, 2011).
Therefore, it could be that several meaningful changes in
neuronal activation arise at this threshold. In this study,
the lowest retrieval frequency already exceeded this
potential level of highest consolidation benefit, which
might explain our partially subtle findings.

Effects of Spaced versus Massed Retrieval Protocols

Our data did not confirm previous findings that spaced
retrievals result in better memory for originally encoded

episodes compared with massed retrievals (Latimier,
Peyre, & Ramus, 2021; Lyle et al., 2020; YeckehZaare
et al., 2019; Kang, 2016; Gerbier & Toppino, 2015;
Dempster, 1989; Underwood, 1970). There is still an
ongoing debate on how to design spaced practice sched-
ules to maximize the positive influence on retention.
While some suggest that spacing out practice to two ses-
sions is already highly effective (Gerbier & Toppino,
2015), others report that the spacing effect is more pow-
erful for a higher number of distributed sessions (Dobson
et al., 2017). In addition, some researchers suggest that the
first of multiple retrieval sessions should occur shortly
after initial encoding, like in our paradigm, as this maxi-
mizes the likelihood of successful retrieval. However,
others argue that this limits the benefit for long-term
retention as the first retrieval might not be effortful
enough (Kang, 2016; Roediger & Butler, 2011). Our para-
digm followed the naturalistic timeline of first encoding an
episode into memory and then retrieving it at different
timepoints, which contributes to memory consolidation.
Similar designs have been used previously in memory
research when investigating the influence of massed ver-
sus spaced retrieval on retention (e.g., Lyle et al., 2020;
Karpicke & Bauernschmidt, 2011; Landauer & Björk,
1978). However, practice might only be truly “massed” if
carried out during a single encounter (e.g., Kang, 2016).
Encountering episodes in the encoding as well as in the
retrieval session might have decreased the differences
between spaced and massed retrieval in the current work.
The fMRI analysis of general retrieval protocol effects

revealed significant activation for episodes that had been
retrieved following a spaced schedule in SPL/IPS, PCUN,
and pCC, which are all involved in episodic remembering.
Hippocampal involvement was slightly higher (trend) in
the spaced condition, as revealed by the ROI analysis
( Jainta et al., 2022; Sestieri, Shulman, & Corbetta, 2017;
Rugg & Vilberg, 2013; Trimble & Cavanna, 2008; Cavanna
& Trimble, 2006; Iidaka, Matsumoto, Nogawa, Yamamoto,
& Sadato, 2006; Wagner, Shannon, Kahn, & Buckner,
2005). Interestingly, we found that for the processing of
prediction errors, massed retrieval generally led to
increased brain activation in comparison to spaced
retrieval. The interaction analysis concerning the influence
of retrieval schedule on the processing of mnemonic pre-
diction errors (modmassed > orimassed) > (modspaced >
orispaced) yielded subthreshold activation in pre- and post-
central gyrus as well as in the superior temporal gyrus. The
ROI analysis revealed higher hippocampal engagement in
the processing of prediction errors in the massed condi-
tion. However, because of the lack of a behavioral effect,
it is difficult to interpret these findings in terms of memory
stability. Descriptively increased error rates and RTs dur-
ing the fMRI task for episodes from the spaced condition
might indicate that they were more difficult to retrieve,
that is, less consolidated. Notably, this interpretation is
speculative, because the fMRI task was designed to ensure
constant attention and not to probe memory. However,
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together with the lack of behavioral effects, it opens the
possibility that our spaced versus massed retrieval sched-
ule was not yet quantitatively sufficient to benefit from
spaced retrieval and to produce behavioral effects. As
outlined above, more research is needed to identify an
optimal spacing strategy. We believe that repeating our
study with an updated spacing schedule will benefit the
understanding of its influence on memory consolidation
on a neuronal level.

Limitations

In this study, we found effects of retrieval schedule and
retrieval times for modified, but not original, videos.
When interpreting the results of this study, we must
acknowledge that the statistical power of modified videos
compared with originals may be stronger because of an
unbalanced number of trials within the two conditions.
Participants were presented with twice as many modified
videos (16) compared with originals (eight) during fMRI.
We cannot rule out the possibility that null-results in
original videos may result from a lower number of videos
per condition. However, we showed in a previous analy-
sis that subdividing modified videos into two different
types of expectation violation including eight videos
per condition still led to substantial brain responses
(Siestrup et al., 2022). Compared with original videos,
both violation types shared activity patterns in frontal
and parietal areas. Although these previous results
increase the reliability of our present results, further
research is still needed.

Furthermore, alternative explanations for our behav-
ioral findings can be considered. On the one hand, it is pos-
sible that modified episodes presented during the fMRI
session were later endorsed as originals because of the
additional recent encoding opportunity. In this respect,
it is worth noting that novel videos, which were also
repeatedly encountered during the fMRI session, were
not mistaken for original episodes by the participants.
Therefore, it is unlikely that recency drove the observed
effects. On the other hand, it is possible that participants
mistook modified episodes as original ones after several
repetitions during the fMRI session because of increased
familiarity with these episodes. However, familiarity alone
would not account for the clear distinction of neuronal
responses to later false alarms and correct rejections, as
all modified videos were equally familiar. Nevertheless, fur-
ther research is needed to understand the direct contribu-
tion of prediction errors to memory modification.

Conclusion

Episodic memories can change upon retrieval, and epi-
sodic prediction errors may trigger this process. In this
study, we found that episodic prediction errors led to a
dynamic learning process in the episodic memory net-
work, resulting in the acceptance of false memories as
veridical. Moreover, different retrieval protocols modu-
lated the brain responses to episodic prediction errors
and changed the subsequent propensity to learn from
these events. These observations may be a fruitful starting
point for further investigation of episodic prediction
errors and their role in episodic memory changes.
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APPENDIX A

APPENDIX B

To investigate the effects of previous retrieval SCHEDULE

on brain activation for modified episodes, we calculated
the contrasts modspaced > modmassed and modmassed >
modspaced (GLM2). Both contrasts did not reveal significant
activation with FDR correction. However, for modmassed >
modspaced, we found subthreshold activation in cerebel-
lum (right hemisphere: 23 voxels, x = 42, y = −46, z =

−31; left hemisphere: 24 voxels, x = −18, y = −61, z =
−43). No contrast for original episodes yielded signifi-
cant results. Subthreshold activation for ori8 > ori2 was
found in the right superior frontal sulcus and insula, as
well as in the left middle frontal gyrus. For orispaced >
orimassed, we detected subthreshold activation in the left
central sulcus and in the superior temporal sulcus
(Table B1).

Figure A1. Behavioral results from post-fMRI memory test for all factors. Episodes had either been retrieved 8 or 2 times (factor TIMES) following
a spaced or massed schedule (factor SCHEDULE) before entering the fMRI session during which episodes were shown in an original or modified version
(factor MODIFICATIONFMRI). Higher ratings reflect higher acceptance. (A) Ratings for modified videos. Statistics: nonparametric rmANOVA based on
aligned rank data. (B) RTs for modified videos. Statistics: rmANOVA. (C) Ratings for unmodified videos. Statistics: nonparametric rmANOVA based
on aligned rank data. (D) RTs for unmodified videos. Statistics: rmANOVA. *p < .05, **p < .01, ***p < .001.
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APPENDIX C

To further understand the influence of previous
retrieval TIMES and SCHEDULE while controlling for poten-
tial baseline effects (GLM2), we analyzed interaction
effects of retrieval protocols for mnemonic prediction
errors. First, we investigated the influence of retrieval
times on modified episodes in comparison to original

episodes. The (mod2 > ori2) > (mod8 > ori8) contrast
revealed subthreshold activity in the left middle frontal
gyrus (MFG; BA 9 and BA 10), bilateral SFG, right
angular gyrus (AG), and left pregenual ACC (Table C1).
Contrasting (modmassed > orimassed) > (modspaced >
orispaced), we found a subthreshold activity in the bilat-
eral postcentral gyrus, left superior temporal gyrus,
and left amygdala (Table C1).

Table B1. Peak Activations from Second-level Whole-brain Analyses of Retrieval TIMES and SCHEDULE for Original Episodes

Localization H Cluster Extent

MNI Coordinates

t Valuex y z

ori8 > ori2 (uncorrected at p < .001)

Superior frontal gyrus R 19 21 59 23 3.83

Middle frontal gyrus L 10 −39 53 17 3.77

Insula R 11 39 14 −16 4.43

orispaced > orimassed (uncorrected at p < .001)

Sulcus centralis L 76 −57 −16 47 4.70

Temporal pole (superior temporal gyrus) L 40 −42 5 −22 5.15

H = Hemisphere; MNI = Montreal Neurological Institute; L = Left; R = Right.

Table C1. Peak Activations from Second-level Whole-brain Analyses of Interaction Effects

Localization H Cluster Extent

MNI Coordinates

t Valuex y z

(mod2 > ori2) > (mod8 > ori8) (uncorrected at p < .001)

Angular gyrus R 27 60 −55 32 4.49

Superior frontal gyrus L 23 −18 53 29 4.01

R 40 18 59 20 4.66

Medial superior frontal gyrus/mesial frontal cortex (BA 9) L 78 −6 59 20 4.44

Middle frontal gyrus L 8 −36 50 17 3.65

Caudate nucleus R 4 6 14 8 4.21

ACC R 8 6 26 −7 3.55

Pregenual ACC/straight gyrus L 53 −3 47 −19 4.45

Right insula R 7 36 14 −19 3.80

(modmassed > orimassed) > (modspaced > orispaced) (uncorrected at p < .001)

Postcentral gyrus L 165 −48 −22 56 4.69

R 22 48 −13 32 4.16

Superior temporal gyrus R 9 66 −10 5 3.87

Hippocampus R 8 21 −7 −16 4.35

Superior temporal gyrus L 40 −39 8 −22 4.54

Amygdala L l.m. −30 2 −16 4.00

H = Hemisphere; MNI = Montreal Neurological Institute; L = Left; R = Right; BA = Brodmann’s area; l.m. = local maximum.
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APPENDIX D

With regard to GLM4, we were interested whether learn-
ing from prediction errors during scanning predicted later
false memories during the memory test. To investigate
whether BOLD responses were influenced by the former
retrieval protocol, we reanalyzed the behavioral perfor-
mance during the post-fMRI memory test. As TIMES, but
not SCHEDULE, affected the stability of episodic memories
as indicated by better recall, we tested whether different
retrieval TIMES were reflected in brain areas involved during
memory formation. Based on model GLM4, we extracted
contrast estimates for parametric fa responses separately
for episodes that had been retrieved 2 and 8 times. As
a result, we found that the increasing BOLD effect did
not depend on previous retrieval times in HC, t(21) =
−1.22, p = .23, d = −.261; Mfa2_par = 0.014 ± 0.020,
Mfa8_par = 0.072 ± 0.039, or PHG, t(21) = −0.82, p =
.42, d = −.176; Mfa2_par = 0.014 ± 0.029, Mfa8_par =
0.056 ± 0.048.
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