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Summary

Summary

Episodic memories allow us to vividly relive our personal past. However, they are not
exact recordings of our experiences, but can be modified on the basis of new relevant
information. Recently, mnemonic prediction errors (PEs) have been identified as a potential
driving force for such memory changes. Mnemonic PEs arise when there is a mismatch between
what we expect on the basis of memories and true situational input. According to the predictive
coding framework, PEs serve as learning signals to the brain to update internal predictive
models. To that end, memory modifications supposedly allow us to maintain valid predictions
in an ever-changing environment. However, little is known about how episodic PEs are
processed by the brain, how they impact memory and which conditions might influence these
responses. For this reason, the aim of the current thesis was to broaden the understanding of
mnemonic PEs in episodic memory by analyzing signatures of their neural processing and their
influence on episodic memories.

For this purpose, a new episodic modification paradigm was established. Participants
encoded complex, unique episodes from demo videos in the form of toy stories. After further
consolidation through retrieval practice (Studies 1 and 2), participants went through a
functional magnetic resonance imaging (fMRI) session during which original but also slightly
modified episodes were presented to elicit PEs. Afterwards, participants conducted a post-fMRI
memory test during which memory for originally encoded episodes was probed. Again, original
but also modified episodes were presented, and participants had to judge after every video
whether it belonged to the original episode repertoire. Study 1 focused on the difference
between PEs based on structure or content episode information. To that end, episodes were
either modified by switching two subsequent action steps (structure modification) or a single
object (content modification). In Study 2, which was based on the same data as Study 1, the

influence of different retrieval practice protocols was analyzed to evaluate the impact of
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memory solidity on PE processing. Lastly, Study 3 focused on the differential processing of
content PEs that either challenged the gist of episodes (gist modifications) or left it intact
(surface modifications).

One major finding was that mnemonic PEs commonly activated superior parietal areas
as well as (right) ventrolateral prefrontal cortex. Consequently, these areas seem to be involved
in the processing of episodic mismatch and mnemonic selection processes in general.
Furthermore, as expected, different types of episodic modifications elicited different brain
responses. In Study 1, content modifications yielded increased brain activation in temporo-
occipital, parietal and parahippocampal areas, reflective of new object information processing.
Structure modifications were characterized by activation in right dorsal premotor cortex, as well
as posterior temporal and parietal areas, reflecting the processing of new sequence information.
In Study 3, surface and gist modifications elicited activation in brain regions involved in the
processing of content modifications. Except for anterior cingulate cortex (ACC), midcingulate
cortex and posterior hippocampus, neural responses were stronger for gist than surface
modifications, corroborating the idea that they induced a stronger PE signal.

In Study 2, a behaviorally relevant increase in memory solidity was achieved by
increasing the frequency of retrieval practice from two to eight retrievals. This was evidenced
by the participants’ decreased tendency to endorse modified episodes as originally encoded,
also after PE. Interestingly, activation in pre- and subgenual ACC increased for modified
episodes after fewer compared to more previous retrieval opportunities. This finding may be
attributed to increased neural processing demands during episodic retrieval and/or the role of
ACC in learning from PE. Additionally, it was demonstrated in Study 2 that activation in the
episodic memory network, including ACC and hippocampus, specifically increased over time
when false memories were formed. Furthermore, neural mismatch responses were enhanced for

later correct rejections compared to false alarms.
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In all studies, PEs influenced episodic memories, further corroborating the idea that
mnemonic PEs can lead to memory modification. Memory changes were characterized by the
participants’ increased tendency to endorse modified episodes as originally encoded in the post-
fMRI memory test after the experience of PEs during the preceding fMRI session. Memory for
original episodes remained largely unaffected by PEs. Interestingly, only PEs based on gist
modifications did not lead to the formation of false memories, potentially because of the highly
impactful mismatch signal due to their high episodic relevance.

Taken together, this thesis provides valuable new insights into the neural processing of
mnemonic PEs and false memory formation. The neural and behavioral findings suggest that
memory modifications after PE were characterized by the additional encoding of an alternative
episode version, competing with the original one. In the case of strong mismatch signals, the
formation of false memories was avoided, likely through a clear mnemonic distinction of

episodes.
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1.1 Episodic Memories — Features and Functions

1 Theoretical and Empirical Background

Can I trust my memories? This certainly is a question that most of us have asked
ourselves before. From the perspective of episodic memory research, the disillusioning answer
1s: no, you cannot; at least not unconditionally. However, we should not be frustrated by this
observation, but rather see it as a chance: only the fact that memory is not perfect allows us to
study it (Schacter & Slotnick, 2004). But if memory is not veridical, why do we remember at
all? A surprisingly straightforward answer to this question has been brought forth by decades
of episodic memory research: we remember the past to predict the future (Schacter, 2012;
Schacter & Addis, 2007a). In the highly dynamic environment we call our home, successful
predictions are only possible if we allow for a certain flexibility in the templates that we use for
forming these predictions, that is, our memories (Alberini & Ledoux, 2013; Finn, 2017).

Recent theoretical considerations as well as empirical findings highlight the role of
mnemonic prediction errors (PEs) in memory modification. Such PEs arise when our
predictions, derived from memories, do not match the current situational inputs. Mnemonic PEs
might act as a signal as to when a memory needs to be modified to remain a reliable basis for
future predictions (Exton-McGuinness, Lee, & Reichelt, 2015; R. S. Fernandez, Boccia, &
Pedreira, 2016). The aim of the current thesis is to broaden our understanding of mnemonic PEs
in episodic memory by characterizing signatures of their neural processing and their impact on
the fate of episodic memories.

In the following sections, this thesis will introduce the concept of episodic memories
and their neural foundations. It will become clear that episodic memories are not exact copies
of past experiences, as false memories and memory modifications occur. Some suggested
mechanisms underlying memory modifications will be presented, and the proposed adaptive

value of memory modifications will be highlighted. In line with the predictive coding



1.1 Episodic Memories — Features and Functions

framework, mnemonic PEs will be introduced as a possible trigger of memory modifications,

giving rise to the research questions addressed by this thesis.
1.1 Episodic Memories — Features and Functions

Episodic memory, a form of declarative memory, (Squire, 1992a; Suddendorf &
Corballis, 2007; Tulving, 2005) refers to memory for personally experienced events (Tulving,
2005; but see Pillemer, Steiner, Kuwabara, Thomsen, & Svob, 2015 for a discussion on
vicarious memories). However, even though (or maybe because) the field of episodic memory
research has been extensively pursued for many decades, the exact details which define episodic
memory are still not completely agreed upon (Suddendorf & Corballis, 2008).

Following an early suggestion by Tulving, memories can be classified as episodic when
they include information about what happened where and when (Tulving, 1972). Another
common approach for defining episodic memory is by focusing on the characteristics of its
retrieval. In that sense, it was postulated that episodic memory retrieval is accompanied by
autonoetic consciousness, which means being aware that the remembered episode was
experienced personally (Tulving, 1985). However, autonoetic consciousness can be
complicated to study empirically, since it relies on subjective experiences (Suddendorf &
Corballis, 2008). It is also possible to define episodic memories through several key
characteristics. For example, Conway (2008) describes episodic memories as representing
sensory and perceptual details, most often in the form of visual imagery, with a clear perspective
(observer or field perspective).

Episodic memory is essential for learning. It provides a base for deriving general
knowledge and abstract schemas (Conway, 2008; Conway, Gardiner, Perfect, Anderson, &
Cohen, 1997). It has been proposed that a key function of episodic memory is to maintain
records of short-term goal processing, as episodic memories allow us to track our (recent)

experiences so that we can prepare to execute a certain planned behavior when the right moment
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1.2 Neural Bases of Episodic Memory

comes (Conway, 2008). Suddendorf and Corballis (2007) proposed that episodic memory is the
past-directed component of mental time travel, which potentially evolved due to the fitness
benefit of mentally simulating the future to plan ahead. Thus, episodic memory is highly
relevant for predicting and planning future actions and pursuing short- as well as long-term
goals. Furthermore, for understanding the nature of episodic memories and, in turn, their
malleability, it is crucial to illuminate how mnemonic representations of episodes are formed,

processed, and recalled.
1.2 Neural Bases of Episodic Memory

1.2.1 Encoding

To enable us to later remember an experience, it must first be encoded into our episodic
memory. During encoding, event features, such as sensory inputs, are processed and linked
together (Shimamura, 2014), so that durable memories can be formed (Rugg, Johnson, &
Uncapher, 2015). Over the years, lesion studies in amnestic patients and animals as well as
neuroimaging work have identified several brain regions involved in the encoding of episodic
memories. These include structures of the medial temporal lobe (MTL), like hippocampal and
parahippocampal areas, prefrontal cortex (PFC), retrosplenial cortex, and parietal cortex
(Hasselmo, 2012; Manns & Squire, 2002; Rugg, 2002; Shimamura, 2014).

Generally, different cortical regions can be involved in episodic encoding, depending
on what exactly is being encoded. In that sense, it has been observed that activation during
encoding occurs in the same cortical regions that are involved in current situational processing
(Rugg et al., 2015). Aside from that, the contribution of MTL is crucial for successful encoding
(Rugg et al., 2015). For example, a large amount of neuroimaging studies has shown that
increased activation in hippocampus and parahippocampal cortex during episodic encoding
correlates with later successful remembering (e.g., Alkire, Haier, Fallon, & Cahill, 1998;

Hasselmo, 2012; Paller & Wagner, 2002; Ranganath, 2010; Rugg, 2002; Shimamura, 2014). It
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1.2 Neural Bases of Episodic Memory

has been suggested that the key function of hippocampus in episodic memory encoding is
linking together separate event features that constitute an episode (Davachi, 2006; Ranganath,
2010; Rugg, 2002; Shimamura, 2014), and to then store this episode’s pattern of cortical
activations (Rugg et al., 2015). Hippocampus also mediates so-called pattern separation, so
that cortical activation patterns representing individual (similar) episodes can be differentiated
(Dodson & Schacter, 2002; Kirwan & Stark, 2007; Ngo, Michelmann, Olson, & Newcombe,
2021).

Another crucial brain region in episodic memory encoding is PFC. To form an episodic
memory for a particular event, some event features must be encoded from working memory
into long-term memory (Shimamura, 2014). This selective control process is likely supported
by PFC (Miller & Cohen, 2001; Shimamura, 2008, 2014), and some evidence suggests that
medial PFC (mPFC) regions are involved in such strategic executive functions during memory
encoding (Himmer, Schonauer, Heib, Schabus, & Gais, 2019). Furthermore, left PFC was
suggested to have a key role in episodic encoding (Tulving, Kapur, Craik, Moscovitch, &
Houle, 1994), potentially by integrating semantic features of items into episode representations
(Rugg, 2002). Interestingly, also reduced activation in several brain areas has been linked to
efficient encoding, namely in ventral posterior parietal cortex (vVPPC) and posteromedial cortex,
including posterior cingulate cortex (PCC; Daselaar, Prince, & Cabeza, 2004; Shimamura,
2014; Uncapher & Wagner, 2009). Shimamura (2014) proposed that successful encoding
requires a suppression of these brain regions, potentially to foster a prioritized encoding of
sensory stimulus features.

It is noteworthy that not all aspects of an episode are equally likely to be encoded
successfully (Rugg et al., 2015). For example, aspects of episodes that receive more attention
during encoding are known to be remembered better (Chun & Turk-Browne, 2007; Rugg et al.,

2015), and it has been suggested that only the gist of an episode is stored, i.e., its most relevant
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features (Cheng, Werning, & Suddendorf, 2016). In line with behavioral findings, it has been
demonstrated that cortical-hippocampal interactions during encoding can be modulated by

attention as well (Rugg et al., 2015).
1.2.2 Consolidation

From behavioral evidence it is known that some time after encoding, memories are less
easily disrupted compared to directly after encoding (Hasselmo, 2012). That is because
memories are further stabilized, or consolidated (Dudai, 2004; Rugg et al., 2015; Shimamura,
2014). Generally speaking, consolidation is accomplished through the replay or reactivation of
memory content so that mnemonic representations are strengthened (Shimamura, 2014; Tranel
& Damasio, 2002). More specifically, it has been suggested that during this process,
hippocampal-neocortical connections are revised, allowing for the memory to be integrated
with existing knowledge structures and/or to be differentiated from competing representations
(Antony, Ferreira, Norman, & Wimber, 2017). Replay of memory content can occur off-line
during sleep (Inostroza & Born, 2013; Poe, Walsh, & Bjorness, 2010), especially so-called
slow-wave sleep (Cheng & Werning, 2013), but also through the active retrieval of memories,
for example during retrieval practice (Antony et al., 2017; Hasselmo, 2012; Rowland, 2014).

At the beginning of the consolidation process stand changes of synaptic efficiency,
managed through neurochemical mechanisms that act on a molecular and cellular level. This
first phase is quickly completed, usually lasting few minutes to days, and is referred to as
cellular or synaptic consolidation. Afterwards follows what is called systems consolidation, i.e.,
the adaptation of neural networks that support memory storage and/or retrieval (Dudai, 2004;
Moscovitch, 2003; Moscovitch, Winocur, Ryan, & Nadel, 2008; Nadel, Hupbach, Hardt, &
Gomez, 2008). The traditional view of systems memory consolidation is that eventually,
repeated replay enables neocortex to support the memory trace without hippocampus.

According to this standard theory of consolidation (Squire, 1992b), neocortical areas will then
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interact on their own to retrieve a fully consolidated memory, which occurs completely
independent of the hippocampus (Moscovitch et al., 2008; Ryan, Hoscheidt, & Nadel, 2008).
Within this framework, mPFC is believed to take over the organization of reinstatement of
episodic memories from hippocampus, making it a central hub of memory consolidation
(Euston, Gruber, & McNaughton, 2012). This theory was mainly inspired by the finding that
amnestic patients with hippocampal lesions could still recall remote personal events that had
occurred before the brain damage (Squire, 1992b). However, recent evidence also provides
support for an alternative account, the so-called multiple trace theory (Moscovitch et al., 2008).
According to this theory, hippocampal and neocortical sites will always act together to retrieve
an episodic memory. Since the retrieval context differs each time a memory is reactivated,
modified memory traces will be created and re-encoded. The older a memory is, the more often
it will be reactivated, leading to more widespread and/or stronger memory traces in
hippocampus and thereby enhanced resilience (Moscovitch et al., 2008). In line with this
framework, many neuroimaging studies have demonstrated that remote episodic memories still
activate hippocampus (e.g., Maguire, Henson, Mummery, & Frith, 2001; Rekkas & Constable,
2005; Ryan et al., 2001; Ryan et al., 2008).!

Interestingly, consolidation does not necessarily mean that a memory is permanently
stabilized. For example, it has been proposed that when a memory is reactivated, it will be
returned to a labile state and become open for alterations (Nader, 2015; Nader, Schafe, & Doux,
2000). However, when memories have been extensively consolidated, such alterations become

more unlikely (Exton-McGuinness et al., 2015; R. S. Fernadndez et al., 2016).

! Please note that there is a multitude of theories about memory consolidation and only two seminal theories are
presented as examples in this thesis.
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1.2.3 Retrieval

Remembering the personal past not only requires successful encoding, but also retrieval
of episodes (Shimamura, 2014)*. Retrieval is triggered by an internal or external retrieval cue
which leads to “the emergence of a consciously accessible representation of a specific past
episode” (Rugg et al., 2015, p. 85). It has been proposed that a specific cognitive state, called
retrieval mode, must be adopted so that stimuli can serve as retrieval cues (Rugg et al., 2015;
Tulving, 1983). Furthermore, a “core recollection network” (Rugg et al., 2015, p. 95) has been
identified for episodic memory retrieval. This network includes hippocampal and
parahippocampal areas, (medial) PFC, PCC and retrosplenial cortex, as well as areas in parietal
cortex (Hayama, Vilberg, & Rugg, 2012; J. D. Johnson & Rugg, 2007; Rugg & Vilberg, 2013;
Rugg et al., 2015).

An especially robust connection has been found between episodic retrieval and PFC
activation (for reviews, see Fletcher & Henson, 2001; Rugg, 2002). Retrieval related activation
has been detected in anterior parts of PFC (Brodmann area [BA] 10), but also in dorsolateral
locations (Rugg, 2002). During early stages of retrieval, (right) PFC is involved in executive
control processes crucial for selective episode feature reactivation (Cabeza, Locantore, &
Anderson, 2003; Wagner, 2002; Shimamura, 2014), which Schacter and colleagues referred to
as focusing the retrieval (e.g., Schacter, Norman, & Koutstaal, 1998). It has also been suggested
that right PFC supports the aforementioned retrieval mode, allowing episodic memories to be
experienced autonoetically (Nyberg et al., 1995; Rugg, 2002; Tulving, 1983; Wheeler, Stuss,
& Tulving, 1997). Further, frontal regions are involved in monitoring and evaluating retrieval
outputs (Rugg, Fletcher, Frith, Frackowiak, & Dolan, 1996; Schacter et al., 1998), for example

during source monitoring, i.e., determining the origin of a memory (M. K. Johnson, Hashtroudi,

2 Please note that retrieval is usually accompanied by new (incidental) encoding (e.g., Finn, 2017), so it can be
difficult to attribute observed brain activation during retrieval tasks to one or the other process with absolute
certainty (e.g., Okado & Stark, 2005).

11
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& Lindsay, 1993; Schacter et al., 1998). MPFC involvement (including anterior cingulate
cortex [ACC]) is often observed during the retrieval of remote rather than recent memories
(Euston et al., 2012), and has been linked to retrieval related processing of context information
(Kveraga et al., 2011; Rugg et al., 2015) and strategic memory search (Himmer et al., 2019).
Additionally, as outlined above, it has been suggested that after consolidation, mPFC instead
of hippocampus mediates the reinstatement of episodic memories (Euston et al., 2012).

Aside from PFC, medial parietal cortex is reliably activated during episodic memory
retrieval (Rugg, 2002), including, precuneus and PCC (Henson, Rugg, Shallice, Josephs, &
Dolan, 1999; Kapur et al., 1995; Rugg, 2002). Presumably, these areas subserve visual imagery
during the reactivation of experienced episodes (Fletcher et al., 1995; Rugg, 2002).
Additionally, lateral parietal cortex, specifically angular gyrus, is active during episodic
retrieval. It was proposed that this region contributes to the reorientation of attention from the
retrieval cue to retrieved content (Cabeza, Ciaramelli, & Moscovitch, 2012; Rugg et al., 2015).
Aside from that, it was suggested that vPPC is involved in forming connections between cortical
areas which facilitates their coactivation during retrieval (Shimamura, 2011, 2014).

Additionally, MTL structures are involved in episodic memory retrieval. When a
retrieval cue triggers cortical activation that (partially) overlaps with the one of a past episode,
the hippocampal representation of this episode is reactivated, finally leading to the
reinstatement of the episode’s cortical activation pattern at encoding (Rugg et al., 2015). This
process is called pattern completion (e.g., Sugar & Moser, 2019). Accordingly, brain activation
at encoding and retrieval is often highly similar (e.g., Danker & Anderson, 2010; Rugg et al.,
2015; Shimamura, 2014), lending support to the cortical reinstatement hypothesis of episodic
retrieval (Abe, 2012; Rugg, Johnson, Park, & Uncapher, 2008).

Importantly, brain activation observed at retrieval not only mirrors encoding-related

activation. The reason for this is the constructive, or generative, nature of episodic memory
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retrieval, so that brain activity during retrieval of episodic memories also reflects constructive
processes (Rugg et al., 2015; see section 1.3.1 for more details). This generative mechanism

can lead to a change of memory content, as illuminated in the next paragraph.
1.3 False Memories and Memory Modification

Our episodic memories are far from perfect, most obviously since we tend to forget.
Aside from that, memories often differ from an originally experienced event, and can
sometimes appear completely false, i.e., not even grounded on something that happened to us
(Schacter, 1999).

False memories have received much attention since it was discovered that some patients
started to remember non-veridical episodes of sexual abuse as a result of therapy that included
strategies like suggestive questioning or hypnosis (M. K. Johnson, Raye, Mitchell, &
Ankudowich, 2012; Loftus, 1997; Schacter, 2012). In legal settings, false memories pose an
important challenge, for example in the case of eyewitness testimony. Furthermore, innocent
people can falsely remember (and confess) committing crimes when confronted with fake
evidence or suggestive interrogation techniques (Loftus, 1997; Schacter, 1999, 2012). These
observations inspired the work of Elizabeth Loftus and her colleagues. They demonstrated that
participants’ memory can be manipulated so that they are convinced to remember an event, for
example being lost in the mall as a child, that never actually happened to them via specific
suggestion techniques (Loftus, 1996, 1997). Further, it was observed that when people witness
an event and later are presented with new or conflicting information about it, their memory can
be modified. As a consequence, they misremember that said new information was part of the
originally experienced episode and may even reject veridical episode details (Brainerd &
Reyna, 1998). This phenomenon is called misinformation effect (Loftus, 1996, 1997). Related
to this are the so-called memory intrusions: when participants study two sets of items (e.g.,

word lists or groups of objects), they sometimes erroneously remember items belonging to the
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wrong set; usually, items from the second set intrude memory for the first set (Hupbach, Gomez,
& Nadel, 2009; Klingmiiller, Caplan, & Sommer, 2017). Together, these instances of false
remembering can be grouped under the umbrella term suggestibility (Schacter, 1999; Schacter
& Slotnick, 2004).

Suggestibility can be seen as one example of misattribution, i.e., the false recollection
of the original source of an event or item (Schacter, 1999; Schacter & Slotnick, 2004).
Importantly, misattribution can also occur without suggestion from external sources, for
example when a new event is spontaneously classified as previously experienced (Schacter,
1999). This type of memory error is called false recognition (Dodson & Schacter, 2002;
Underwood, 1965). False recognition is often observed for lures, e.g., words or sentences, that
are highly similar to and/or semantically related with encoded material (Bransford & Franks,
1971; Dodson & Schacter, 2002; Franks & Bransford, 1970; Underwood, 1965). Similarly,
participants also tend to produce false recall (Reyna, Corbin, Weldon, & Brainerd, 2016;
Roediger & McDermott, 1995) by naming words or sentences that were not studied, but are
closely related to encoded material. Additionally, memories are subject to bias, which means
that the encoding and retrieval of personal experiences is influenced by knowledge,
expectations, personal beliefs and emotions (Schacter, 1999; Schacter & Slotnick, 2004).

A multitude of studies suggest that false memories, or memory modifications, can result
from processes that come into play during encoding and/or retrieval of episodic memories
(Dodson & Schacter, 2002). The next paragraphs will introduce a selection of important
theories of false memory formation and memory modification. Importantly, these explanatory
accounts are not necessarily mutually exclusive (e.g., Sinclair & Barense, 2019) and might

rather be interpreted as complementary.
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1.3 False Memories and Memory Modification

1.3.1 The Constructive Nature of Memory

Early theories of memory assumed that a memory is just passively stored in the brain,
ready to be retrieved again, much like pulling a file from a drawer (Schacter, 1995). Today,
however, there is large agreement among researchers that remembering is an active and
constructive process (Schacter, 2019). In fact, the constructive nature of memory is often seen
as a basic requirement for its malleability. Conway and Loveday (2015) even argued that, to
some degree, all episodic memories are false as they are a product of said constructive process.
The current understanding of constructive memory encoding and retrieval has been described
previously in this thesis (sections 1.2.1 and 1.2.3). Briefly, the main characteristics of
constructive memory are the binding of separate episode features, pattern separation during
encoding and pattern completion during retrieval in the MTL. Further important processes are
selective retrieval and the monitoring of retrieval outputs, likely mediated by PFC (Schacter et
al., 1998). In summary, the constructive memory framework assumes that a memory is pieced
together from individual parts each time it is recalled (Schacter & Addis, 2007b).

During all stages of the constructive process, certain challenges can arise that can
influence veridical reconstruction. For example, when pattern separation fails or the retrieval
focus is unspecific, features from different episodes can be reactivated, leading to competition
and potentially source confusion (M. K. Johnson et al., 2012; Schacter et al., 1998).
Furthermore, recognition may then be based on information that is similar between
representations, i.e., the gist, and not their distinct features (Schacter et al., 1998). When
retrieval monitoring is accomplished on the basis of inadequate episodicity criteria, internally
generated information (i.e., imagined scenarios) may be erroneously attributed to experienced
episodes (M. K. Johnson et al., 2012; Schacter et al., 1998). Aside from the challenges outlined
above, the constructive process was shown to be heavily influenced by the current context,

semantic knowledge, and beliefs and attitudes. Like that, the final memory becomes tinted by
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these aspects (Schacter, 2012). Hence, the constructive memory framework highlights that the
episodic memory system does not act independently of other cognitive and memory systems
(Cheng et al., 2016).

While memories might be modified during the process of retrieval itself, as the
constructive memory framework postulates, there is also evidence that memories can be
changed after retrieval, or reactivation. One explanatory account for this is provided by the

reconsolidation hypothesis, as outlined in the next section.
1.3.2 Labilization and Reconsolidation

Past studies showed that the consolidation of newly acquired memories can be disrupted
shortly after encoding by inhibiting new protein synthesis, leading to amnesia (Davis & Squire,
1984; Nader et al., 2000). Similar observations were made when already consolidated fear
memories in rats were reactivated. When disruptive treatments like electroconvulsive shock or
protein synthesis inhibitors were applied in a short time window after reactivation, weakening
or loss of before established fear memories were induced (Judge & Ouartermain, 1982;
Misanin, Miller, & Lewis, 1968; Nader et al., 2000; Sara, 2000). It was concluded that when a
memory is reactivated, it becomes labile again and needs to be reconsolidated, a process that
requires new protein synthesis, just like initial consolidation (Nader et al., 2000). When the
memory is labile, it can be modified, i.e., strengthened, weakened, or altered to include new
information (Elsey, Van Ast, & Kindt, 2018; Finn, 2017). As the effects of protein synthesis
take some time to unfold, usually several hours, the final outcome of reconsolidation can only
be observed after a delay between reactivation and test (Elsey et al., 2018; Kiley & Parks, 2022).
Since its introduction, evidence for the reconsolidation hypothesis has been found for different
types of memories, including implicit and explicit ones, and in a multitude of species, including
humans (Alberini & Ledoux, 2013; Elsey et al., 2018; Hupbach, Gomez, Hardt, & Nadel, 2007;

Sinclair & Barense, 2018).
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Usually, reconsolidation studies in humans apply so-called interference paradigms. In a
first step, participants learn a set of words or objects. In a second session, they are reminded of
the original experience, which is believed to render the memory labile, and shortly after get to
learn a new set of items. During a memory test in a third session, participants often believe that
new items as encountered in session two were experienced in session one, but not vice versa.
This finding has been interpreted as successful reconsolidation, so that new information was
incorporated into the original memory trace (Finn, 2017; Hupbach et al., 2007; Kiley & Parks,
2022). As in non-human animals, this effect was demonstrated to be time-dependent, i.e., there
need to be temporal gaps between all experimental sessions in order for initial consolidation
and reconsolidation to occur (Hupbach et al., 2007; Sinclair & Barense, 2018). Reactivated
memories can not only be influenced by interfering information, but also electroconvulsive
shock, transcranial magnetic stimulation (TMS) and certain pharmacological interventions in
humans (Elsey et al., 2018; Sinclair & Barense, 2019). Importantly, the reconsolidation account
assumes that through these interventions, the original memory trace is changed permanently
(Brewin, 2015).

However, some criticism has been raised regarding evidence for reconsolidation in
humans. Aside from mixed findings and replication problems concerning the reconsolidation
effect (Gisquet-Verrier & Riccio, 2018), it has recently been argued that most reconsolidation
studies in humans lack an ideal design that would allow results to be exclusively interpreted in
light of the reconsolidation hypothesis (Elsey et al., 2018). In fact, alternative explanations
could account for many findings (Brewin, 2015; Gisquet-Verrier & Riccio, 2018; Kiley &
Parks, 2022; Klingmiiller et al., 2017; Sederberg, Gershman, Polyn, & Norman, 2011), and it
is likely that reconsolidation is not the only mechanism that allows for modification in human

episodic memories (Sinclair & Barense, 2018). Another mechanism that could influence
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veridical recall in humans, the interference between competing memory traces, will be

presented in the following.
1.3.3 Interference Between Memory Traces

False memories and memory modifications might come about through the confusion or
competition between different memory traces, i.e., their interference (Klingmiiller et al., 2017;
Loftus & Pickrell, 1995; Yassa & Reagh, 2013). Memories can be influenced by previous
experiences (proactive interference) or subsequent experiences (retroactive interference), while
the focus of interest in memory modification research is often on the latter, like in the
misinformation paradigm (Loftus & Pickrell, 1995). Accordingly, interference may also be the
underlying source of the aforementioned memory intrusions (Klingmiiller et al., 2017).
Importantly, interference accounts usually assume that the original memory trace is left
unaltered and that false memories or memory modifications arise due to the confusion of
different traces (Klingmiiller et al., 2017; Reyna, 1995; Sederberg et al., 2011).

Several theories have been developed to explain how exactly interference influences
memory. One of those is fuzzy-trace theory. The basic assumption of fuzzy-trace theory is that
memories comprise two different kinds of representations. Verbatim representations code for
surface details of episodes, while gist representations capture their overall meaning (Brainerd
& Reyna, 1990; Reyna & Brainerd, 1995; Reyna, 1995). These representations can interfere
with each other, which can cause memory errors. In general, gist representations are less
vulnerable to interference than verbatim ones, which are believed to be more difficult to access,
especially after longer time intervals. Suggestibility effects might arise due to the inaccessibility
of verbatim memory, for example the exact source of a piece of information. In that case,
competing verbatim information from external sources or gist-congruent misinformation might
interfere with the original memory and consequently be endorsed as originally experienced

(Reyna, 1995). False recognitions without externally suggested information might occur due to

18



1.4. Memory Modification — Flaw or Favorable?

the interference of gist memory with verbatim memory, so that (semantically) related lures are
falsely recognized as previously encountered (Reyna et al., 2016; Reyna, 1995). According to
a related notion, interference of memory traces might result from missing distinctiveness.
Following this idea, false memories are always based on existing memory content. When
memories are not distinct from each other from the beginning (i.e., due to undetailed encoding),
or they lose their distinctiveness over time, retroactive interference can more easily occur
between similar memory traces. For example, distinct information about the source of a
memory might not be available (anymore), giving rise to source confusion (Howe, 1998).
Memories might also become permanently associated with each other, giving rise to
interference between them, and, in turn, false memories (e.g., Otgaar, Muris, Howe, &
Merckelbach, 2017). This suggestion is for example taken up by the so-called temporal context
model. According to this model, new and old memories are both represented by different
memory traces. However, when both traces share some contextual features, for example
because some old context elements were reinstated during the encoding of the new memory,
the traces become associated with each other. Consequently, they become prone to interference
which can, for example, result in source confusion and other memory errors (Sederberg et al.,

2011; Sinclair & Barense, 2018).
1.4. Memory Modification — Flaw or Favorable?

What becomes clear is that episodic memories can be changed, even though the exact
mechanism underlying this modification might not be completely clear yet. Often, memory
modification is viewed as a shortcoming of our memory system, resulting from disturbances
during encoding, storage, or retrieval (e.g., Schacter, 1999). In some cases, for example when
false memories arise from an underlying pathology, like brain damage or mental illness

(Conway & Loveday, 2015; Dodson & Schacter, 2002; El Haj, Colombel, Kapogiannis, &
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Gallouj, 2020), this classification appears justified. But is this also always true for other types
of false memories, like false recognition or intrusion of new information into a memory?

In fact, it has been argued that just because someone might experience unveridical
memories, this does not mean the person’s episodic memory system is defective (Cheng &
Werning, 2016). Interestingly, patients experiencing amnesia due to temporal lobe damage
make fewer false recognition errors than healthy individuals, indicating that to some extent, the
occurrence of such false memories underlies a healthy memory system (Schacter, 2012;
Schacter & Addis, 2007a). It has been proposed that many instances of memory distortions
might actually be by-products of adaptive features of the memory system (Schacter, 1999,
2012), and some memory modifications themselves might have an adaptive value (Schacter &
Addis, 2007b).

For example, one fundamental function of the memory system is the storage and
retrieval of general similarity and gist information and the formation of schemas (Schacter &
Addis, 2007b). This allows us to comprehend and categorize information, to transfer knowledge
to different tasks, to generalize among contexts, and to interpret new information on the basis
of previous experiences (Schacter, 1999, 2012). However, at the same time, memory errors like
false recognition and false recall of gist-coherent items can arise as a side-effect of such an
efficient generalization process (Schacter, 1999). Furthermore, modifying memories through
existing schemas can even make memories more instead of less reliable, for example when the
initial perception of an event was incomplete or distorted (Zacks, Bezdek, & Cunningham,
2021). Additionally, it seems to be a much more economically valuable solution to retain only
the most important details of our experiences. As a side effect, this may lead to source
confusions, as the exact context during which a memory was acquired might not be accessible

(Schacter & Addis, 2007b). Aside from that, modifying memories in light of own beliefs and
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attitudes might benefit the maintenance of a coherent and positive self-concept (Conway &
Loveday, 2015), which can contribute to life satisfaction (Schacter, 1999).

Another fundamental function of episodic memories is to allow us to mentally simulate
future events, so that we can prepare and plan ahead (Schacter, 2012; Schacter & Addis, 2007a).
However, future events will never be exact copies of past events. Consequently, we need to be
able to flexibly recombine available information to create imaginary simulations of the future
(Schacter & Addis, 2007a, 2007b). As outlined above, remembering a past experience draws
on the same constructive mechanism, just in a retrograde manner. Thus, the constructive
flexibility that is needed for simulating the future can give rise to memory errors as a side effect
(Schacter, 2012; Schacter & Addis, 2007a). These assumptions are further substantiated by the
finding that common brain regions, for example MTL, subserve both, remembering the past
and imagining the future (Schacter, 2012; Schacter & Addis, 2007b; Schacter, Addis, &
Buckner, 2007).

Furthermore, it has been suggested that the only merit of retaining information about
past experiences in the first place is to serve the anticipation of future events (Atance & O’Neill,
2005; Buckner & Carroll, 2006; Schacter & Addis, 2007b). In other words, memories are
templates we can use to derive predictions from. Accordingly, the integration of new
information into a memory can be interpreted in two ways: while incorporating misinformation
is undesirable and can lead to confusion, including new information can be beneficial when it
is relevant for successful future planning (Finn, 2017; Schacter, Guerin, & St. Jacques, 2011).
In fact, many researchers argue that a key function of memory modifications, for example
through reconsolidation, is to refine memory representations (De Oliveira Alvares et al., 2013),
so that we can maintain valid predictions in an ever-changing environment (Alberini & Ledoux,
2013; Finn, 2017). Such refinements can occur in the form of appropriate strengthening of

essential memory traces, or by incorporating new relevant information. The latter is often
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referred to as memory updating® (e.g., De Oliveira Alvares et al., 2013), highlighting its
proposed adaptive role.

This concept of modifying a memory to maintain its predictive relevance is highly
reminiscent of another prominent framework in cognitive neuroscience: the predictive coding
framework, which postulates the tuning of predictions through updating of internal generative
models. To understand how the predictive coding framework might relate to memory

modifications, the basics of this framework will be outlined in the following.
1.5 Predictive Coding and Episodic Memory

1.5.1 The Predictive Coding Framework

Traditional models of neural processing assume that the brain passively awaits sensory
input which then travels bottom-up from lower to higher cortical areas in a feedforward manner
(for reviews, see Friston, 2018; Nave, Deane, Miller, & Clark, 2020). In contrast, according to
the predictive coding framework, the brain constantly predicts the most likely incoming sensory
signals and their causes (Clark, 2015; Reichardt, Polner, & Simor, 2020), based on internal
generative models (Clark, 2013). These generative models are probabilistic as they capture
statistical regularities extracted from the environment (Clark, 2013; Nave et al., 2020; Sayood,
2018) through Bayesian inference (Friston, 2003). Using these models, the brain can compare
predicted input with actual sensory stimulations, allowing it to focus on unpredicted, i.e.,

informative input, while fully predicted, i.e., non-informative, input can be neglected. Thus, the

3 Many researchers use the term ‘memory updating’. However, the term is used differently throughout literature,
sometimes referring to the incorporation of new information into an old memory (e.g., Sinclair & Barense, 2018),
the replacement of old memorized information (e.g., Ye, Shi, Li, Chen, & Xue, 2020), the weakening of old
memory content (e.g., Kim, Lewis-Peacock, Norman, & Turk-Browne, 2014), or mnemonic benefits of newly
acquired information, without interference of old and new memories (e.g., Bein, Plotkin, & Davachi, 2021;
Wahlheim, Smith, & Delaney, 2019). Due to this ambiguity, I will preferentially use the term ‘memory
modification’ instead of ‘memory updating’ as a broader description that a memory was influenced to avoid
misunderstandings. Please note that the term ‘memory modification’, as it is used in this thesis, does not necessarily
imply a change of original memory traces, but rather describes the measurable output of remembering.
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use of limited computational and physiological resources in neural processing can be optimized
(Huang & Rao, 2011; Sayood, 2018).

These comparative computations are accomplished by a hierarchical system of neuron
subpopulations in the brain called representation units and error units. Representation units
code for predictions, while error units produce a mismatch signal when these predictions are
not met by incoming sensory inputs (Clark, 2013). This mismatch signal is known as prediction
error (PE), i.e., the residual error of what could not be predicted by the current internal model
(Clark, 2013; Huang & Rao, 2011; Nave et al., 2020). In this hierarchical processing cascade,
error units receive inputs from representation units of higher (and their own) levels, while
representation units are informed by error units of (their own and) lower levels (Clark, 2013;
Stefanics, Kremlacek, & Czigler, 2014). Error signals are conveyed via forward connections,
so that PEs propagate from lower sensory to superior processing areas, while predictions are
delivered through backward connections in a top-down manner (Clark, 2013). To render
neuronal processing as resource-efficient as possible, the overall aim of generative models is to
minimize prediction error signals, or, in other words, to optimally predict neuronal activity at
the next lower level in the hierarchy. To achieve this, PE signals shape predictions at each level
of the hierarchy until a good match of (sensory) input and predictions can be achieved. Thus,
PEs serve as a quality measure for internal models, signaling the need for updates when
predictions are not yet optimal. In summary, updating internal models via PEs allows for more
accurate predictions in the future (Clark, 2013; den Ouden, Kok, & de Lange, 2012; Friston,
2005; Lupyan & Clark, 2015; Reichardt et al., 2020).

Within generative models, PE signals are further modulated by second-order
predictions that predict the precision of the PE, corresponding to their reliability. Only precise
PE signals should be used to update internal models (Friston, 2018; Nave et al., 2020). Thus,

the reliability of PEs is estimated at each level of the processing hierarchy given the current
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context. The outcome of this precision weighting process is used to flexibly assign more or less
weight to PE signals from sensory inputs versus prior predictions in a way that suits the current
situation (Friston, 2018; Lupyan & Clark, 2015; Nave et al., 2020). When the environment is
characterized by high levels of noise or uncertainty, for example when navigating through our
house in the dark, it is likely most useful to rely more on prior predictions, or, in this example,
the knowledge about the house’s architecture (Lupyan & Clark, 2015).

Importantly, not all PEs are alike. In reinforcement learning and motivational control,
so-called signed PEs play a dominant role. These PEs signal the valence of an outcome,
meaning whether it was better or worse than expected. In contrast, unsigned PEs, as they
predominantly occur in perceptual inference, convey information about how surprising the
presence or absence of an event is (den Ouden et al., 2012). To avoid unintended interpretations
through the connotation of surprise as a subjective emotional reaction, one might rather use the
information theoretical term surprisal which quantifies the informativeness of unexpected input
in the context of PE (Barto, Mirolli, & Baldassarre, 2013; Clark, 2013; Tribus, 1961)*. Notably,
PEs not only signal surprisal, but also carry representational content as they are linked to
specific predictions (den Ouden et al., 2012). In other words, PEs not just convey the
information that something was unpredicted, but also what was unpredicted. For this reason, it
is possible to track PE signatures in the brain, using techniques like functional magnetic
resonance imaging (fMRI) or electroencephalography (EEG). In fact, it has been demonstrated
that different types of PEs elicit different brain activation, depending on the predictive task and
incoming (sensory) information that needs to be processed (Bubic, von Cramon, Jacobsen,
Schroger, & Schubotz, 2009; den Ouden et al., 2012; Gladscher, Daw, Dayan, & O’Doherty,

2010; Heins et al., 2020; Rao & Ballard, 1999).

4 However, please note that both terms are often used interchangeably.
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Even though the majority of evidence concerning the described mechanisms of
predictive coding exists for visual processing (Friston, 2018), it has been proposed that
predictive coding constitutes a “general computational strategy employed by the brain” (Huang
& Rao, 2011, p. 591). While the classical view of predictive coding refers to current situational
input, the framework can be extended to account for anticipated states, allowing for the
prediction of unfolding sequences of actions (Schiffer, Ahlheim, Wurm, & Schubotz, 2012). In
that sense, predictive coding provides a unifying framework for understanding the hierarchical
organization of brain networks and a multitude of empirically observed neural phenomena
(Huang & Rao, 2011). The influence of PEs has been documented in many domains, such as
attention, motivation, and other cognitive processes, like learning and memory formation (den
Ouden et al., 2012). In fact, generative internal models might be seen as equal to memories
(Reichardt et al., 2020), which infers that updating internal models is synonymous to updating,
or modifying, memories (Schubotz, 2015). This suggestion is supported by the proposed
functions of episodic memory earlier in this thesis, namely predicting the future. In summary,
this implication postulates a vital role of PEs in memory modification. Therefore, the next

section of this thesis will focus on illuminating the influence of PEs on episodic memory.
1.5.2 The Influence of Prediction Errors on Episodic Memory

As can be assumed from the above section, PEs can lead to the formation of new
memories but also the modification of old ones, suggesting some kind of dual role of PEs
(Sinclair & Barense, 2019). Importantly, in both cases PEs drive the encoding of new
information; either as a new memory or part of an old one (Krawczyk, Fernandez, Pedreira, &
Boccia, 2017).

Much research has focused on the role of PEs in forming new memories. In line with
the proposed role of PEs in learning, a multitude of studies has demonstrated a subsequent

mnemonic benefit for unexpected experiences (Bein, Plotkin, & Davachi, 2021; Brod,
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Hasselhorn, & Bunge, 2018; Greve, Cooper, Kaula, Anderson, & Henson, 2017; Kafkas &
Montaldi, 2018). Overall, there is much evidence that especially strong PEs lead to the
formation of new memories (Bein et al., 2021; Brod et al., 2018; Greve et al., 2017; but see also
Ortiz-Tudela et al., 2023; Turan, Ehrlich, Shing, & Nolden, 2023). Some also report an
additional memory enhancement as a result of weak PE, which can be interpreted as a memory
congruency effect (Brod, Werkle-Bergner, & Shing, 2013; Greve, Cooper, Tibon, & Henson,
2019; Quent, Greve, & Henson, 2022). It has been proposed that the encoding benefit following
PE might be due to increased attention to the unexpected new information (Bein et al., 2021;
Brod et al., 2018; Greve et al., 2017). In line with this suggestion, it was recently demonstrated
that PE only benefits retention when participants become consciously aware of the unexpected
change and can later recall it (Wahlheim & Zacks, 2019).

In contrast to strong (and potentially weak) PE, it has been suggested that moderate
levels of PE might weaken or destabilize an original memory, potentially opening a door for
memory modification (Milton, Das, & Merlo, 2023; Sevenster, Beckers, & Kindt, 2014). These
observations would be in line with the so-called non-monotonic plasticity hypothesis, which
assumes that while low and high levels of reactivation (e.g., via PE) promote better memory,
moderate reactivation has the reverse effect (Ritvo, Turk-Browne, & Norman, 2019; Sinclair &
Barense, 2019). However, others have reported that strong PEs are most potent in modifying
memory, e.g., by the weakening of original memory associations (Kim, Lewis-Peacock,
Norman, & Turk-Browne, 2014) or by promoting memory intrusions (Sinclair & Barense,
2018). Irrespective of their exact strength, it is well established that in order to trigger memory
modification, PEs must overcome a certain threshold (Exton-McGuinness et al., 2015).
Furthermore, the degree to which memories can be modified following PE might be influenced
by additional conditions, such as the initial memory strength (Exton-McGuinness et al., 2015;

R. S. Fernandez et al., 2016).
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What several explanatory accounts of false memory formation as presented above
(section 1.3) have in common is the observation that the reactivation of an old memory can
cause memory modification, for example in a sense that new information becomes part of the
original memory (Finn, 2017; Xue, 2022). It has been proposed that whether or not such
reactivations lead to memory changes critically depends on the presence of PE (e.g., in the form
of new information presented during reactivation), making it a necessary prerequisite for
memory destabilization (Exton-McGuinness et al., 2015; R. S. Ferndndez et al., 2016).
Accordingly, R. S. Fernandez and colleagues state that “an effective reminder capable of
labilizing memory is one which elicits a PE signal” (R. S. Fernandez et al., 2016, p. 436), and
several studies showed that PE is a requirement for initiating reconsolidation (e.g., Exton-
McGuinness et al., 2015; R. S. Fernandez et al., 2016; Pedreira, Pérez-Cuesta, & Maldonado,
2004; Sinclair & Barense, 2018). In fact, much traditional work on memory modification and
false memories seems to be in accordance with this proposed role of PE as well: misinformation
items or new associations are often delivered in a way so that they conflict before encoded
material (Finn, 2017), i.e., the new piece of information violates before established predictions.
Interestingly, the two roles of PE do not need to operate in a mutually exclusive manner: while
PE can foster the retention of correct details, it can at the same time increase the introduction
of false details in the same memory (Sinclair, Manalili, Brunec, Adcock, & Barense, 2021).

Taken together, there is much evidence that PEs can trigger memory modification”.
However, findings on how exactly memory is influenced remain mixed and investigations about
naturalistic episodic memory in humans are sparse. For example, a straightforward analysis of
different types of mnemonic PEs and their impact on memory is, to my knowledge, still missing,

as PEs are usually operationalized in only one way within the same study or paradigm. Also,

> Importantly, this thesis does not postulate that PE is the driving force of all types of incorrect remembering.
Rather, it is suggested that in some situations, PE might trigger the modification of episodic memories by serving
as a signal when to incorporate new information of predictive relevance.
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insights into further modulating factors, like the influence of memory solidity, are still lacking.
Nevertheless, some research has started to explore potential neural underpinnings of mnemonic

PEs, as outlined in the following.
1.5.3 Neural Underpinnings of Mnemonic Prediction Errors

Even though there seems to be general agreement that PEs can induce memory
modification, little is known about neural correlates of such mnemonic PEs. While several
studies demonstrated that the hippocampal complex responds to mnemonic PEs (Bein, Duncan,
& Davachi, 2020; Chen, Olsen, Preston, Glover, & Wagner, 2011; Duncan, Ketz, Inati, &
Davachi, 2012; Kumaran & Maguire, 2006, 2007; Long, Lee, & Kuhl, 2016), establishing its
role as a mismatch detector, the possible contribution of other brain areas has only sparsely
been illuminated.

Another interesting candidate area is PFC, which might provide predictive signals in the
context of episodic memories (Schubotz, 2015), and is believed to mediate PE in scenarios with
higher cognitive demands (den Ouden et al., 2012). Evidence for this has been delivered by
Schiffer and colleagues, who, additionally to PFC, identified PE signals in several parietal areas
and caudate nucleus (Schiffer et al., 2012; Schiffer & Schubotz, 2011).

Furthermore, it was observed that, in line with the predictive coding framework,
mnemonic PEs are processed dynamically by the brain. For example, it was demonstrated that
when the same unexpected input was repeated, brain activation in hippocampus as well as other
PE-sensitive brain areas decreased, demonstrating the updating or adaptation of the internal
model due to accumulating evidence for an alternative (Schiffer, Ahlheim, Ulrichs, & Schubotz,
2013; Schiffer et al., 2012). Additionally, when the internal model was especially strong due to
much pre-exposition with encoded episodes, PE signals in parahippocampal cortex were more

pronounced compared to weaker models (Schiffer, Ahlheim, et al., 2013).
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It is striking that many of these results were achieved using simple associative mismatch
paradigms like learning of word or image pairs (e.g., Chen et al., 2011; Long et al., 2016), or
even memories of static images (Bein et al., 2020; Duncan et al., 2012), which most likely do
not capture the naturalistic complexity of episodic memories. The studies by Schiffer and
colleagues (Schiffer, Ahlheim, et al., 2013; Schiffer et al., 2012) provide a promising starting
point for the development of a naturalistic PE-dependent episodic modification paradigm based
on their use of complex, authentic everyday-life episodes. However, Schiffer and coworkers
did not test for a behavioral impact of PEs on episodic memory and the dynamic brain responses
they reported did not differentiate between the establishment of true and false memories. This
distinction seems to be highly relevant, since, for example, it was recently found that increased
hippocampal activation in response to mnemonic PE can predict the formation of false
memories (Sinclair et al., 2021). Furthermore, none of the existing research has done justice to
the multifaceted nature of episodic memories which likely inform different types of predictions.
For example, based on the predictive coding framework, it would be expected that different
types of mnemonic PEs in the context of episodic memory elicit different brain responses,
which can potentially be further modulated by factors like memory (or model) solidity. To this
end, the present thesis aimed to provide further evidence on the behavioral and neural

implications of mnemonic PEs by targeting the research questions presented in the following.
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2 Research Questions

Episodic memories have been studied for many decades, and we already know much
about how the brain accomplishes their encoding, consolidation and retrieval. Interestingly,
episodic memories are usually not exact, veridical reconstructions of past experiences, and
several mechanisms have been proposed to underlie memory changes. Understanding
mechanisms by which memories can be modified is a topic with important implications for our
everyday-life, for example in legal and clinical settings, and it can help us understand how our
memory systems operate. While some memory distortions may be undesirable, it was
postulated that modifying memories has an important adaptive value: allowing us to maintain
valid predictions in an everchanging environment. In line with the predictive coding
framework, such memory modifications might be triggered by mnemonic PEs that arise when
there is a mismatch between predictions that we derive from memories, and actual sensory
input.

From the evidence presented above, it becomes clear that research on neural processing
of PEs in episodic memory is still in its infancy. While some findings suggest that mnemonic
PEs recruit hippocampal complex and PFC, two core structures in episodic memory, it remains
to be elucidated how different types of mnemonic PEs are processed by the brain and which
conditions further modulate the influence of PEs on brain activity and episodic memory. To
deepen the understanding of PEs in episodic memory, the thesis targeted the following research

questions:
1. How are different types of episodic PEs (either depending on the type of episodic

information or their relevance within the episode) processed by the brain and how

do they influence episodic memory?
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2 Research Questions

2. How do different memory consolidation approaches influence neural processing of
episodic memories, especially in the case of mnemonic PEs, and memory

performance?

3. Which (dynamic) brain activations in response to mnemonic PEs characterize

memory modification?

Using the experiments conducted by Schiffer and colleagues (Schiffer, Ahlheim, et al.,
2013; Schiffer et al., 2012) as a starting point, a naturalistic episodic modification paradigm
was developed. Two initial pilot studies were conducted to establish a set of episodes and to
define an experimental protocol to allow for their successful encoding. In the final paradigm,
participants encoded complex, unique episodes in the form of toy stories from demo videos.
Thus, episodes were minimally influenced by common everyday activities which allowed for
controlled encoding in the laboratory. During encoding, a high level of self-involvement by the
participants was ensured to approach the natural circumstances under which memories for
personally experienced events are formed. In Study 1 and Study 2, the encoding phase was
followed by a retrieval phase to promote additional memory consolidation. During a subsequent
fMRI session, participants were presented subtly modified versions of before encoded episodes
to elicit mnemonic PEs. Afterwards, they completed a memory test during which memory for
originally encoded episodes was probed.

In Study 1, the focus was on characterizing brain responses for mnemonic PEs that
challenged different types of episodic information, namely their structure and content. While it
was expected that both types of PEs elicit some common neural activation, it was also
hypothesized that PEs should elicit brain activation in areas that are responsible for specifically

processing either type of incoming information, in line with the predictive coding framework.
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2 Research Questions

Further, it was expected that the repeated experience of mnemonic PEs would trigger the
modification of episodic memories.

In Study 2, which was based on the same data as Study 1, the influence of different
consolidation protocols on neural activation and episodic memory was probed. Further, it was
tested which dynamic brain responses give rise to later false memories. For that, fMRI data was
analyzed based on later false alarms or correct rejections for modified episodes. Specifically, it
was tested in which brain areas activation increased over the course of multiple PE experiences
to give rise to false alarms with a focus on the hippocampal complex.

Study 3 aimed for a more specific investigation of the aforementioned content-based
PEs from Study 1. For that, a new set of episodes was established in a further pilot study so
that content modifications differed regarding their meaningfulness for the overall storylines of
episodes. Two conditions were established: modifications that did not challenge the storyline
of episodes (so-called surface modifications), and modifications that did (so-called gist
modifications). It was expected that the two types of modifications differ regarding PE-related

brain activation and their influence on subsequent episodic memories.
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Abstract

M Episodic memories are not static but can change on the basis
of new experiences, potentially allowing us to make valid predic-
tions in the face of an ever-changing environment. Recent
research has identified prediction errors during memory
retrieval as a possible trigger for such changes. In this study,
we used modified episodic cues to investigate whether different
types of mnemonic prediction errors modulate brain activity and
subsequent memory performance. Participants encoded epi-
sodes that consisted of short toy stories. During a subsequent
fMRI session, participants were presented videos showing the
original episodes, or slightly modified versions thereof. In mod-
ified videos, either the order of two subsequent action steps was
changed or an object was exchanged for another. Content

INTRODUCTION

Episodic memories enable us to vividly relive events that
we experienced at some point in our personal life
(Tulving, 2002). However, there is evidence that they are
not always veridical reconstructions of our past (Lee,
Nader, & Schiller, 2017; Scully, Napper, & Hupbach,
2017; Nader, 2015; Nader & Einarsson, 2010). Situations
we encounter in everyday life are usually not exactly the
same as those we experienced before. So, there is always
a certain discrepancy between our expectations, which we
derive from our memories, and the new events we expe-
rience. According to the predictive coding framework, this
discrepancy leads to a prediction error (Reichardt, Polner,
& Simor, 2020; Barto, Mirolli, & Baldassarre, 2013). Predic-
tion errors serve as bottom—up learning signals that allow
us to adapt our internal predictive models to an ever-
changing environment to maintain valid predictions in
the long run (Schubotz, 2015; Friston & Kiebel, 2009;
Friston, 2005). According to this view, it is adaptive that
memories are modified in favor of valid internal models
informed and updated by later experiences (Ferndndez,
Boccia, & Pedreira, 2016; Exton-McGuinness, Lee, &
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modifications recruited parietal, temporo-occipital, and parahip-
pocampal areas reflecting the processing of the new object infor-
mation. In contrast, structure modifications elicited activation in
right dorsal premotor, posterior temporal, and parietal areas,
reflecting the processing of new sequence information. In a
post-fMRI memory test, the participants’ tendency to accept
modified episodes as originally encoded increased significantly
when they had been presented modified versions already during
the fMRI session. After experiencing modifications, especially
those of the episodes’ structure, the recognition of originally
encoded episodes was impaired as well. Our study sheds light
onto the neural processing of different types of episodic predic-
tion errors and their influence on subsequent memory recall. |l

Reichelt, 2015). Evidence accumulates that mnemonic
prediction errors are important drivers of memory
change (Sinclair & Barense, 2019), and researchers
recently begun to address the question how mnemonic
prediction errors are processed by the brain (e.g., Bein,
Duncan, & Davachi, 2020; Kim, Lewis-Peacock, Norman,
& Turk-Browne, 2014).

The aim of this study was to characterize neural
responses to different types of mnemonic prediction
errors during episodic retrieval by targeting two basic
types of episodic memory information: either their con-
tent (“what”) or their structure (“when”; cf. Griffiths,
Dickinson, & Clayton, 1999). To do so, we adapted a pre-
viously developed episodic cueing paradigm (Jainta et al.,
2022; Schiffer, Ahlheim, Ulrichs, & Schubotz, 2013;
Schiffer, Ahlheim, Wurm, & Schubotz, 2012). After encod-
ing short episodes from videos and consolidating
memories in two further retrieval sessions, participants
went through a fMRI session and were either presented
original episode videos or slightly modified versions
thereof. To create the latter, a subset of videos was manip-
ulated with regard to the occurrence of an object (content
modification) or the order of two consecutive action steps
(structure modification) to elicit different types of mne-
monic prediction errors (see Figure 1 for an example).
In a post-fMRI memory test, participants’ memory for orig-
inal and modified episodes was probed.

Journal of Cognitive Neuroscience 34:7, pp. 1287-1305
butps://doi.org/10.1162/jocn_a_01862



3.1 Modified Structure and Content in Episodic Cueing

Although today many agree that prediction errors drive
memory modification during episodic retrieval (Barron,
Auksztulewicz, & Friston, 2020; Fernandez et al., 2016;
Kim et al.,, 2014), there is no unifying model from which
neuroanatomical hypotheses can be derived. Based on
existing studies, we expected that some regions might
be engaged in episodic prediction errors in general,
whereas others would be engaged only in content or
structure prediction errors.

As to the former, the medial frontal cortex may serve
more general control over consolidation and retrieval of
long-term memories (Peters, David, Marcus, & Smith,
2013; Euston, Gruber, & McNaughLon 2012). Further-

more, LIIC luppuuuupua is 1cgd1ucu a Core structure Ul
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Figure 1. Example of an original episode and its modified versions,
shown by the sequence of the main event steps. Twenty-four stories
existed in three different versions each: an original, a structure
modification, and a content modification. For the structure modifications,
two adjacent action steps were switched compared with the original.
In this example, the original shows the blonde woman join the scene
before the guinea pig is positioned on the sales counter; in the
structure modification, the guinea pig appears before the blonde
woman (red circles). For the content modifications, an object was
exchanged compared with the original (here: tortoise instead of guinea
pig on the sales counter in Step 5). Note that in the fMRI experiment,
each participant was only presented with one of the three versions of
a story. We do not reproduce photos of our stimulus material because
it is copyrighted material (PLAYMOBIL figures); instead, we provide
schematic images.

1288 Journal of Cognitive Neuroscience

episodic memory (Horner & Doeller, 2017; Stachenfeld,
Botvinick, & Gershman, 2017; Maguire, Intraub, &
Mullally, 2016) and responds to mnemonic prediction
errors (Bein et al., 2020; Long, Lee, & Kuhl, 2016). In addi-
tion to these common neural responses to episodic sur-
prise, structure and content episodic modifications were
expected to engage different brain regions. Structure
modifications should elevate activity in premotor areas
because of their central role in sequential order processing
(Schubotz, 2004). More specifically, dorsal premotor and
adjacent prefrontal sites along the superior frontal sulcus
(SFS; dorsal premotor cortex [PMd]) were found for step-
wise ordinal linking of individual action or event sLeps, as

I-CLIUIICU lll LllllClCIlL l_)ICUlLLlVC Ldbl\b \I'UI[[P et dl 402 1,
Hrka¢, Wurm, & Schubotz, 2014; Schubotz, Korb, Schiffer,
Stadler, & von Cramon, 2012; Stadler et al., 2011; Tamber-

Rocenaty Faotorman Chiins & Vantic 2N11. Kairhy & 7anka
nOseidy, Ssterian, Linil, &X Yaius, 4vii; AUy & AaCKs,

2008). By contrast, content modifications were expected
to engage areas related to object processing, including lat-
eral occipitotemporal cortex (OTC; Lingnau & Downing,
2015), anterior intraparietal sulcus (IPS; Schubotz, Wurm,
Wittmann, & von Cramon, 2014; Creem-Regehr, 2009),
and fusiform gyrus (FG; Reber, Gitelman, Parrish, &
Mesulam, 2005).

If new content and/or structure information induced
updating of the original predictive model during fMRI, as
expected, this should also reduce memory accuracy in a
post-fMRI memory test (Jainta et al., 2022; Schiffer et al.,
2012, 2013). We thus expected a weakening of the original
episodic memory, that is, false rejections of original videos
as new, and/or the creation of alternative episode repre-
sentations, that is, false acceptances of modified videos
as originals.

METHODS
Participants

Forty-five women took part in the study. Participants
had (corrected-to-) normal vision, were native German
speakers, and were right-handed as assessed by the Edin-
burgh Handedness Inventory (Oldfield, 1971). As in our
previous 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. They
reported no history of neurological or psychiatric disor-
ders or substance abuse. Four participants started the
experiment but did not finish, either because of technical
problems during the second retrieval session (three par-
ticipants) or personal reasons (one participant). Data from
five additional participants were excluded from analyses
because of the incorrect presentation of video stimuli dur-
ing the fMRI session (one participant) and increased
movement during the fMRI session (four participants,
approximately 5>-mm movement). Consequently, 36 par-
ticipants were part of the final sample (M = 22 years,
SD = 2.78 years, range = 18-30 years). Similar sample

Volume 34, Number 7

35



3.1 Modified Structure and Content in Episodic Cueing

sizes have yielded stable results in our previous work (e.g.,
Jainta et al., 2022; Pomp et al., 2021; El-Sourani, Trempler,
Wurm, Fink, & Schubotz, 2019). Participants received
course credits or money for their hqrﬁmhqnnn and gave
written informed consent to participate in this study.
The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the local ethics commit-

tee of the University of Miinster.

Stimuii

We used the same set of videos as previously reporied
(Jainta et al., 2022; available upon request at https:/www
et s AL ITINTEDCQNT A w22 nmamns Qe = AN T s cmrmies
Juni-imucinster. AC/1V VOroI1/AviCoitior V/) 1 ILCDC WCIC /O
short videos (duration = 8.80-17.88 sec, M = 12.71 sec)
of storices that were played with PLAYMOBIL toys, showing

under of 2 ctress

only the taovg and hands and Nremag na
erarms Or an acCiress.

only the toys and hands ar
Stories comprised six to nine action steps (M = 7.4 steps)
and 4-14 separable objects (M = 6.93 objects), such as
characters, animals, vehicles, and tools. The same object
appeared in only one of the stories.

Stories were filmed from above with a digital single-lens
reflex camera (Nikon D5300), which was centrally
mounted above the table and faced straight down. Matte
white paper served as a base. A frame of 47.5 cm X
28 cm was taped on the paper, congruent with the section
captured by the camera (in the following referred to as
camera frame). Objects that were needed for a particular
story were positioned next to the camera frame and were
only moved into view in the moment at which they
appeared in the story. During filming, the actress wore a
black pullover and black rubber gloves. To facilitate future
imitation from demo videos, the back of the right hand
was marked with a yellow dot (Franz, Ford, & Werner,
2007). Video material was edited using Adobe Premiere
Pro CC (Adobe Systems Software, Version 12.1.2).
All videos had a frame of size 1920 X 1080 pixels and a
frame rate of 25 frames per second. Videos started
with seven frames showing only background and ended
after seven frames showing the final toy constellation.
Throughout the experiment, videos were presented at
a visual angle of approximately 7.3° X 13° using Presenta-
tion software (Version 20.3 02.25.19, NeuroBehavioral
Systems).

On the basis of two pilot studies, we chose 24 out of
originally 30 stories for our stimulus set. Stories were
excluded when they were particularly difficult to imitate
or describe. One of the 30 stories was excluded because
of low memorability as indicated by low performance in
a signal detection task.

The 24 final stories existed in three different versions
each: (1) an original version as encoded by the partici-
pants, (2) a version in which two adjacent action steps
were switched (structure modification), and (3) another
variation of the original video in which one object was
exchanged (content modification). Story scripts were cre-
ated by five experimenters who all had to agree that the
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original story and modifications thereof were semantically
valid (within a toy world) and that modifications did not
change the overall outcome of the story. For creating
videos with modifications, the respective stories were
played and filmed again exactly the way as for the original
video. The only aspect that differed between original and
modified versions was a single change of either the order
of two action steps (i.e., one transition out of 7.33 transi-
tions, on average, for structure modifications) or one
object (i.e., one object out of 6.95 objects, on average,
for content modifications).

Moudifications were never introduced in the first iwo
action steps so that the beginning of a video served as a

cuc IUI plCul\,LlUll F UlLllCllllU 'c, NnO

i UU.lll\,dLlUllb WCEIC
introduced in the last two action steps, either. The exact
time point of the modification in cach videco was deter-

mined by identifvine the video frame that diverced from
minea oy iGenttying tn€ viGeo irame tnat Givergea rom

the original version. For an example of an episode and
its modified versions, see Figure 1.

Six other stories were used in one version only. Four of
them were presented for the first time in the fMRI session,
we refer to them as novel episodes in the following. The
two remaining videos were only used for practice and did
not appear in the fMRI experiment and memory test.

Procedure
Encoding

Encoding sessions were conducted in a computer labora-
tory at the Department of Psychology at the University of
Minster and followed our previously reported protocol,
with some modifications (Jainta et al., 2022). The encod-
ing consisted of two sessions that took place on two con-
secutive days and lasted about 2 and 1.5 hr, respectively.
During each of the two sessions, participants encoded half
of the episodes. We chose to split the training over 2 days
to avoid fatigue or a decrease in motivation because of the
relatively long duration of the task.

The 24 demo videos were organized in four subsets,
containing six videos each, balanced for the number of
action steps (Al, A2, B1, B2). On each day, participants
encoded one A and one B subset. This means that each
participant encoded each video either during Session 1
or during Session 2; the same video was not encoded on
both days. Which subsets were trained in which session
was balanced over participants. The order in which epi-
sodes were encoded was randomized for each participant.
The first session started with two practice videos to famil-
iarize participants with the task.

During encoding, participants sat at the same setup that
had been used for filming the stimulus material and like-
wise wore a black pullover and gloves with a yellow dot on
the right hand, so that they could be filmed while playing
the stories themselves. The experimenter sat opposite
of the participant, supervising the performance. For each
story, the toys were positioned next to the camera frame,
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following the same arrangement as used while creating the
stimulus material (Figure 2). Each episode video was pre-

sented 3 times from the first-person perspective. Then,
participants had to imitate each story correctlv 3 times.
After imitation, participants had to deliver a detailed
description of the story to ensure that they understood
it correctly and had paid attention to all objects involved.
If participants made a mistake during an imitation or
description trial, they were immediately interrupted by
the experimenter to avoid encoding of incorrect scripts.
They would then start over with a new imitation/description
attempt. On average, participants only performed one
incorrect imitation attempt (M = 1.04, SD = 0.47).

Retrieval Sessions

To further consolidate episodic memories, participants
went through two additional sessions during which they
completed an active retrieval task of before encoded
episodes. Active retrieval is known to aid memory consol-
idation and improve retention (Rowland, 2014). ‘The first
consolidation session took place on the day after the
second encoding session. The second session was con-
ducted approximately 1 week later (range = 4-8 days;
M = 6.36 days, SD = 0.93 days).

Participants always watched the first two steps of a demo
video. Then, the video stopped and a question was dis-
played below the still video frame, which either read
“Left?” or “Right?”. The participants’ task was to visualize
the rest of the story from memory the way they had per-
formed it and then answer how many steps of the entire
story had been performed with the left or right hand,

Experimenter

Camera monitor

Experiment monitor <

Camera =

Toy objects

Camera frame

Participant

Figure 2. Encoding setup. During encoding, participants imitated toy
stories from demo videos, while sitting at the filming setup. Their
performance was monitored by the experimenter.

1290  Journal of Cognitive Neuroscience

respectively. They answered by pressing a number key
(0-9) on their keyboard. Upon response delivery, the
video played until the end and participants were
instructed to carefully watch the video to self-check their
response. Afterward, written feedback (“correct,” “incor-
rect”) was provided for 1.5 sec. When feedback is included
in retrieval tasks, consolidation has been shown to occur
independent of initial retrieval success (Rowland, 2014;
Roediger & Butler, 2011). We chose this task because we
wanted to encourage active retrieval of the encoded epi-
sodes without laying a special focus on aspects that would
be modified during the fMRI session. importantly, the
number of steps that were conducted with the left or righL
hand did not change in videos containing either type of
modification. The task was self-paced and started with
two practice videos during which the experimenter care-
fully checked whether the ici

the task correctly.

During the retrieval sessions, we established the two
experimental factors consolidation Times and SCHEDULE.
To this end, half of all episodes were consolidated 2 times
in total, the other half 8 times (factor Tives). Furthermore,
half of the stories were consolidated during both separate
sessions, that is, in a spaced manner, while the other half
of the stories were consolidated only in Session 2, that is,
in a massed manner (factor ScHEDULE). 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. 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.

The two described experimental factors consolidation
Tives (2, 8) and ScuepULE (spaced, massed) are not further
addressed in this article, as they are central for a compan-
ion paper (Siestrup, Jainta, Trempler, Cheng, & Schubotz,
in preparation) describing the influence of different con-
solidation strategies on brain activation during episodic
recall. Both factors were balanced with respect to the fac-
tors reported here, so we can exclude any confounding
effects (fully crossed design). Correct answer rates in the
retrieval task did not differ significantly between episodes,
which were later presented in the original (ori), structure
modified (str), or content-modified (con) version (My; =
854 + .013; My, = .846 % .012; Mcon = .852 % .008; F(2,
70) = 314, p = .732, np> = .009), so that we can rule out
that any confound was introduced through the retrieval
sessions.

JMRI Session

The fMRI session took place approximately 1 week after
the second retrieval session (range = 6-13 days; M =
7.69 days, SD = 1.31 days) and was conducted as previ-
ously described (Jainta et al., 2022). Participants were told
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that videos of themselves playing the stories would be pre-
sented in the fMRI session. Although participants had actu-
ally been filmed during encoding, these videos were not
used dur1n0 the fMRI experiment. This was nh]v a cover
story to elevate personal 1der1uf1cat10r1 with the v1deos to
benefit episode reactivation. We previously confirmed in a
pilot study that this cover story works as intended and
already applied it successfully in our previous fMRI study
(Jainta et al., 2022). Participants were fuily debriefed
after completion of the study.

During the fMRI session, participants were presented
with original and modified videos reminiscent of the pre-
Viously encoded episodes Importantly, each video was

Illy bllUWIl lll l,IlC U‘Llsllldl Ul O11C U.lVClgClll, VCIDIUII
Followin g previously used paradigm (Schiffer et al.,
modified and original episodes were pre-

nt d reneatedly to gimulate the natural cir

crimatances
feépeatediy o simuiate ine naturar Circu

that potentially foster memory modification, that is, updat-
ing of internal models because of increasing evidence for
the validity of an alternative. Thus, eight videos were
repeatedly presented in the original version; eight
included a structure modification; and eight, a content
modification. Which stories belonged to which conditions
varied between participants. In addition, four novel stories
were included in the fMRI session.

The fMRI experiment consisted of six blocks, each con-
taining the 24 videos reminiscent of the previously
encoded episodes. Consequently, each video was pre-
sented 6 times over the course of the session. Within
blocks, videos were presented in pseudorandom order
so that transition probabilities between conditions were
balanced. In addition, each block contained three null
events during which only a fixation cross was presented
(duration: 7-10 sec). Furthermore, each novel video was
presented once per block. Therefore, the whole experi-
ment contained 18 null events and 24 novel video trials.
Participants were not informed about the block structure
of the experiment.

Participants were instructed to attentively watch the
presented videos. They were told that after some videos,
a short description would be presented (e.g., “Rescuing
princess”) that either matched or did not match the story
shown in the video (question trials). The task was to either
accept or reject the description by pressing one of two
buttons on a response box with the right index or middle
finger, respectively. This type of task has been used
successfully before to focus participants’ attention on com-
plex video stimuli (Jainta et al., 2022; El-Sourani et al.,
2019). Importantly, neither type of modification influenced
the overall outcome of episodes so that all descriptions
used as questions were valid for all episode versions. Ques-
tions never highlighted any type of modification (Figure 3).
Throughout the entire experiment, each story was once
followed by a matching description and once by a non-
matching description, resulting in a total number of 56
question trials in the experiment. Each block contained
9-10 question trials and, per block, approximately 50% of
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descriptions were to be accepted, and 50% were to be
rejected. The question was presented for a maximum of
3 sec or until participants responded. Upon response
delivery, participants received a 1-sec written feedback
whether they answered correctly, incorrectly, or too late,
in case no response was given. Participants were naive
with regard to this distribution of question trials.
Between trials, a fixation cross was presented for a
duration of 2 sec (1 sec after question trials) to serve as
an interstimulus interval. Before each trial, a variable jitter
of 0, 0.5, 1, or 1.5 sec of fixation was added for enhance-
ment of the temporal resolution of the BOLD response
(Figure 3). In total, the fMRI task had a duration of

dappl UMllldl,Cly htO min.

Post-fMRI Memory Test

Immediately after the fMRI session, participants com-
pleted an explicit memory test as described previously
(Jainta et al., 2022). Importantly, encoding occurred inci-
dentally, as participants were not informed beforehand
that their memory for episodes would be tested.
Participants were seated in a separate room in front of a
laptop and instructed to remember their encoding ses-
sions 2 weeks prior during which they had played the
stories themselves. They were presented all stories that
they had seen in the fMRI session in two different versions.
More precisely, when modified videos had been pre-
sented during the fMRI session, these modified videos
were presented again during the memory test and addi-
tionally each story was shown in the original version. When
original episode videos had been presented during the
fMRI scan, these original videos were presented again in
the memory test and, additionally, each story was shown
in a modified version, either containing a structure modi-
fication in half of the cases or a content modification.
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), by pressing one out of four
marked keys on the laptop’s keyboard. Similar rating
schemes have previously been used in memory research
(Jainta et al., 2022; Kim et al., 2014). Response time was
not restricted, but participants were instructed to respond
quickly and intuitively. Videos were presented in a pseu-
dorandomized order, so that half of the stories (of each
experimental condition) were first presented in their orig-
inal version followed by a modified version and vice versa.
Novel videos were shown twice in the same version, so
that, in total, the memory test comprised 56 video trials.
The completion of the task took approximately 15 min.

MRI Data Acquisition and Preprocessing

MRI scans were conducted with a 3-Tesla Siemens Magne-
tom Prisma MR tomograph using a 20-channel head coil.
Participants lay supine on the scanner bed with their right
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Figure 3. Schematic depiction
of task during fMRI session.
Video trials consisted of a
variable jitter (0, 0.5, 1, or

Video trial: m

Time of modification

I Video (~ 9 - 18 sec)

Fixation (2 sec)

1.5 sec of fixation), a video

showing a toy story (ca. 9—

18 sec) and a 2-sec interstimulus
interval (fixation). Question
trials included a variable jitter,
a question regarding the story
shown in the preceding video
(maximally 3 sec long or

terminated by response), and

a 2-sec interstimulus interval.
The interstimulus interval after
question trials was divided into
a 1-sec feedback (“correct,”
“incorrect,” “too late”) and a
1-sec fixation. Aside from the
question, it was depicted which
button should be pressed to

nnnnn t (loft oreen) or reiect
accept (seit, green) Or reject

(right, red) the description.
For each modified video, we
determined the exact video
frame during which the
modification occurred (time of
modification), which we used to
precisely model modification-
related brain activation. For
original and novel videos,

Question trial:

4
-
A
'
4
mﬁuesticn (max. 3 sec) Feedback (1 sec) lEFELT N ERT-1o)

Terminated by response

an

comparable time points were
chosen.

index and middle finger positioned on the two appropri-
ate buttons on a response box. Head, arm, and hand move-
ments were minimized by tight fixation with form-fitting
cushions. Participants were provided with earplugs and
headphones to attenuate scanner noise. Stimuli were pro-
jected on a screen that the participants saw via an individu-
ally adjusted mirror, which was mounted on the head coil.

High resolution T1-weighted anatomical images were
obtained with a 3-D multiplanar rapidly acquired gradient
echo sequence before functional imaging. One hundred
ninety-two slices with a thickness of 1 mm were acquired,
using a repetition time of 2130 msec, an echo time of
2.28 msec, a flip angle of 8°, and a field of view of 256 X
256 mm?. Functional images of the whole brain were
acquired in interleaved order along the anterior commissure—
posterior commissure plane using a gradient-echo EPI
sequence to measure BOLD contrast. Thirty-three axial
slices with a thickness of 3 mm (voxel size 3 mm?) were
obtained, using a repetition time of 2000 msec, an echo
time of 30 msec, a field of view of 192 X 192 mm?, and a
flip angle of 90°.

Processing of imaging data was conducted with SPM12
(Wellcome Trust) implemented in MATLAB (Version
R2020b, The MathWorks Inc.). Data were preprocessed
by slice time correction to the middle slice, movement
correction and realignment to the mean image, coregistra-
tion of the functional data to individual structural scans,
normalization of functional and structural images into
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the standard Montreal Neurological Institute (MNI) space
on the basis of segmentation parameters, and spatial
smoothing using a Gaussian kernel of FWIIM of 8 mm.
Furthermore, a 128-sec high-pass temporal filter was
applied.

Statistical Data Analysis
JMRI Design Specifications

Statistical analyses of the fMRI data were conducted with
SPM12. We used a general linear model (GLM) for serially
autocorrelated observations (Worsley & Friston, 1995;
Friston et al., 1994) and convolved regressors with the
canonical hemodynamic response function. Regressors
were original videos (ori), videos containing a structure
modification (str), and videos containing a content modi-
fication (con), each comprising 48 trials. For str and con
trials, the onsets of events were time-locked to the point
in the video at which the modification occurred (time of
modification). For ori trials, we calculated a hypothetical
time of modification (mean of times that corresponded
to points of structure and content modification in the non-
modified video) to serve as a comparable onset. These
conditions were modeled as events as we were interested
in the phasic effect of the prediction violation at the pre-
cise moment it occurred. To each of those regressors, we
added a parametric modulator to model the repeated
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presentation of each video. The 24 novel videos were
modeled as events as well, with onsets timed to the middle
of the video. Two additional regressors modeled the
18 null events and the 56 question trials. The modeled
activation of null events and questions was time-locked
to their respective onsets. Null events were modeled
as epochs, containing their full presentation time (7-
10 sec), whereas questions were modeled as events. The
six subject-specific rigid-body transformations obtained
from realignment were included as regressors of no inter-
est. Therefore, the GLM comprised 15 regressors in total.

As a first step, we caiculated firsi-level i-contrasis for
str > ori and con > ori as well as the direct contrasts str >
con and con > str to analyze brain activity in response to
the specific modification types. In addition, we calculated
the first-level z-contrasts for each condition versus novel
(nov) videos (ori > nov, str > nov, con > nov). We used
this approach to demonstrate successful retrieval of
encoded episodes (Jainta et al., 2022) and to validate that
brain responses to episodic modifications were qualita-
tively different from novelty responses. A conjunction of
str > ori and con > ori contrasts was calculated to detect
shared effects of both modifications (Nichols, Brett,
Andersson, Wager, & Poline, 2005). As an additional, more
liberal approach to detect shared activation, we aggre-
gated str and con modified (mod) videos to calculate the
contrast mod > ori. Gray matter masking was applied on
the first level of the analysis. For masking, we used the
smoothed individual normalized gray matter image
(8-mm FWHM), which was thresholded at .2 using
ImCalc in SPM12 to create a binary mask. Second-level
group analyses were performed by using one-sample
¢ tests across participants. We applied a threshold of p <
.001 on the whole-brain level and then used false discovery
rate (FDR) correction at p < .05 on the cluster level to cor-
rect for multiple comparisons. Brain activation patterns
were visualized with the software MRIcroGL (Version
1.2.20200331, McCausland Center for Brain Imaging,
University of South Carolina).

To deepen our understanding of how prediction errors
contribute to memory modification, we constructed a sec-
ond GLM in which we split the str and con regressors into
later false alarms and correct rejections in the post-fMRI
memory test. The other regressors were the same as for
the other GLM, but no parametric modulators were
included. We contrasted false alarms with correct rejec-
tions, separately for each modification type, to investigate
whether we can identify brain activation that predicts later
false memories. However, this analysis did not yield any
significant results.

Bebavioral Data Analysis

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

To test our hypothesis that repeated presentations of
modified videos in the fMRI session lead to a decrease in
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memory accuracy in the memory test in general, we consid-
ered the corrected hit rate (i.e., the discrimination index
P,, hit rate minus false alarm rate; Snodgrass & Corwin,
1988; ratings yes and rather yes were grouped as accep-
tance, and no and rather no as rejection). To better under-
stand how memory for original and moditied episodes was
influenced in detail, we also analyzed hit rates and false
alarm rates separately. Furthermore, we examined RTs in
the memory test, which can serve as an indicator of how
long it takes to retrieve information (correctly) from mem-
ory (Collins & Quillian, 1969). Longer RTs indicate
increased difficulty of retrieval because of higher cognitive
processing demands (Noppeney & Price, 2004; Lalsen &
Plunkett, 1987), which may also occur when com il
versions of an episode are processed.
For the analysis of corrected hit rates as well as hit rates,

alce alarm rates (unmodified videos = tarcets modified
a1iS€ duarim rates (Uunmodaiiea viGeos targets, modaiiea

videos = distractors), and RTs for modified videos in the
memory test (modifiedyr), we applied a 2 X 2 within-
subject factorial design with the factors MODIFICATIONEg;
(ves, no) and VersioNyr (Str; con). For analyzing RTs for
original videos in the memory test (originalyr), we applied
a within-subject design with the factor VERSIONgy g (O1i, Str,
con). RTs were averaged over all trials of the same factorial
combination. Several participants did not give any correct
answers (i.e., rejection) in response to modifiedyr videos
for one or more factorial combinations. For this reason,
the number of datapoints included in this specific analysis
was reduced to 23 per factorial combination.

We also conducted an explorative analysis on behavioral
data from the fMRI session. We calculated the error rate
and mean RT according to the within-subject factor
VERSIONgMpg; (Or, Str, con, nov) per participant. No response
was given in only 0.2% of all question trials, and these trials
were not further considered in the analysis.

For the choice of statistical tests, data were inspected for
normal distribution using the Shapiro Wilk Test. Further-
more, data were checked for extreme outliers as defined
as values above quartile 3 + 3 X interquartile range or lower
than quartile 1-3 X interquartile range. When data were
normally distributed or could be transformed to fit normal
distribution (RTs; logarithmic transformation) and showed
no extreme outliers, we used conventional repeated-
measures ANOVA (rmANOVA). When the prerequisites
for parametric analysis were not met, we used a nonpara-
metric rmANOVA based on aligned rank-transformed data
(package ARTool; Wobbrock, Findlater, Gergle, & Higgins,
2011; corrected hit rates, hit rates, false alarm rates, error
rates). Post hoc pair-wise comparisons were conducted
with paired ¢ tests or Wilcoxon signed-ranks tests (one-
tailed when comparing ori and str and ori and con, two-
tailed when comparing str and con; always two-tailed for
explorative analysis of fMRI task). In addition, we used
one-sample Wilcoxon signed-ranks tests to test whether
corrected hit rates were significantly larger than zero.

As descriptive statistics, we report mean values and stan-
dard errors of the mean. For all behavioral analyses, we
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Table 1. Whole-Brain Activation for Shared Activation of Both Episodic Modifications at FDR p < .05 (Cluster Level)

MNI Coordinates

Localization H Cluster Extent x y z t Value
(str > ori)N(con > ori)
pIPS extending into AG R 147 33 -67 56 5.03
mod > ori
Superior parietal lobe/pIPS L 152 -27 —061 50 5.59
mIPS L L.m -39 —43 38 4.03
pIPS R 600 33 —67 3s 6.21
mIPS R L.m. 45 —37 50 4.58
Precuneus R L.m. 6 —67 41 4.49
IES R 207 42 11 35 5.39
MFG R L.m. 36 14 53 3.89
OTC R 119 54 —52 —10 5.87
Cerebellum L 80 -6 —82 —37 5.11

H = Hemisphere; L = Left; R = Right; str = structure modification; con = content modification; ori = original; mod = modification (aggregated);

l.m. = local maximum.

applied a significance level of a = .05. p values were
adjusted according to the Bonferroni correction for mul-
tiple comparisons (Bonferroni, 1936). If the assumption
of sphericity was violated as assessed by Mauchly’s test
of sphericity, we report Greenhouse-Geisser-corrected
degrees of freedom and p values.

RESULTS
fMRI Results
Behavioral Performance during fMRI Session

We calculated a nonparametric rmANOVA on error rates for
the fMRI task with the factor VErSIONgyg; (Ori, str, con, nov).
Descriptively, error rates were generally very low for all fac-
tor levels (Mo = 028 £ .007; My, = .036 = .008; Mon =
.028 = .006; Moy = .073 = .014) and did not differ signifi-
cantly, F(3, 105) = 1.99, p = .12, np* = .05. There was a
significant effect of VErsioNgyg; On RTs, F(3, 105) = 14.32,
p < .001, np® = .29. Post hoc tests revealed that
participants’ took longer to respond after novel videos than
after any other version (ori vs. nov: #(35) = —5.95, p < .001;
str vs. nov: #(35) = —3.79, p = .003; con vs. nov: £(35) =
—4.22,p <.001; My = 950.450 msec =+ 26.813 msec; My, =
978.695 msec = 30.695 msec; M., = 969.741 msec +
26.250 msec; Mo, = 1034.822 msec *+ 35.786 msec).

Neural Responses to Modified Episodic Cueing

First, we tested whether structure and content modifica-
tions elicit common brain activation patterns compared
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with original episodes. To this end, we calculated the con-
junction of the whole-brain contrasts str > ori and con >
ori, which revealed a significant activation cluster in right
posterior IPS (pIPS) extending into dorsal angular gyrus
(AG; Table 1). As a more liberal approach to detect com-
mon activation, we contrasted modified episodes, aggre-
gated over both modification types, with original episodes
(mod > ori). Again, common activation was found in pIPS,
extending into middle IPS (mIPS) in both hemispheres.
Shared activation over both modification types was also
detected in right precuneus, inferior frontal sulcus (IFS),
middle frontal gyrus (MFG), OTC, and left cerebellum
(Table 1, Figure 4).

To investigate which brain regions specifically respond
to structure modifications in episodes, we inspected the
contrast str > ori. Compared with episodes without mod-
ification, structurally modified episodes activated right
SFS/PMd, MFG, IFS (Brodmann’s area [BA] 44 and 45),
supramarginal gyrus (SMG), posterior superior temporal
sulcus (pSTS), IPS, and AG. In addition, we found activa-
tion in left and right precuneus (Table 2, Figure 5A).

To characterize brain responses to content modification
during episodic cueing, we investigated the contrast con >
ori. Compared with episodes without modification, content
modifications bilaterally elicited higher activity in pIPS and
OTC, including FG and parahippocampal gyrus (PHG). In
the right hemisphere, there was a significant activation clus-
ter in IFS, including BA 44 and 45. In addition, we found
activation in the left cerebellum (Table 2, Figure 5B).

To further verify the specificity of brain responses to
both modification types, we also investigated the direct
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FDR p <.05 (cluster level)

Figure 4. Whole-brain activation for episodic modifications, aggregated
over hoth maodification types. FDR-corrected (p < .05) t-map for

mod > ori contrast. Ori = original; mod = modification (aggregated);

PCUN = precuneus.

contrasts between them (str > con, con > str). In con-
trast to content modifications, structure modifications
elicited higher activation in right precuneus, MFG,
SFS/PMd, and lingual gyrus (LG). Bilaterally, we found

significant activation in SMG and pSTS, extending into
posterior middle temporal gyrus (pMTG) in the right
hemisphere (Table 3, Figure 6A). Content compared
with structure modifications triggered an elevated
brain response in pIPS and OTC, including FG and PHG
(Table 3, Figure 6B).

Neural Effects of Episodic Reactivation

In addition to our main research question we investigated
which brain regions were activated u‘u‘rmg GPISOulL
retrieval in general. To this end, we contrasted each type
of anicode (o ctr con) with naoval vidane (mnowv) Far all
of episode (ori, str, con) with novel videos (nov). For all
three episode types, we found significant activation in
LG (only right for con > nov), cuneus and precuneus.

QOrioinal enisodes and those \—Vlfh structure mnr‘iﬁﬁqnnnc

vrgina: episCaces and tnose withy Struciure Ooaucatons

additionally activated posterior cingulate cortex (PCC)
and ACC. For structurally modified episodes, ACC activa-
tion extended into medial frontal gyrus and we found
another significant activation cluster in right AG (Table 4,
Figure 7).

Table 2. Whole-Brain Activation for Different Episodic Modifications at FDR p < .05 (Cluster Level)

MNI Coordinates

Localization H Cluster Extent 2 y z t Value
str > ori
SES/PMd R 389 30 8 53 5.25
MFG, extending into IFS (BA 44/45) R L.m. 39 8 38 5.08
SMG R 501 45 —40 47 6.15
Posterior superior temporal gyrus R L.m. 57 —49 23 5.47
IPS R L.m. 42 —46 41 5.35
AG R L.m. 39 —64 32 5.29
Precuneus L 173 -3 —064 38 5.12
R L.m. 6 —064 62 4.02
con > ori
pIPS L 361 -27 —01 50 7.22
R 489 33 -67 35 7.08
IFS (BA 44) R 127 42 8 32 5.18
BA 45 R L.m. 42 23 26 3.84
OTC L 282 —42 —58 —7 7.76
Fusiform gyrus, extending into PHG I Lm. —33 —46 —16 6.13
OTC R 299 51 =52 —10 9.07
Fusiform gyrus, extending into PHG R L.m 30 —40 -19 5.70
Cerebellum L 75 -6 —82 —34 5.71
H = Hemisphere; L = Left; R = Right; str = structure modification; con = content modification; ori = original; .m. = local maximum.
Siestrup et al. 1295
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Figure 5. Whole-brain
activation for different episodic
modifications. (A) FDR-
corrected (p < .05) ¢ map for
str > ori contrast. (B) FDR-
corrected (p < .05) t-map for
con > ori contrast. Ori =
original; str = structure
modification; con = content
modification; (p)IPS =
(posterior) intraparietal sulcus;
PCUN = precuneus.

.
34 35 36 37 38

FDR p < .05 (cluster level)

Table 3. Whole-Brain Activation for Direct Contrast of Different Episodic Modifications at FDR p < .05 (Cluster Level)

MNI Coordinates

Localization H Cluster extent x Y z t Value
str > con
Precuneus R 76 9 —49 62 5.45
SMG R 602 51 —37 32 6.21
pSTS, extending into pMTG R L.m. 45 —34 2 4.80
MFG R 320 42 35 32 5.65
SFS/PMd R L.m. 24 14 59 5.28
pSTS L 295 -57 —64 17 501
SMG L L.m. —57 —40 29 4.08
LG R 71 12 =79 -4 5.09
con > str
pIPS R 81 27 -55 47 5.00
L 218 —24 —61 44 5.97
OTC R 435 48 —61 =10 10.92
Fusiform gyrus R l.m 30 —43 -19 7.14
PHG R l.m. 18 =31 -16 3.87
OTC L 349 —42 —01 -7 8.26
Fusiform gyrus L L.m. -33 —49 -16 5.87
PHG I L.m. =33 —34 -16 5.09

H = Hemisphere; L = Left; R = Right; str = structure modification; con = content modification; ori = original; . m. = local maximum.
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Figure 6. Whole-brain
activation for direct contrasts
between episodic
modifications. (A) FDR-
corrected (p < .05) t-map for 7 ry
str > con contrast. (B) FDR-
corrected (p < .05) t-map for
con > str contrast. Str =
structure modification; con =
content modification; PCUN =
precuneus.
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Post-fMRI Memory Test
Corrected Hit Rates

First, we investigated the general memory accuracy in the
memory test, using the corrected hit rate. We confirmed
that participants did not merely guess when rating videos
as corrected hit rates for each factorial combination were
significantly larger than zero (no-str: z = —4.43, p < .001;
yes-str: z = —4.17, p < .001; no-con: z = —5.44, p < .001,
yes-con: z = —5.30, p < .001). Anonparametric rmANOVA
with the factors MODIFICATIONEpg; (Yes, n0) and VERSIONyp
(str, con) revealed a significant main effect of
MobiFicATIONsMgs, F(1, 35) = 10.17, p = .003, np* =
.23, which was driven by higher corrected hit rates for
no (M = 580 = .041) compared with yes (M = .460 =
.035), indicating a better memory performance when no
modifications had been presented during the fMRI
session. There was also a significant main effect of
VERSIONyt, F(1, 35) = 109.65, p < .001, np> = .76,
which was explained by higher corrected hit rates values
for con (M = .757 = .038) than for str (M = .283 * .042).
There was no significant interaction of MODIFICATIONEpmRy
and VErsioNyr, F(1, 35) = 0.11, p = .75, np* = .00
(Figure 8A).

Hit Rates

Hit rates for originalyr episodes were close to ceiling for all
factorial combinations. A nonparametric rmANOVA with
the factors MopIFICATIONEmR; (Y€S, NO) and VERSIONyr (Str,
con) revealed a significant main effect of MODIFICATIONEg,
F(1,35) = 12.43, p = .001, np* = .26, which was driven by
higher hit rates for no (M = .962 % .016) than for yes (M =
.929 *= .014). Thus, participants were more prone to erro-
neously reject original episodes after the presentation of
modified videos during the fMRI session. In addition, we

44

found a significant main effect of Versionyr, F(1, 35) =
536, p = .027, np* = .13, with higher hit rates for con
M = .955 * .011) than for str (M = .936 = .015). This indi-
cates that participants were generally better at recognizing
originally encoded episodes of which they also knew the
content-modified version. The interaction of both factors
was also significant, F(1, 35) = 8.18, p = .007, np* = .19,
and post hoc pairwise comparisons revealed that hit rates
only decreased significantly after pre-experience with
structure (z = —2.70, p = .015), but not content-modified
episodes (z = —0.47,p = 1). Please note, however, that all
differences in absolute values were quite small and thus
should be interpreted with caution (Figure 8B).

False Alarm Rates

We computed a nonparametric rmANOVA with the factors
MODIFICATIONEppR; (V€S, NO) and VERSIONyyy (Str, con) to ana-
lyze false alarm rates for modifiedy,r episodes. There was a
significant main effect of MoDIFICATIONE\r;, F(1, 35) = 4.93,
p =.033,p° = .12, which was driven by higher false alarm
rates for yes (M = .469 = .039) than for no (M = 382 =
.037). Thus, participants were more prone to accept mod-
ified episode videos as originally encoded when a modi-
fied version had already been presented during the fMRI
session. In addition, there was a significant main effect of
VERsIONyr, F(1, 35) = 113.51, p < .001, np® = .76, as false
alarm rates were higher for str (M = .653 = .046) than for
con (M = .198 = .035). This shows that participants gen-
erally accepted videos with modified structure much more
readily than alternatives with modified content. We found
a nonsignificant trend for an interaction of Mobirica-
TIONgMgr and VERsIONyr, F(1, 35) = 3.25, p = .080, npz =
.08. Descriptively, false alarm rates for structure modified
videos were increased less by the previous experience of
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Table 4. Whole-Brain Activation for Episodic recall at FDR p < .05 (Cluster Level)

MNI Coordinates

Localization H Cluster Extent % ¥ 2 t Value
ori > nov
PCC R+ 1L 168 0 =22 32 7.73
ACC L 292 -6 26 23 5.21
R l.m 6 26 20 5.18
LG R 2508 6 =91 —4 13.11
Cuncus, extending into precuncus R L.m. 9 —88 38 11.13
L Im. =3 -85 14 9.25
Str > nov
AG R 121 48 —55 53 5.74
Medial frontal gyrus R+1L 242 0 32 35 5.63
ACC L L.m. —% 32 26 4.99
R L.m. 9 38 11 4.42
PCC R+ 1L 144 3 —22 32 9.02
LG R 2459 2 —91 —7 13.30
Cuneus, extending into precuneus R L.m. 18 -85 20 8.99
L L.m. —~3 ~85 14 7.91
con > nov
LG R 1382 9 —388 =7 11.66
Cuneus R L.m. 6 —88 35 5.93
L L.m. 0 —94 20 537
Precuneus R L.m. 15 —64 32 5.84
L L.m. —9 —70 38 5.55

H = Hemisphere; L = Left; R = Right; str = structure modification; con = content modification; ori = original; nov = novel; . m. = local maximum.

A ori > nov B str > nov C con > nov

FDR p < .05 (cluster level)

Figure 7. Whole-brain activation for videos showing original or slightly modified episodes, contrasted with novel videos. (A) FDR-corrected (p <
.05) ¢ map for ori > nov contrast. (B) FDR-corrected (p < .05) z-map for str > nov contrast. (C) FDR-corrected (p < .05) -map for con > nov
contrast. Ori = original; str = structure modification; con = content modification; nov = novel ; CUN = cuneus; PCUN = precuneus.
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Figure 8. Behavioral results
from post-fMRI memory test.
For modifiedyr and originaly
videos, participants rated
whether they showed originaily
encoded episodes or not.
Originaly videos were the
targets whereas modifiedyr
videos were distractors. (A)
Corrected hit rate. Statistics:
nonparametric rmANOVA with
the factors MODIFICATION g sry
(yes, no) and VERSIONyr (Str,
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episodic modifications than those for content-modified
videos (Figure 8C). To control for a general acceptance
bias, we compared false alarm rates for novel videos and
modifiedy,r videos using the Wilcoxon signed-ranks test
(one-tailed). False alarm rates for novel videos were at a
floor level (M = .007 = .005) and significantly lower than
those for modifiedyyy videcos (z = —5.35,p < .001; M =
425 = .034; Figure 8C).

RTs

A rmANOVA on RTs for modifiedyer videos with the factors
MODIFICATIONgMRy (Y€S, NO) and VERSIONyy (Str, con)
revealed a near significant effect of MODIFICATIONgy gy, F(1,
22) = 3.86, p = .062, np*> = .15, as participants tended
to take longer to correctly reject modifiedyr episodes
when the same had already been presented in the scanner
(M = 782.520 msec = 81.481 msec vs. M = 665.384 msec
+79.401 msec). Descriptively, RTs were shorter for videos
with content than with structure modification (M
661.447 msec = 76.010 msec vs. M = 786.458 msec
85.829 msec), but this difference did not reach signifi-
cance either, F(1, 22) = 3.06, p = .094, np* = .12. We
found no significant interaction effect, F(1, 22) = 0.58,
p = .45, Mp> = .03 (Figure 8D). There was a near significant
effect of VErsioNgyg; (Ori, str, con) on RTs for originalyy
videos, F(1.72,60.09) = 3.21, p = .055, np* = .08. Descrip-
tively, RTs were longest for str (M = 923.092 msec *+
117.161 msec) compared with ori (M = 697.608 msec
37.210 msec) and con (M = 729.762 msec * 62.904 msec;
Figure 8E).

&+

*
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DISCUSSION

In this study, we investigated brain and behavioral
responses to violation of episodic expectancy induced by
cues with modified details in structure or content. As
hypothesized, brain responses differed for these two types
of episodic prediction errors, reflecting the processing of
divergent object and structure information. Modified epi-
sodes were mistaken for veridical originals more often in a
post-fMRI memory test when already presented during the
fMRI scan, whereas correct recognition of originally
encoded episodes decreased. Together, findings provide
evidence that different types of mnemonic prediction
errors are processed differently by the brain and may
contribute to memory changes.

Neural Responses to Episodes and
Episodic Modifications

The presentation of original and slightly modified videos
of encoded episodes recruited several brain regions asso-
ciated with episodic retrieval compared with novel videos
(Jeong, Chung, & Kim, 2015; Rugg & Vilberg, 2013; Wiggs,
Weisberg, & Martin, 1999). The activation patterns for epi-
sodic retrieval closely resemble the one we detected in a
previous study with a similar paradigm, comprising ACC,
PCC, precuneus, cuneus, and LG (Jainta et al., 2022). Thus,
in parallel to replicating our previous findings, we vali-
dated that participants had successfully encoded episodes
and that the presentation of videos thereof cued episodic
memories. Importantly, this was true for original and for
modified episodes. This was to be expected because of
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the subtle changes in modified episodes, which, overall,
were still highly familiar to the participants.

New content and structure information of the episodic
cue was expected to draw on distinct brain areas, but also
to share some common activation in medial frontal cortex
and the hippocampal formation. Although we could not
confirm this hypothesis in this study, we found significant
common activation in (right) pIPS, as revealed by the con-
junction analysis and the aggregated modification con-
trast. Therefore, we suggest that superior parietal regions
might be involved in processing of prediction errors in the
coniext of episodic memory, potentially by guiding updai-
ing mechanisms. This interpretation fits the finding that
dorsal paricial cortex plays an important role in the forma-
tion of episodic memories (Uncapher & Wagner, 2009). In
addition, this area is well known to be involved in the reori-
entation of attention to salient and unexpected stimuli
(Molenberghs, Mesulam, Peeters, & Vandenberghe,
2007; Corbetta & Shulman, 2002). It has been suggested
that the superior parietal lobe, including pIPS, regulates
top—down attention in memory. This is especially impor-
tant when additional postretrieval processes are necessary
to discriminate between what is true memorized content
and what is not (Cabeza et al., 2011; Ciaramelli, Grady, &
Moscovitch, 2008).

Furthermore, the more liberal approach of aggregating
episodes over different types of modification revealed
common activation in right IFS. This reflects our previous
finding that activity in ventrolateral pFC increases for
inconsistent or highly informative detail in observed
actions (El-Sourani et al., 2019; Hrka¢, Wurm, Kihn, &
Schubotz, 2015; Wurm & Schubotz, 2012).

Structure and content modifications each recruited a set
of brain regions unique to the modification type. Activa-
tion patterns in contrast to original episodes closely
resembled those for the direct contrasts between struc-
ture and content modifications, indicating high specificity
of brain responses for each modification type.

On the one hand, we had expected that structure mod-
ifications specifically lead to activation in brain regions
involved in the temporal organization of episodes. We
found that structure modifications co-activated right
PMd/SES, SMG, pSTS, and precuneus, suggesting this net-
work contributes to the updating of predictive models
because of unexpected new structure in episodes. This
interpretation is consistent with previous reports about
the functional characteristics of said areas. Accordingly,
activity of a region comprising PMd/SFS is related to link-
ing successive action steps (Pomp et al., 2021; Hrka¢ et al.,
2014; Schubotz et al., 2012; Stadler et al., 2011) and could
contribute to updating the current event or action model
with respect to each next segment (Pomp et al., 2021;
Schubotz et al., 2012; Tamber-Rosenau et al., 2011; Kurby
& Zacks, 2008). SMG and precuneus have been demon-
strated to be important for the sequential organization
of memories (Foudil, Kwok, & Macaluso, 2020; Guidali,
Pisoni, Bolognini, & Papagno, 2019) and involved in
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sequential learning (Burke, Bramley, Gonzalez, & McKeefry,
2013; Oishi et al., 2005). In line with this, we recently
found that SMG is sensitive for perceived break points in
actions (Pomp et al., 2021). Activity in (right) pSTS is char-
acteristic for the processing of biological motion (Gilaie-
Dotan, Kanai, Bahrami, Rees, & Saygin, 2013; Grossman,
Battelli, & Pascual-Leone, 2005) and, in this context, action
adaptation (Thurman, van Boxtel, Monti, Chiang, & Lu,
2016). pSTS activation for actions has been found to be
goal-sensitive, responding more strongly when expected
spatial transport targets are not met (Shultz, Lee, Pelphrey,
& McCarthy, 2011).

On the other hand, we found content modifications to
specifically recruit pIPS and OTC, including FG, which
were hypothesized on the basis of their role for processing
of object properties in the context of actions (El-Sourani

ot al 27070. Tinonau & Downine 2015, Wicocett &
EL a1, aviy; nifighidu & JOWINEG, avis; Wigglit &

Downing, 2011; Reber et al., 2005; Grill-Spector, Kourtzi,
& Kanwisher, 2001). More specifically, pIPS encodes basic
visual features of graspable objects (Mruczek, von Loga, &
Kastner, 2013; Creem-Regehr, 2009), reflecting the inter-
action with toy objects in our paradigm. In addition, con-
tent modifications elicited activity in the hippocampal
formation (PHG), which likely represents ongoing
learning because of the detected mismatch. In general,
hippocampus and PHG are important in learning contexts
(Davachi & Wagner, 2002; Kohler, Crane, & Milner, 2002;
O’Reilly & Rudy, 2000; Aguirre, Detre, Alsop, & D’Esposito,
1996) and there is evidence that the PHG is involved in
processing of competing memories (Kuhl, Bainbridge, &
Chun, 2012). Moreover, the hippocampal formation is
believed to generate mismatch signals when predictions
do not fit perceptual inputs (Long et al., 2016; Duncan,
Curtis, & Davachi, 2009; Kumaran & Maguire, 2007).
Because our post-fMRI memory test data imply that con-
tent changes were more salient than structural changes,
one could speculate that the discrepancy between what
was predicted and what was perceived in case of content
modifications was strong enough to be reflected in the
activation of the hippocampal formation. Interestingly,
the overall activation pattern we found for content
modifications closely resembles the one Gldscher, Daw,
Dayan, and O’Doherty (2010) identified for what they
call state prediction errors, which is characterized by a
mismatch of the expected and current state.

Taken together, we found that structure and content
modifications activated distinct networks, each specifically
representing the processing of the type of unexpected
new information. We therefore achieved the main aim of
this study, that is, characterize brain responses to different
types of prediction errors.

Influence of Episodic Modifications on Post-fMRI
Memory Performance

As expected, those original episodes that had been pre-
sented in 2 modified version during the fMRI were recalled
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less reliably, as reflected by a lower corrected hit rate. More
specifically, previously modified videos were later more
often mistaken for original ones, as evidenced by signifi-
cantly increased false alarm rates. Others have reported that
mnemonic prediction errors lead to an intrusion of new
information into an established memory repertoire (Sinclair
& Barense, 2018; Long et al., 2016). Also, in our study, the
recognition of original videos was impaired after encoun-
ters of alternative versions. Similarly, Kim et al. reported
that prediction violations led to decreased recognition of
original memory content (Kim et al., 2014). In particular,
prior presentaiion of structuraily modified videos led to a
decrease in the hit rate in the post-f/MRI memory test. This
might be taken as a first hint that different types of episodic
modifications could influence memory traces differently,
which would fit the specific brain responses we detected

for strmicture and content modifications Interestinelv nar
101 strucCture anG content moGuications. interestingyy, par

ticipants tended to take longer to correctly classify a video if
they had already seen the same video in a modified version
during fMRI. Longer response times in cued-memory para-
digms are interpreted as indicative of increased difficulty of
retrieval because of higher cognitive processing demands
(Noppeney & Price, 2004; Larsen & Plunkett, 1987). Thus,
it is likely that it became more difficult to differentiate
between alternative competing versions of episodes when
versions diverging from the original experience had been
already encountered in the fMRI session. However, effects
concerning RTs need to be interpreted with caution
because they only approached significance. Taken together,
the behavioral findings suggest that structure and content
modifications during cueing of episodic retrieval influenced
subsequent memory for these episodes. Our findings
corroborate the observation that mnemonic prediction
errors can trigger episodic memory modification (Sinclair
& Barense, 2019).

What remains unclear is how exactly memory traces
were influenced by our intervention. For example, it has
been discussed that memory modification can result from
an interference of old and new memory traces (Sinclair &
Barense, 2018, 2019; Klingmiller, Caplan, & Sommer,
2017; Sederberg, Gershman, Polyn, & Norman, 2011) or
from source confusion (Hekkanen & McEvoy, 2002),
which could both explain our findings. Then again, partic-
ipants remembered correctly that novel videos had not
been part of the original episode repertoire although
novels had been repeatedly presented during the fMRI
experiment as well. This speaks against source confusion
in its simplest form as an explanation of the results of our
post-fMRI memory test.

Another interesting behavioral finding was that partici-
pants generally had a strong tendency to accept structur-
ally modified versions as originals in the memory test.
Although both types of modifications resulted from a
single change in the story, it is likely that structural
modifications were generally less salient than content
modifications. This would be matched by the fact that after
the fMRI session, nearly all participants (86%) reported
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noticing at least one object swap, whereas only half of
them had noticed a change in the sequence of action steps
(53%). Recently, it was reported that memory perfor-
mance following prediction errors differed depending
on whether changes were detected (and remembered)
by participants or not (Wahlheim & Zacks, 2019). Whereas
undetected changes led to reduced memory performance,
detected changes had the opposite effect. Depending on
contextual factors, prediction errors can even improve
subsequent memory (Greve, Cooper, Kaula, Anderson,
& Henson, 2017; Smith, Hasinski, & Sederberg, 2013).
Although our behavioral results suggest that structural
changes were rarely noticed, corresponding to a reduced

nemory performance, more frequent detection in
case of content modification did not lead to enhanced,
but on the contrary, also to decrecased memory perfor-
Thi
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Limitations and Implications for Future Research

One factor that may limit the generalizability of our find-
ings is that, for practical reasons, only women participated
in the study. However, because the processing of episodic
memory in the brain seems to be broadly similar between
women and men (Nyberg, Habib, & Herlitz, 2000), we are
confident that our findings are applicable to a more gen-
eral population. In the future, our paradigm could be
adapted to circumvent such practical limitations, for exam-
ple, by applying virtual reality techniques so that encoding
could be detached from the true physical appearance of
participants’ hands.

Second, we used new content and structure informa-
tion, which contrasted details of the encoded episodes to
elicit prediction errors. Although these interventions can
also be interpreted as contextual and associative novelty,
respectively, the unexpected new input within the familiar
context will give rise to mnemonic prediction errors
according to the predictive coding framework (see the
work of Reichardt et al., 2020, for a review). In addition,
we could show that episodes with structure and content
modifications, in contrast to completely novel videos,
recruited different brain regions associated with episodic
retrieval (Jeong et al., 2015; Rugg & Vilberg, 2013; Wiggs
et al., 1999). Still, it would be interesting to find a way to
keep the novelty constant and have participants make
active predictions that are then either violated or not.

Our findings from the post-fMRI memory test revealed
that structure modifications were likely less salient and
harder to detect than content modifications. Thus, we can-
not exclude that the neural differences we detected were
confounded by differences in prediction error strength.
However, brain responses to structure modifications were
highly specific and located in hypothesized areas. More-
over, structure modifications elicited equally strong activa-
tion as content modifications. It is thus highly unlikely that
those differences simply arose because of quantitative
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difference between modification types. For these reasons,
we are confident that our findings indeed represent differ-
ential neural processing because of different types of epi-
sodic information.

As a caveat, we wish to point out that, in normal life,
episodic memories are not trained or repeated in the
strict sense as they were in our paradigm. Although exper-
imental procedures must be rigorous to be able to test
hypotheses, the rigor takes away from the applicability
of the research.

Last, our trial-wise analysis of later false alarms and
correct rejeciions in the memory iest did not reveal signif-
icant brain activation predicting false memories. Our aim
for future investigations is to optimize our paradigm to
further analyze how later true and false memories are
encoded by the brain.

When recalling episodes, our memory can change, for
instance because of prediction errors in the reactivation
process. Our results suggest that structural and content
prediction errors in episode retrieval differ in their neural
processing. The tendency to misclassify modified epi-
sodes as originally experienced episodes increased after
experiencing repeated structural and content prediction
errors. Accordingly, different types of prediction errors
can confuse episodic memory and possibly lead to the
emergence of alternative versions of the same memory
trace. Our results may provide a fruitful starting point for
further research on the mutability of episodic memories.
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Abstract

W 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
retrleval 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 Plohr times in either a Qr\gged 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

INTRODUCTION

Through episodic memories, we can mentally relive
events from our personal past (Tulving, 2002), and yet,
cpisodic 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; Ferndndez, 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
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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. Wl

or internal models (Barron, Auksztulewicz, & Friston,
2020) to successfully guide our behavior in the long
run (Ferndndez 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
from mnemonic 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 2 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 a memory trace after its
initial encoding. It occurs not only during sleep because of
off-line replay (Poe, Walsh, & Bjorness, 2010), but also

Journal of Cognitive Neuroscience 35:2, pp. 291-313
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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;

other hand, spreading the information to be practiced
over several repetitions, so-called spaced practice, is more
efficient for long-ierm reieniion ithan praciicing all items on
a single occasion, called massed practice (Lyle et al., 2020;
N le bt 7 iy Mncimiale O Tl INAO. Wim o~ DN L
ICCKCIIZdAdIC, NCOIIICK, X LIICSUIL, 4U 1Y) I\dlls, U105
Gerbier & Toppino, 2015; Dempster, 1989; Underwood,
1970). The positive effect of spaced practice has been

exnlained by maore effortfiil nreretrieval nrocessine (Feno
EXp1ained vy more enortiuz preretrieva processing (reng

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 episodes would 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 tested whether
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-Ho6rnqvist, Stillesjo,
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 the moment of modification
in an episodic cue triggers increases activity in areas that

292 Journal of Cognitive Neuroscience

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-
errors during retrieval of differently consolidated epi-
sodes, as previously suggested (Bein, Duncan, & Davachi,
2020; van Kesteren, Ruiter, Fernandez, & 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
funciion, the hippocampus mediaies the comparison of
new information with stored memories, which may lead

St o dimtoimn gl s ~mg T

A a1 110971 £ 1 H =17 s QT
LO all upuauug Ol UIC 1H1LCL11dl 1110uUclt \LUIIB, 1LCC, X Dulll,
2016; Duncan, Curtis, & Davachi, 2009; Kumaran &
Maguire, 2007). The FMC is thought to play a more general

role in the retrieval of consolidated memories (Preston &
roi€ in n€ rewieva 01 Conso1Gated MEemories (rreston &

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 Pmcr\dlr memory encod-
ing is characterized by increasing neocortlcal activity and
decreasing hippocampal activity with number of repeti-
tions (Brodt et al., 2016, 2018) and also with ongoing con-
solidation (Takashlma et al., 2006). However, no studies
have yet examined the cerebral refiection 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 fo
including hippocampal and parahippocampal regions
(Ritchey, Libby, & Ranganath, 2015).

ormation,

METHODS

iVa. =

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 Minster.
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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/AvicomStv/). These were 78
short films (duration = 8.80-17.88 sec, M = 12.71 sec;

six to nine action steps, M = 7.4 steps) showmg 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 biack puiiover 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).

Th\, scction Capturcd 938 uu, caimcra (4/ 5cm X 28 <im;

in the following referred to as camera frame) was marked
on the background with tape. For each video, objects that

were needed for the storv were nlaced next to the camera
WEre NeCQed I0r tne Story were placed next o 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 X 1080 pixels, and the frame rate was 25 frames
per second. Videos were presented at a visual angle of
approximately 7.3° X 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 (o77), which was used for
encoding and retrieval. Second, in a modified version of the
story, two adjacent action steps were switched (structure
modification) to elicit prediction errors based on episode
structure (s¢7). 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. Two more
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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Week 1

Dayl —=> Day2 —-> Day3

( Y N

| Encoding | Encoding
Session 1 Session 2

L A

Week 2 Week 3

ca. Day 10 ca. Day 17

Figure 1. Schematic overview of the experimentai 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.

PP

Nenartme o
L eparunciit G

U
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 forearms will 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 same way 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

3
>
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rect imitation attempt, on averag 1.037,
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 Munster.

Experimenter

Camera monitor

Experiment monitor

Camera
Toy objects

Camera frame

Participant

Figure 2. Encoding setup. During training, participants imitated
PLAYMORBIL 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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3.2 Learning from Episodic Prediction Errors

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
“Rmhr? 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 hy 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 conducted with the left or right hand
did not change in videos contai
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

ining either tvnae of modifis
ifing Citner type Or moaGin

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 a massed
manner (F',\r‘rnr SCHEDUL 1:\ All Pm:ndpq that were retrieved
ina spaced manner were tramed 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 additionai 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 ( \a}/uu:w, 7721255614) W€ not
trained in an interleaved manner to keep the second
retrieval of spaced items comparable to the first. Instead,
1 ere blocked according to the factor level of Scuep-
ute. 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.

Video plays

(first 2 steps)

Video stops +
question

Video plays
(until end)

Feedback
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3.2 Learning from Episodic Prediction Errors

the first encoding session that they will be presented with
videos of their own during the fMRI session. Therefore,
participants were aware from the begmnmg on that they

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
pre resented with uugulm and modified videos similar

o 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 storv to P]P‘r te r\prcnnql identification with the

COVEr SIOry 1O Ciévalc perseonal iaenuiicaiion witi ine

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.

WCEIt

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 ﬁfPQPﬂrPd in an r\ﬁomq] ora qhohr]v modified ver-
sion once per block and, thus, was repeated six times in
total over the course of the tMRI 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
whole session.
During the fMRI

ttantivaly watch the
tentively waitn e

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.

< . PR B

1 . 4
V€l VIUCU Llldlb in the

A
41 NO

RI session, the participants’ task was to

videns and angwer a aniestion afrer
viGCOs aiiG ainswer a quisusil aitct

Video trial: m

Videos (-9

Fixation (2 sec)

Question trial: .HE. Question (max. 3 sec) Feedback (1 sec) BFNEllel NERT16)

Rescuing prince

'

Terminated by response

(yes/no)

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 ISL. 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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3.2 Learning from Episodic Prediction Errors

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 I8Is, a fixation cross was presenied (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-
tio

of annroximately 48 minunites
tion Of approximatery 45 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 four marked 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,
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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 4 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 b (934 fixation with form- fll.l,uls cush-
ions. During the scan, participants wore carplugs and

headnhaone to attenniate scanner noise Stimuli were nro-
neadpnone to attenuatle scanner noise. sStmuul 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-D multiplanar
rapidly acquired gradient-echo sequence (192 slices, voxel
size = 1 mm?, repetition time = 2130 msec, echo time =
2.28 msec, fiip angie = 8°, field of view = 256 X 256 mm?).
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 mm’,
repetition time = 2000 msec, echo time = 30 msec, flip
angle = 90°, field of view = 192 X 192 mm?).

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
Bebavioral 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 X 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 X 2 X 2 within-subject facto-
rial design. Factors were retrieval TiMes (8, 2), SCHEDULE
(spaced, massed), and MODIFICATIONgyg; (720, 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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3.2 Learning from Episodic Prediction Errors

error rate and mean RT (including only correct responses)
for each factorial combination.

For the analysis of data collected during the post-fMRI
memory test, we qnq|\77Pd responses to modified (in
memory test) and unmodlﬁed (in memory test) Vldeos
separately, in the following referred to as moditiedyr
and unmodifiedyey. 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 mdlcators of how long it takes to

retrieve informatio

& Qu1ll1an 1969) Longer RTs can be interpreted as
increased difficulty of retrieval because of clevated cogni-
tive processi 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 (unmodifiedyr) and
23 (modifiedyyr) participants.

For all behavioral analyses, we applied a significance
level of a = .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 X interquartile range or lower than the 25% quartile
—3 X 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.

nemory \\,uuula

no demands (Noppeney & Price
ng aémanas uhNoppenty & rricé,

JMRI Design Specifications

For the analysis of f/MRI 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
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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 ¢ 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 z-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
» < .001 (uncorrected) and included the results in the
Appendix.

The first GLM

Cu to CAdlllillC LllC gCllCldl CIICLLD Ul thma

General Tives and ScHEDULE effects.
FOOT AN 2

(ULiVil) aim
and ScHepULE on episodic retrieval for both original and
modified episodes. We included nine regressors for video

trinle ane ner factorial
triais, one per actoria:

comhbination of v

n TRATON
COMoinNauoil O VIERSI

ONpmpi1 (077,
mod), TiMes (2, 8) and ScHEDULE (spaced, massed), and

one for novel videos. Please note, each factor level of the
factors Tives and ScHepULE 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 were modeled as epochs, ques-
tions were modeled as events. For GLM1, we calculated
the first-level--contrasts 8 > 2 and 2 > 8 to investigate
the effect of TiMes. For the analysis of Scuepuik 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
the modified 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,
mod> > modg and mods > mod. as well as modpacea >
MOy sseq AN MO, 45500 > MOspaceq, And accordingly
for originals. To investigate how Scuepute and TiMEs
influence BOLD responses to mnemonic prediction
errors, we built the interaction contrasts (7mod> > oris) >
(modg > orig), (modg > orig) > (mod, > ori),
(mOdspaced > Oﬂspuced) > (mOdmussed > Om’massed) and
(mOdmassed > Om’massed) > (mOdspaced > Oﬂspaced)- 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 laier correcily rejected (correct
re]'ections [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 c¢r. Six participants who did not have
at least three false alarms (fa) or correct rejections (c7)
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 Tmves 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 (fa,, fag). Following the same criterion as
described above (minimally three later fa and three c»
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 Scuepuie and
Tves 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,
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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 andmnnn 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)
(functionai ROIs; data from Jjainta et ai., 2022). Contrast
estimates for separate mod > ori contrasts, allocated to
the factors ScHEDULE (spaced, massed) and Tives (2, 8),
were exiracied and rmANOVAs with the same faciors 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 responsc to later false memorics
(i.e., gradual memory formation). Anatomical ROIs were
the HC and the parahippocampal gyrus (PHG), both highly
involved in learning (Davachi & Wagner, 2002; Kohler,
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 # tests
(PHG) or one-sample Wilcoxon tests (HC) to analyze
whether there was significant activity increase/decrease in
these areas (one-tailed for ¢r and fa, two-sided for or7).
Then, contrast estimates were compared with a rmANOVA
(nonparametric for hippocampal ROI) and post hoc pair-
wise comparisons were conducted using paired ¢ tests
(one-tailed with respect to our hypotheses). We used the
same ROIs to extract contrast estimates from GLM4. Here,
we compared contrast estimates between the parametric
modulators of fa, and fag (paired ¢ 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=—061,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 Tmves and performed a nonparametric rmANOVA.
We found a significant main effect of Tives, F(1, 35) =
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190.39, p < .001, nlz, = .84, as participants gave more cor-
rect answers when they retrieved the episode 8 instead of
2 times (Mg = .897 = .008, M, = .667 %= .022). There was a
trend toward higher correct answer rates in the massed
condition Mmassea = -805 £ .013, Mypacea = 758 *
.020), but the difference was not significant, F(1, 35) =
3.13, p = .09, “.,2", = .08. There was no significant interac-
tion, F(1,35) = 1.19, p = .28, n7, = .03.

Behaviorai Resuits 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 crror rates

durin o the FMRT exneriment with the factor stimuh
uullll& tne thina experiment witn tn€ 1actor stimuius

retrieval Tives (8, 2), ScHEDULE (spaced, massed), and fMRI
modification mode MobIFICATIONE\R; (Yes, 720) revealed a
trend for an interaction of MODIFICATIONgyr; And SCHEDULE,
F(1,35) = 2.95, p = .095, v, = .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; Mpo-massea = 010 =
0067 Myes-spaced =.031 = 0067 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 MobiricaTiONgMRL, F(1, 35) = 5.70, p =
.022, nlzj = .140, indicating that participants correctly
recognized the story content of a video faster when pre-
sented with an unmodified version (M, = 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

(Mpacea = 970.808 + 27.584 msec) compared with a
massed fashion M yassea = 954.300 = 26.939 msec),
F(1, 35) = 3.49, p = .070, ng = .091. There were no

significant interactions, but we found a trend for an
1nteract1or1 of Scueputk and TiMes, F(1, 35) = 2.94, p =
095, np=.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 modifiedy and unmodifiedy videos
separately for each factorial combination. Memory perfor-
mance for modifiedyy videos reflects how successfully
participants rejected modified videos as not matching
the originally experienced episodes. In contrast, memory
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performance for unmodifiedy 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 MODIFICATIONgnmR1
on rating scores, F(1, 35) = 12.45, p = .001, n, = .262,
showing reduced rejection for modified videos already
presented in a modified version during fMRI (Myes =

D ADO 4+ 0 1N2

io TSy o W I A Y A NN Y P
o429 £ -+

U.1UD VS. lenO - A 14) . lUU) lVlULCUVCl LIICIC
was a significant main effect of Tmves, (1, 35) = 10.37,
p = .003, n[Zj = .229, suggesting that successful rejection

of 2 modified version was reduced when the oricinal ver.
Or a MOGIea Version was reGucea wineh tne origina: ver

sion had been presented less often during the pre-fMRI
retrieval sessions (Mg = 2.177 * 0.102; M, = 2.377 *
0.091). There were no significant interaction effects
(Figure SA).

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 (M,,, =
588.038 =+ 61.449 msec; Myes = 695.545 *+ 96.154 msec;
F(1,22) = 4.63, p = .043, né = .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 MODIFICATIONEpg,
F(1, 35) = 40.03, p < .001, nlz) = .534, indicating that
participants were more likely to accept unmodified ver-
sions as originally encoded when already presented in
their original form during fMRI (M,, = 3.858 = 0.043;
Myes = 3.753 = 0.039). We further found a significant
main effect of Twves, F(1, 35) = 5.49, p = .025, 'l|?, =
136, reflecting higher acceptance for more frequently
retrieved episodes (Mg = 3.825 = 0.029 vs. M, = 3.786 =
0.048). The interaction between Scuepuilk and TiMes was
also significant, F(1, 35) = 10.12, p = .003, n?, = .224).
Post hoc analyses with Wilcoxon pairwise tests (one-tailed)
did not reveal significant differences between the levels
of the factors Scuepuie and Tives (mmassed-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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Figure 5. Behavioral results from post-fMRI memory test. Episodes had
either been retrieved 8 or 2 times (factor Tives) following a spaced or
massed schedule (factor Scuepuie) before entering the fMRI session
during which episodes were shown in an original or modified version
(factor MopIrFICATIONg\g;). Higher ratings reflect higher acceptance. (A)
Ratings for modified videos. Statistics: nonparametric rmANOVA based
on aligned rank data. (B) RTs for modified vidcos. 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 ScHepuik is not depicted here. For a graph covering all factors,
please see Appendix A (Figure Al).

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
Mpassea-s = 3.795 = 0.042) versus twice M passed2 =
3.764 * 0.062), and this pattern was even more pro-
nounced in absolute values for the spaced condition
Mpaceas = 3.854 £ 0.031; Myucear = 3.809 = 0.054).
That is, the factor Tives descriptively had an overadditive
effect on the spaced Scueputk. Finally, there was a signifi-
cant three-way interaction of MODIFICATIONgyg;, SCIEDULE,
and Tves, F(1, 35) = 7.37, p = .01, 0}, = .174 (Figure 5C).
Accordingly, repeated triggering of the original episode
led to better recall performance, especially if it had been
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retrieved more frequently before. Please note, however,
that acceptance ratings in all conditions were at ceiling
level (Figure 5C).

RTs to unmodified videos were
faster when presented in their original version during
IMRI (M,,, = 696.243 + 38.372 msec; Myes = 832.948 +
81.726 msec), F(1,34) = 7.14,p = .012, v, = .173. In addi-
tion, a significant main effect of Tives, F(1,34) = 13.63,p <
.001, nf, = .286, indicated faster responses for more fre-
quently retrieved episodes (Mg = 679.031 = 44.506 msec,
M, = 850.160 * 74.799 msec; Figure 5D).

In line with the ratings,

Ratings for Novel Videos

Participants were clearly aware that novel videos had
not been part of the originally encoded episodes, as indi-

cated bv floor-level ratino scores (ie

CatcG oy LOO-ICVE: raung SCOICSs (1.C.,

tions; rating: M = 1.021 = 0.015) and very fast RTs (M =
624.316 + 55.878 msec).

successful reiec-

SUCCESsIUL ICjec

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 Tives 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 ¢ 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) = 093, p = 36,d = .155; M, = —0.811 % 0.128,
Mg = —0.872 * 0.121. This descriptive pattern was also
present in the HC, #(35) = 1.18, p = .25,d = .196; M, =
—0.116 + 0.044, My = —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 ScHepuLE 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
(pCO), 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 Scuepute influ-
ences brain activation, we again performed ROI analyses
and extracted contrast estimates from spaced and massed
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Table 1. Peak Activations from Second-level Whole-brain Analyses of Retrieval ScuepuLe

MNI Coordinates

Localization H Cluster Extent 9 ¥ z t Value

shaced > 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 32 424

Posterior cingulate cortex R 60 6 =57 29 5.59
L L.m. -6 —34 32 5.15

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

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, £(35) = 1.90, p = .066, d = .316;
Mopacea = —0.111 = 0.042, Mppassea = —0.142 = 0.046.
This was not the case in ACC, #(35) = 0.02,p = .99, d =
003; Mypacea = —0.84 £ 0.128, Myassea = —0.842 £ 0.120.

Effects of Retrieval Protocols on Neural Responses to
Modlified 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 mod, > modg and modg > mod, (GLM2).
Regarding the mod., > modg 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 ori

> orig did not yield significant results, indicating that this
effect might be specific for modified videos. The reverse
contrast, modg > mod,, did not result in significant
cffects. 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 ScHEpULE (Spaced, massed) and
Tves (2, 8). These yielded no significant results in IFS or
SPL. In the hippocampal ROI, we found a significant main
effect of Scurpuie, F(1, 35) = 4.86, p = .034, np = .122,
driven by higher contrast estimates for massed than for
spaced (Mmassea = 0.035 + 0.051, Mypacea = —0.151 £
0.050). There was no main effect of Times, F(1, 35) =
0.05, p = .829, nf) = .001, and no significant interaction,
F(1,35) = 0.04, p = .85, 5 = .001.

A spaced > massed

FDR, p< .05

B mod, > mod,

42

4.0

FDR, p < .05

Figure 6. Whole-brain activation for retrieval ScuepuLe and Tives effects. (A) FDR-corrected #-map (p < .05) for the spaced > massed contrast in
episodes (based on GLM 1). (B) FDR-corrected t-map (p < .05) for the mod. > mods 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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Table 2. Peak Activations from Second-level Whole-brain Analyses of Retrieval Tives for Modified Episodes

MNI Coordinates

Localization H Cluster Extent x y z t Value
mod> > modg (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 =

Paramotric Fffocts o
Larameryric Ljjecis of £p

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

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

activation to odifie
tvatior modaine

memories (GLM3). The BOLD response increased with

reneated prpcpr\rqhnn of 2 modified PﬂlQﬁ(“P n‘rhpﬁ it
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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).

d episodes that later elicited f
G ep1soaes tnat 1a CiCiled 1aise

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

MNI Coordinates

Localization H Cluster Extent x Y z t Value
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 —063 —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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Figure 7. Results from the
parametric analysis. (A) FDR- A Parametric modulator (fa) B ROI analysis
corrected #-map (p < .01) for HC
the whole-brain contrast of the aPCUN pCC  mCC

- . SFG P 0.08
parametric modulator modeling (BA9) - *
the repeated presentation of \ D ) fxCCA § 000 _L
modified episodes, which lead 2 \ i\ § 0.04 1
to false alarm responses in » /2 (4 ¢ ) B ns =
the post-fMRI memory test. Fj 7 £ o
Activation clusters indicate Y A S 04 T
an increase of brain activity w }/ sgACC 002 1
with repeated exposure. cr_par fa_par ori_par
CR(C = quineriner frantal ovemiac. [NVl
SFG superior fronta: gyrus; o
BA = Brodmann’s area; pCC = N 0.06 *
posterior cingulate cortex; i ha . 004 T
mCC = midcingulate cortex; w w T 002
sgACC = subgenual anterior = - K] 0 -
cingulate cortex; AG = angular IFG .v w- % -002 ‘ | I‘[_/
gyrus; IFG = inferior frontal MTG/STS MTG/STS E -0.04 Il
gyrus; MTG = middle © _o06 T
remnoral ovrug: STS — 4 —— _ooe *
temporal gyrus; STS e 0.08 )
superior temporal sulcus; 38 4.0 42 a4 cr_par fa_par ori_par
IPS = intraparietal sulcus. FDR, p<.01

(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 #/ Wilcoxon tests; rmANOVA (nonparametric for HC ROI) and paired ¢ tests (one-tailed). *p < .05.

TFollowing this whole-brain analysis, we performed a ROL
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 c» (Z =
—0.56,p = 1), and ori (Z = —0.18, p = 1). In PHG, there
was a significant decrease in activation for cr, #(29) = —2.28,
b = .04, and no significant change of activation for fa,
1(29) = 1.07, p = .44, and ori, t(29) = —0.86, p = 1. Using
rmANOVA, we compared contrast estimates from the three
parametric modulators for fa, cr, and ori. In HC, we found a
trend for an effect of condition, F(2, 58) = 3.0, p = .058,
n?, = .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, nf) = .101. Paired ¢ tests showed that contrast esti-
mates in PHG were significantly higher for the parametric
fa than for the parametric cr response, £(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: £(29) = —1.05,p = 45,d =
—.193; fa_par vs. ori_par: #(29) = 1.58,p = .19, d = .289).

Regarding effects of how the factor Tives 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
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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
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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 same modified episode when
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 the middle temporal and superior parietal cor-
tex. Hypothesis-driven ROI analyses in ihe hippocampal
formation revealed that, whereas activation to later correct

1CJCLLIUUD U.CLLCdDCU. WlLll ICpCdLCu cncounter 'S,

activation

to later false alarms increased, as expected. To our knowl-
cdge, this is the first demonstration of a p cific and
dvnamic learnine effect induced by enigodic nrediction
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, ledrnmg 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
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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, 2()15)‘
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-cinguiate cortex. We refrain from broadiy 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—
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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 by more 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;
Pastotter, Eberle, Aue, & Bauml, 2017; Biuml, 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 on modifications in
episodes, we found evidence for decreasing activation as
one would associate it with decreasing effort of retrieval
(mods < mod.); this ettect 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 (1mod, > oris) > (modg > orig)
reveaied 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 elevaied brain
activation in areas associated with episodic recall (Nadel
ctal., 2007). Schiffer and colleagues (2013) detected activ-

itv in ACC and medial frontonalar cortex (BRA 10N whe
ty il ACLL and meGia: ironiopiar COrtex (oa 1v) wien

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-
nal models (Schiffer et al., 2013). As mentioned, 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 a more 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
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episodes compared with massed retrievals (Latimier,
Peyre, & Ramus, 2021; Lyle et al., 2020; YeckehZaare
et al., 2019; Kang, 2016; Gerbier & Toppino, 2015;
ﬂemhste[‘ 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
etal., 2017). In addition, some researchers suggest that the
first of muliipie retrieval sessions should occur shorily
after initial encoding, like in our paradigm, as this maxi-
mizes the likelihood of successful retrieval. HOWGV@‘L‘,
others argue that this limits the benefit for long-term
retention as the first retrieval might not be cffortful
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 & Bjork,
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; lidaka, 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 (mod,,assea > OVimassed) > (MOdspacea >
OTigpaceq) 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

retrieval times for modified, but not original, videos.
s of this study, we must
po

wer of modified videos

t
acknowledge that the statistical of modified video
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 ruie out the possibility that nuii-resuits 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 parictal arcas. Although these previous results
increase the reliability of our present results, further
research is still needed.

70

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 uniikely 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 ithe {MRI 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 recearch i

g needed to uinderstand the direct contribin
tner researcn 1s né trio

GEQ 1O unaersuanda e Girelt Con

€
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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Figure Al. Behavioral results from post-f[MRI memory test for all factors. Episodes had either been retrieved 8 or 2 times (factor Tives) following
a spaced or massed schedule (factor Scuepuie) before entering the fMRI session during which episodes were shown in an original or modified version
(factor MobIFicATIONR\R). 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.

APPENDIX B

To investigate the effects of previous retrieval SCHEDULE
on brain activation for modified episodes, we calculated
the contrasts mods,acea > MOApassea ANd MO ya550a >
MOdgpuceq (GLM2). Both contrasts did not reveal significant
activation with FDR correction. However, for mod,, sseq >
modyyuceq, We found subthreshold activation in cerebel-
lum (right hemisphere: 23 voxels, x = 42,y = —46,z =
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—31; left hemisphere: 24 voxels,x = =18,y = —61,z =
—43). No contrast for original episodes yielded signifi-
cant results. Subthreshold activation for orig > ori, was
found in the right superior frontal sulcus and insula, as
well as in the left middle frontal gyrus. For orig,uceq >
O¥l passea, W€ detected subthreshold activation in the left
central sulcus and in the superior temporal sulcus
(Table B1).
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Table B1. Peak Activations from Second-level Whole-brain Analyses of Retrieval Tives and Scuepute for Original Episodes

MNI Coordinates

Localization H Chuster Extent x y z t Value
orig > oris (uncorrected at p < .001)

Superior frontal gyrus R 19 21 59 23 3.83
Middle frontal gyrus 10 -39 53 17 3.77
Insula R 11 39 14 -16 4.43
OFispaced > OFtpmassea (Mncoriected 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.

APPENDIX C
To further understand the influence of previous
retrieval Tives and ScHepuLe 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 (mod, > oris) > (modg > orig) 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 (modassea > OVimassed) > (MOAspaced >
OFispaceq), We found a subthreshold activity in the bilat-
eral postcentral gyrus, left superior temporal gyrus,
and left amygdala (Table C1).

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

MNI Coordinates

Localization H Cluster Extent X y z t Value
(mod, > oriy) > (mods > orig) (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

(MOdmajsed > Orimassec{) > (mods‘paced > Oﬂspaced) (717’LCO7T€Cl€d ﬂtp < 00])

Postcentral gyrus

Superior temporal gyrus
Hippocampus
Superior temporal gyrus

Amygdala

L

= = = =

-

165 —48 —22 56 4.69
22 48 -13 32 4.16
9 66 —10 S 3.87

8 21 -7 -16 4.35
40 -39 8 =22 4.54
l.m. —30 2 -16 4.00

H = Hemisphere; MNI = Montreal Neurological Institute; L = Left; R = Right; BA = Brodmann’s area; . 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 ScHEDUIE, affected the stability of episodic memories
as indicated by better recall, we tested whether different
retrieval Tives were refiected in brain areas invoived 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

oaryen o Broy ettt nrral tienag te IO £/D1\ —

A
not u\,y\,uu Oil PILVIUUO ICricval uimeces i v, il4a1) =

~1.22,p = 23,d = —.261; My par = 0.014 = 0.020,

Mg par = 0.072 % 0.039, or PHG, t(21) —0.82, p
42 . d = —176: Me >

xLy O <4 /05 iz

0.056 = 0.048.

Acknowledgments

The authors thank Monika Mertens, Lena Puder, Simon
Wieczorek, Jamuna Halscheid, Leandra Feldhusen, and Anne
Glombitza for their help during data collection and Annika
Garlichs, Helena Sydlik, Christin Schwarzer and Yuyi Xu for
further assistance. We thank Falko Mecklenbrauck for helpful
comments on an earlier draft of this manuscript.

Reprint requests should be sent to Sophie Siestrup, Department
of Psychology, University of Munster, FliednerstrafSe 21, 48149
Munster, Germany, or via e-mail: s.siestrup@uni-muenster.de.

Data Availability Statement

The data sets generated for this study are available on
request to the corresponding author.

Author Contributions

Sophie Siestrup: Formal analysis; Investigation; Methodol-
ogy; Visualization; Writing—Original draft; Writing—
Review & editing. Benjamin Jainta: Formal analysis; Inves-
tigation; Methodology; Visualization; Writing—Original
draft; Writing—Review & editing. Sen Cheng: Conceptual-
ization; Writing—Review & editing. Ricarda I. Schubotz:
Conceptualization; Funding acquisition; Methodology;
Resources; Supervision; Writing—Original draft; Writing—
Review & editing.

Funding Information

This work was funded by the German Research Founda-
tion (Deutsche Forschungsgemeinschaft) — project num-
bers 419037023 and 419037518. The funders had no role
in study design, data collection, analysis and interpreta-
tion, decision to publish, or writing of the report.

310  Journal of Cognitive Neuroscience

Diversity in Citation Practices

Retrospective analysis of the citations in every article pub-
lished in this journal from 2010 to 2021 reveals a persistent
pattern of gender imbalance: Although the proportions of
authorship teams (categorized by estimated gender iden-
tification of first author/last author) publishing in the Jour-
nai of Cognitive Neuroscience (JoCN ) during this period
were M(an)/M = .407, W(oman)/M = .32, M/W = .115,
and W/W = .159, the comparable proportions for the arti-
cles that these authorship teams cited were M/M = .549,
W/M = 257, M/W = .109, and W/W = .085 (Postle and
Fulvio, JoCN, 34:1, pp. 1-3). Consequently, JoCN encour-
ages all authors to consider gender balance explicitly when
selecting which articles to cite and gives them the oppor-
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Abstract

Episodic memories can be modified, a process which is potentially driven by mnemonic
prediction errors. In the present study, we used modified cues to induce prediction errors of
different episodic relevance. Participants encoded episodes in the form of short toy stories and
then returned for an fMRI session on the subsequent day. Here, participants were presented
either original episodes or slightly modified versions thereof. Modifications consisted of
replacing a single object within the episode and either challenged the gist of an episode (gist
modifications) or left it intact (surface modifications). On the next day, participants completed
a post-fMRI memory test that probed memories for originally encoded episodes. Both types of
modifications triggered brain activation in regions we previously found to be involved in the
processing of content-based mnemonic prediction errors (i.e., the exchange of an object).
Specifically, these were ventrolateral prefrontal cortex, the intraparietal cortex and lateral
occipitotemporal cortex. In addition, gist modifications triggered pronounced brain-responses,
while those for surface modification were only significant in right inferior frontal sulcus.
Processing of gist modifications also involved the posterior temporal cortex and the precuneus.
Interestingly, our findings confirmed the posterior hippocampal role of detail-processing in
episodic memory, as evidenced by increased posterior hippocampal activity for surface
modifications compared to gist modifications. In the post-fMRI memory test, previous
experience with surface modified, but not gist modified episodes, increased erroneous
acceptance of the same modified versions as originally encoded. While surface level prediction
errors might increase uncertainty and facilitate confusion of alternative episode representations,
gist level prediction errors seem to trigger the clear distinction of independent episodes.

Keywords: fMRI, episodic memory, prediction error, memory modification

79



3.3 Minor Changes Change Memories

1 Introduction

Episodic memories allow us to vividly remember events from our personal past
(Tulving, 2002). These memories are not always exact, but can be modified on the basis of new
relevant information (Nader & Einarsson, 2010; Nader, 2015; Lee, Nader, & Schiller, 2017,
Scully, Napper, & Hupbach, 2017). Such modifications are potentially fueled by mnemonic
prediction errors (PEs) which occur when there is mismatch between what was expected based
on memories and the true situational evidence (e.g., Sinclair & Barense, 2019; Siestrup et al.,
2022). In that sense, PEs serve as learning signals to update internal predictive models, so that
we can maintain valid predictions in the long run (Friston, 2005; Friston & Kiebel, 2009;
Schubotz, 2015).

Memories include different kinds of details about experienced episodes which
potentially differ in their relevance for our predictions. While some perceptual and contextual
details are not relevant to the overall storyline of an episode, there are central details that
represent the episode’s gist (Robin & Moscovitch, 2017). It has been suggested that both types
of episode information, gist relevant and surface level details, are encoded and support memory
retrieval (e.g., Brainerd & Reyna, 2002). While some argue that the gist and details of episodes
are processed in two different traces (fuzzy trace theory; Brainerd & Reyna, 2002), a different
view is that episodic memories can generally be assessed from different levels of specificity
which exist on a continuum (Greene & Naveh-Benjamin, 2021). The gist of an episode can be
defined as “[...] the central features of a particular episode (story line)” (Robin & Moscovitch,
2017). Non-central details of an episode are much more likely to be forgotten (Sekeres et al.,
2016) or influenced by misinformation, specifically if such misinformation is in line with the
gist of the episode (Reyna & Lloyd, 1997; Reyna, Corbin, Weldon, & Brainerd, 2016).
Furthermore, gist information is highly relevant for guiding judgment and decision making

(Corbin, Reyna, Weldon, & Brainerd, 2015). It has even been proposed that the episodic
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memory trace only represents the gist of an episode, while non-central details are supplemented
from semantic memory during retrieval (Cheng, Werning, & Suddendorf, 2016). Taken
together, gist relevant and surface level details likely differ in their predictive relevance in the
context of episodic memory. Mnemonic PEs based on the two types of information should
te how unexpected episodic modific
that either do or do not change the gist of an episode influence brain activity and memory. We
previously demonstrated that subtle changes during episodic cueing lead to specific brain
responses for qualitatively different types of modifications, either affecting episode content or
structure (Siestrup et al., 2022). Furthermore, encounters with both types of modified episodes
induced false memories in a post-fMRI memory test (Siestrup et al., 2022; Jainta et al., 2022;
Siestrup, Jainta, Cheng, & Schubotz, 2023). In the present work, we focused on content
modifications and specifically manipulated the impact of those on the episodes’ gist.

In a first experimental session, participants encoded different episodes consisting of
short toy stories from video material. On the next day, participants returned for an fMRI session
during which they were presented originally encoded episodes or slightly modified versions
thereof. Episode videos were modified by the exchange of a single object (Siestrup et al., 2022).
While some of these modifications were irrelevant for the episode’s storyline (in the following
termed surface modifications), others intentionally changed it (in the following termed gist
modifications). This intended impact of the content modifications was validated in a behavioral
pilot study. On a third day, participants completed a post-fMRI memory test to probe memory
for originally encoded episodes. To this end, participants re-watched original as well as
modified episode videos and had to decide if these had been encoded during the first session.
Lastly, participants went through a rating task to assess their subjective evaluations of episode

modifications.
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We hypothesized that both types of modifications would trigger activation in specific
brain regions we previously identified to respond to content modifications in our paradigm
(Siestrup et al., 2022), including occipitotemporal cortex (OTC), fusiform gyrus (FG),

(posterior) intraparietal sulcus (IPS) and ventrolateral prefrontal cortex, specifically inferior

frontal gyrus (IFG) and inferior frontal sulcus (IFS) in the right hemisphere. These brain regions
ava lrmnczrn 4a lan walasrnmdt Fantlha tnwnnncciing afF fmewxr) alhiant 1iafawmantian 14 andinns MM QA scania
alrv NIV WIL WU UL 1CIvy Il 1Ul UuIv PlU\aCDDl 15 vl \ ICW} UUJC\/L HH11ULIIIALvll 111 avlulnn \LI'OUUI 11,

Trempler, Wurm, Fink, & Schubotz, 2019; Lingnau & Downing, 2015; Wiggett & Downing,
2011; Reber, Gitelman, Parrish, & Mesulam, 2005; Grill-Spector, Kourtzi, & Kanwisher,
2001). Modifications that change the gist of the story were expected to elicit more pronounced
activation in said areas due to their overall higher relevance for episode content and therefore
enhanced processing at both encoding and retrieval.

Additionally, we expected that there would be differences in brain activation between
the two types of content modifications, for example in the hippocampal complex. When a
modification leads to inconsistency with the known episode storyline, there could be increased
activation in areas relevant to novelty processing. In a previous study, we found that the
hippocampus (HPC) responded more strongly to novel compared to familiar episodes in our
paradigm (Jainta et al., 2022). Therefore, it is possible that gist modifications elicit stronger
hippocampal responses than surface modifications. Accordingly, parahippocampal areas were
found to be included in processing of scene gist (Schubotz & Von Cramon, 2009; Epstein, 2005;
Oliva & Torralba, 2006). However, it may be that surface modifications trigger stronger
activation in HPC than do gist modifications, as it has been suggested that the HPC is more
relevant to details in episodes and that gist representations become independent of the HPC, but
rather after longer delays between encoding and retrieval (e.g., Winocur & Moscovitch, 2011).
It has also been proposed that episode details are predominantly represented in posterior HPC,

while the anterior HPC processes episode gist (Robin & Moscovitch, 2017). Therefore, it is
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likely that both types of modifications trigger hippocampal activation, but the localization of
activity within HPC might differ between the two modification types. Aside from that, there is
evidence that episode gist is mediated by anterior cingulate cortex (ACC; Sekeres, Winocur, &

Moscovitch, 2018) and orbitofrontal cortex (OFC; Schubotz and von Cramon 2009), so

replicate our general finding that mnemonic PEs during the fMRI session trigger false memories
afterwards, putatively due to internal model updating (Schiffer, Ahlheim, Wurm, & Schubotz,
2012; Schiffer, Ahlheim, Ulrichs, & Schubotz, 2013). Therefore, one hypothesis was that
prediction violations lead to increased acceptance of modified episode videos as originally
encoded, potentially accompanied by a decreased acceptance for unmodified videos (Siestrup
et al., 2022; Jainta et al., 2022; Siestrup et al., 2023). As mentioned above, memories for non-
central details of episodes are usually less accurate. Therefore, we reasoned that memory
accuracy for originally encoded episodes, as assessed by false alarm and hit rates and, more
generally, the area under the curve (AUC; Brady, Robinson, Williams, & Wixted, 2022), might
be generally lower for surface than for gist modified episodes. In addition, prediction violation
through surface and gist modifications might influence subsequent memory differently, in line
with previous reports that surface level detail is more likely to be influenced by misinformation
(Reyna & Lloyd, 1997; Reyna et al., 2016). Thus, false memories might arise as a consequence

of prediction violation due to surface, but not, or to a lesser extent, due to gist modifications.
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2 Materials and Methods

2.1 Participants

Forty-two volunteers (28 women, 14 men) participated in the study. All were native
German speakers and right-handed as assessed by the Edinburgh Handedness Inventory
(Oldfield, 1971). Participants had (corrected-to-) normal vision, intact color perception, and
reported no history of neurological or psychiatric disorders. Data from three participants were
excluded from analyses due to increased movement during the fMRI session (two participants;
ca. 5 mm and 7 mm movement) and a benign anatomical abnormality of the brain that impeded
normalization (one participant). Two participants terminated the study preliminarily for
personal reasons. The final sample consisted of 37 participants (25 women, 12 men) between
the age of 18 and 29 years (Mage = 23 years, SD = 3.17 years). Similar sample sizes have
previously yielded stable results (Jainta et al., 2022; Siestrup et al., 2022). All participants gave
written informed consent to participate in this study and were reimbursed with course credits

or money. The study was conducted in accordance with the Declaration of Helsinki and

approved by the Local Ethics Committee of the University of Miinster.
2.2 Stimuli

The video stimuli were very similar to those used in our previous studies (Jainta et al.,
2022; Siestrup et al., 2022). We worked with 80 short videos (duration = 8.8 — 14.76 s, M =
12.31 s) which showed an actress manipulating PLAYMOBIL® toys. Only the toy objects and
the hands and arms of the actress were visible and filmed from above with a digital single-lens
reflex camera (Nikon D5300). For filming, the actress wore a black pullover and black rubber
gloves. Matt white paper served as a base. Objects that were needed for a particular story were

positioned on a table and were only moved into view in the moment at which they appeared in
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the story. Stories included six to nine action steps (M = 7.60 steps) and four to eleven separable
objects (M = 6.23 objects). The exact same object appeared in only one of the stories.
Video material was edited with Adobe Premiere Pro CC (Adobe Systems Software,

Dublin, Ireland, Version 12.1.2). Final video stimuli had a frame of size 1920 x 1080 pixels and

a frame rate of 25 frames per second. They always started with seven frames showing only
Tonlrsuniind (i hhita lhoca) aind A dAad afhiawn covrnn Funimmns chnssring tho Fiaal Aliand Ancdallods o
uauxgluu g \WlllLU Uﬂ.bU} dallu Cliucyu altll dSUVULL 11 allild dSIIVUwl ls UlIC 1i11ial UUJC\;L Lulwel1ialivll

Throughout the study, videos were presented using the stimulus presentation software
Presentation (version 20.3 02.25.19, NeuroBehavioral Systems, Berkeley, CA, USA) at a visual
angle of approximately 7.3° x 13°.

There were 24 stories that existed in three different versions each. The first version was
the original version which was used for encoding. Additionally, we created two modified
version. In those modified versions, one single object was exchanged compared to the original.
The new object was never just the same object in a different color; the new object diverged
from the old one in color and shape. In one modified version, the object exchange did not affect
the storyline (i.e., gist) of the episode. In the following, this type of modification will be referred
to as surface modification (sm). In the other modified version, the new object changed the
storyline, i.e., affected the gist of the episode (gist modification; gm). We validated our a priori
classification of sm and gm in a behavioral pilot study and confirmed that all modifications
could be identified by participants. Modifications were not introduced in the first two action
steps so that the beginning of a video served as a cue for prediction. No modifications were
introduced in the last two action steps either. The exact time point of the modification in each
video was determined by identifying the video frame which diverged from the original version.

For an example of an episode and its modified versions, see Figure 1.
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Original Surface modification Gist modification

Girl holds grey spade .

a o Girl holdg
S greys Giri helcs

* Yellow sunflower on soil * Yellow sunflower on soil * Black raven on soil

Figure 1. Example of episode modifications. Original (left) episodes were encoded by the
participants. In one modified version, the object exchange did not affect the storyline of the
episode (surface modification; here: grey spade is exchanged for red pitchfork). In the other
modified version, the new object changed the storyline (gist modification; here: yellow
sunflower is exchanged for black raven). Each participant only encountered one of the two
modified version of an episode. We do not reproduce photos of our stimulus material because
it is copyrighted material (PLAYMOBIL® figures); instead, we provide schematic images.

Two additional videos were used for practice trials for the encoding, fMRI and rating
tasks. One of those existed in only one version and one additionally had two modified
alternatives. Four more stories were first introduced in the fMRI experiment. They existed in

one version only and will be referred to as novels in the following.

2.3 Procedure

2.3.1 Encoding

The encoding session was conducted in a computer laboratory at the University of
Miinster and lasted on average 2 hours and 9 min. For encoding, participants sat at the setup
where the stimulus material had been filmed and wore black gloves like those seen in the video.
Episodes were encoded by watching each video five times. Afterwards, participants had to give
a detailed description to the experimenter, which had to include all objects (including their

color) and the correct order of actions in the story. If the participant made a mistake, the
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experimenter interrupted and corrected them, and the participant had to start the description
anew, until one completely correct description was given. On average, participants needed 1.54
description attempts per story (SD = 0.22). The context and interpretation of the story were

discussed and clarified, to ensure that all participants encoded the story the same way. Lastly,

to familiarize the participant with the task. At the end of the encoding session, participants

briefly practiced the tasks they would do during the fMRI session.
2.3.2 MRI session

The fMRI session was conducted on the day after the encoding. Participants went

through two experimental parts, which are described in the following.
Incomplete reminder

During the anatomical measurements, participants went through a so-called incomplete
reminder to initiate memory destabilization, presumably facilitating later modification (Sinclair
& Barense 2018, 2019). Each video that had previously been encoded was presented, but
interrupted during the step preceding the modification that would be presented during the fMRI
experiment (for example while retracting the hand). Videos that would be shown in the original
version during the fMRI experiment were shown in interrupted fashion as well. The time point
of the interruption then matched the modified version that was later presented as an alternative
in the memory test. It has been shown that allowing for complete retrieval following an
incomplete cue can enhance memory (Antony, Ferreira, Norman, & Wimber, 2017). Therefore,
participants had to solve a dummy task between incomplete video trials to prevent complete

retrieval. This task was introduced to the participants as ‘warm-up-task’. After each video, a

10
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number between 1 and 4 was presented for 300 ms and participants had to indicate via a button

press whether the number was odd (index finger) or even (middle finger).

SMRI experiment

The fMRI experiment closely followed our previously published protocol (Jainta et al.,
2022; Siestrup et al., 2022). During the fMRI session, participants were presented with videos
reminiscent of the previously encoded episodes. Videos were either displayed in the original
version as during encoding (8 videos), or in either the sm or gm version (8 videos each). Which
stories belonged to which conditions was balanced over participants. As reported previously,
all episodes were presented repeatedly to simulate natural circumstances that potentially benefit
memory modification (Siestrup et al., 2022; Schiffer et al., 2012, Schiffer, Ahlheim, et al.,
2013). Additionally, four novel stories were shown in the fMRI session for the first time.

The experiment consisted of six blocks. Each video was presented once per block.
Additionally, each block contained three null events during which only a fixation cross was
presented (duration: 7 — 10 s).

Participants were instructed to attentively watch the presented videos. They were told
that after some videos they were required to solve a quick task about the previously presented
video. Even though the participants were not aware of this, the task was merely included to
ensure the participants’ constant attention (EI-Sourani et al., 2019; Jainta et al., 2022; Siestrup
et al., 2022) and was not of interest for our actual research question. These task trials were
characterized by the presentation of two verbs left and right of the fixation cross. One verb was
closely associated with the video shown before, one was not at all associated with the video (as
validated by three experimenters). Importantly, verbs did not describe any action actually
depicted in the video and all associations remained intact in the case of modifications. The
participants’ task was to press the left button (index finger) if the left verb matched the video,

and the right button (middle finger) if the right verb matched the video. Whether the associated

11
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verb was presented on the left or right was pseudo-random and balanced between conditions
for each participant. The verbs were presented for a maximum of 3 s or until participants
responded. Upon response delivery, participants received 1 s written feedback whether they
answered correctly, incorrectly, or too late, in case no response was given. Each video was

followed by a task trial twice during the experiment, resulting in a total number of 56 tagk trials

....... periment, regultin

A fixation cross was presented between trials for 2 s (1 s after task trials) to serve as an
interstimulus interval. Additionally, a variable jitter of 0, .5, 1 or 1.5 s of fixation was added
before each trial to enhance the temporal resolution of the BOLD response (Figure 2). In total,
the fMRI task had a duration of approximately 48 min. Transition probabilities were balanced

between different trial types over the whole experiment.

Video trial:  lJitter Video (ca.9-155) Fixation (2s)

+ Study

Task trial: Jitter! Task (max.3s) ! Feedback (1s) ! Fixation (1;)

Button press: left/right

Figure 2. Schematic depiction of task during fMRI session. Video trials were comprised of
a variable jitter (0, 0.5, 1, or 1.5 s of fixation), a video showing a toy story (ca. 9— 15 s) and a
2-s interstimulus interval (fixation). Task trials included a variable jitter and the presentation of
two verbs (maximally 3 s long or terminated by response). The participants’ task was to press
the left or right button depending on which verb was more closely associated with the
previously seen story. The 2-s interstimulus interval after the task was divided into a 1-sec

2 e

feedback (“correct”, “incorrect”, “too late”) and a 1-sec fixation.

12
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2.3.3 Post-fMRI memory test

The post-fMRI memory test was conducted on the day after the MRI session and
followed a similar protocol as previously reported (Jainta ct al., 2022; Sicstrup ct al., 2022).
Participants were not informed that their memory for encoded episodes would be tested at any
time during the experiment.

Participants were seated in front of a computer and instructed to remember the encoding
session. Then, they were presented all stories in two different versions. When modified videos
had been presented during the fMRI experiment, these versions were presented again in the
memory test and additionally, each original counterpart was presented. When original episodes
had been presented during the fMRI experiment, they were presented again and additionally,
each story was displayed either with a surface or a gist modification (in half of the cases each).
Videos were presented in a pseudo-randomized order, so that half of the stories (of each
experimental condition) were first presented in their original version followed by a modified
version and vice versa. Novel videos were displayed twice in the same version. Versions of the
same episode were not displayed in direct succession but with minimally two other videos in
between. In total, the memory test comprised 56 video trials.

After each video, participants had to rate how confident they were that they had encoded
exactly this episode, using a Likert scale from 1 to 6 (with 1 =100 % no, 2 =80 % no, 3 = 60
% no, 4 = 60 % yes, 5 = 80 % yes, 6 = 100 % yes). Participants were instructed to respond

quickly and intuitively. The duration of the task was approximately 15 min.

2.3.4 Rating task

The rating task was conducted after the post-fMRI memory test on the third day of the
study. Each original video was presented, followed by the same moditied version that had been
presented in the fMRI and/or memory test. Participants had to press a button as soon as they
noticed the change in the modified video. The video was played completely and not interrupted

13
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by the response. Participants were instructed to carefully watch the full video. They then were
explicitly asked if they noticed a change or not and had to respond via a button press. This
question was included to allow participants who missed to indicate the modification during the

video to still rate the modification if they had seen it. If participants answered ‘no’, no further

questions were displayed. If they had noticed the change, they were asked how unexpected they
mnmanitrad tlha Anitannt e~ AL Aandtinin i o T ilonwdt canla Fanon 1 4 £ (exdla T — N0/ onan Avreann 41 D —
PClelVUu LIC COUILILCIIL 1HT1IUULLIVAllVUll Ul a LJIKRCLL dLall 11VUlll 1 WU v \Wll.ll 1 v /0 ullCAPCULCU, V9

20 % unexpected, 3 = 40 % unexpected, 4 = 60 % unexpected, 5 = 80 % unexpected, 6 = 100
% unexpected; PE rating). Importantly, they were instructed to rate the unexpectedness in
reference to the original story and to not consider that they might have noticed the modification
previously during the experiment. Next, they were asked how much the change affected the
story of the episode on a Likert scale from 1 to 6 (with 1 =0 % different, 2 = 20 % different, 3
=40 % different, 4 = 60 % different, 5 = 80 % different, 6 = 100 % different; story-change
rating). Lastly, the participant had to describe the modification orally to the experimenter. The
task was self-paced so that participants always started a new video themselves via a button

press. The duration of this task was approximately 20 min.
2.4 MRI data acquisition and preprocessing

MR imaging was conducted with a 3-Tesla Siemens Magnetom Prisma MR tomograph
(Siemens, Erlangen, Germany) using a 20-channel head coil. Participants lay supine on the
scanner bed. Movements of head, arms and hands were minimized by fixation with form-fitting
cushions. The participants’ right index and middle finger were positioned on the two
appropriate buttons on a response box. To attenuate scanner noise, participants were provided
with earplugs and headphones. Visual stimuli were presented via a screen that participants saw
through a mirror mounted on the head coil.

Prior to functional imaging, high resolution T1 weighted anatomical images were

obtained with a 3D-multiplanar rapidly acquired gradient-echo (MPRAGE) sequence (scanning
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paramters: 192 slices, slice thickness = 1 mm, TR = 2130 ms, TE = 2.28 ms, flip angle = 8°,
FoV = 256 x 256 mm?). Functional images of the whole brain were acquired in interleaved
order along the AC—PC plane using a gradient-echo echoplanar imaging (EPI) sequence to

measure blood-oxygen-level-dependent (BOLD) contrast (scanning paramters: 33 slices, slice

implemented in MATLAB (version R2020b, The MathWorks Inc., Natick, MA, USA).
Preprocessing included slice time correction to the middle slice, movement correction and
realignment to the mean image, co-registration of the individual structural scans to the mean
functional image, normalization of functional and structural images into the standard MNI
space (Montreal Neurological Institute, Montreal, QC, Canada) on the basis of segmentation
parameters and spatial smoothing using a Gaussian kernel of full-width at half maximum

(FWHM) of 8 mm. A 128 s high-pass temporal filter was applied.
2.5 Statistical data analysis

2.5.1 fMRI data analysis
Design specifications

FMRI data were analyzed using general linear models (GLM) for serially autocorrelated
observations (Friston et al., 1994; Worsley & Friston, 1995) implemented in SPM12.
Regressors were convolved with the canonical hemodynamic response function. We used the
smoothed individual normalized grey matter image (8§ mm FWHM) which was thresholded at
.2 using ImCalc in SPM12 to create a binary grey matter mask which was applied at the first
level of analyses.

The first model (GLM1) included 15 regressors. These were original videos (ori), videos

containing a surface modification (sm) and videos containing a gist modification (gm), each
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comprising 48 trials. For modified videos, onsets of events were time-locked to the point in the
video at which the modification occurred (time of modification). For ori trials, a hypothetical
time of modification was calculated (mean of times that corresponded to points of sm and gm

in the non-modified video) to serve as a comparable onset. As reported previously (Siestrup et

of those regressors to model the repeated presentation of each video (descending coding). The
24 novel videos were modeled as events and onsets were timed to the middle of each video.
Additionally, regressors for the 18 null events and 56 task trials were included, with onsets
time-locked to their respective onsets. Null events were modeled as epochs, including the full
presentation time (7 — 10 s). Task trials were modeled as events. The six subject-specific rigid-
body transformations obtained from realignment were included as regressors of no interest. In
sum, GLM1 included 15 regressors.

To control for participants’ individual variation in the perception of sm and gm, as
assessed by the rating task, we computed a second GLM2. Trials for ori and novel videos, null
events and tasks were modeled as described for GLM1. Modified videos were not separated
into sm and gm, but included in the model as one regressor (mod) to which we added a
parametric modulator comprised of the participants’ story-change rating for each video
obtained from the rating task. No further parametric modulators were added. Including
movement parameters, GLM?2 comprised 12 regressors. The parametric analysis of differences
between sm and gm gave rise to highly similar results as those we report for GLM1 with our a

priori classification of modification types.

Whole brain analysis

We calculated first-level-7-contrasts for sm > ori and gm > ori as well as the direct

contrasts sm > gm and gm > sm to analyze brain activity in response to the different
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modification types. Additionally, we calculated the reverse contrasts, ori > sm and ori > gm to
further validate the specificity of modification responses. Second-level group analyses were
conducted with one-sample #-tests across participants. Furthermore, we computed the first-

level-t-contrasts for each type of video vs. novel (nov) videos (ori > nov, sm > nov, gm > nov)

applied false discovery rate (FDR) correction with a threshold of p <.05 or higher (voxel level)
to resulting ~-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). Generally, we only report clusters with a minimum number of 10 voxels.
Brain activation was visualized with MRIcroGL (version 1.2.20200331, McCausland Center

for Brain Imaging, University of South Carolina, USA).

Region of interest analysis

With regard to our hypotheses, we performed region of interest (ROI) analyses to more
specifically investigate which brain areas are in involved in the processing of sm and gm. We
hypothesized that both, sm and gm, activate brain regions we identified to be involved in the
processing of content modifications in general in our paradigm. We used functional ROIs of
these regions, namely right IFS, bilateral OTC and IPS (Siestrup et al., 2022), and extracted
mean contrast estimate values from the sm > ori and gm > ori contrasts using the MarsBar
Toolbox (Brett, Anton, Valabregue, & Poline, 2002). Functional ROIs were created from the
peak voxel coordinates we identified in our previous study (Siestrup et al., 2022) (rIFS: x =42,
y=8,z=32;10TC: x=-42,y=-58,z=-7;1OTC: x =51,y =-52,z=-10; lIPS: x =-27,y = -
61, z = 50; rIPS: x = 33, y = -67, z = 35), which served as central points for spheres with a

diameter of 6 mm.
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Furthermore, we investigated the influence of sm and gm on activation in anterior HPC
and posterior HPC. For creating hippocampal ROIs, we used the automated anatomical labeling
atlas (Tzourio-Mazoyer et al., 2002) from the Wake Forest University (WFU) Pickatlas toolbox

(Maldjian, Laurienti, Kraft, & Burdette, 2003) in SPM12 to extract maps of the left and right

HPC. To divide the HPC into anterior and posterior sections, we used an anterior-posterior
Tnwdan ot — D1 (DAaiannal Txrnngmmmen Macansadalh O NTadal INTAN TA axsraid anmdaimaiinat: ~e
vvulrucl l)/ =41 \1 UPPCIII\, LS VUIISITIIVUCIL, 1VIUDSLUVIWIL, & INaull, LUIJ}. 1V avulu Lulliwalliiiauivlil

between the two sections, a 2 mm coronal gap was introduced from this border in anterior and
posterior directions (Li, Li, Wang, Li, & Li, 2018; Guo et al., 2020). Contrast estimates were
extracted for sm > ori and gm > ori from anterior HPC and posterior HPC, aggregated over both
hemispheres.

Contrast estimates for sm > ori and gm > ori were subjected to one-tailed one-sample #-
tests to check for significant activation within ROIs. Further, we used one-tailed paired #-test to
compare contrast estimates from sm > ori and gm > ori, according to our hypotheses for each
ROL P-values obtained from one-sample #-tests were Bonferroni-corrected for multiple

comparison within each ROL.
2.5.2 Behavioral data analysis

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

To test the hypothesis that repeated presentations of modified videos during the fMRI
decrease in memory accuracy in the post-fMRI memory test, we computed the area under the
curve (AUC; Brady et al., 2022), as well as false alarm and hit rates (ratings 1, 2 and 3
aggregated as “rejection” and 4, 5 and 6 as “acceptance”). Additionally, we considered reaction
times from the post-fMRI memory test, as longer reaction times in memory tasks are believed
to be indicative of increased retrieval difficulty due to higher cognitive processing demands

(Larsen & Plunkett, 1987; Noppeney & Price, 2004). For the analysis of AUC, hit rates, false
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alarm rates and reaction times for modified videos in the post-fMRI memory test (modifiedmr),
a 2 x 2 within-subject factorial design with the factors MODIFICATIONEmr: (yes, no) and
VERSIONMmT (sm, gm) was applied. For analyzing reaction times for original videos in the post-

fMRI memory test (originalmr), we applied a within-subject design with the factor VERSIONgmR1

change ratings from the rating task. Further, we considered the reaction time to notice changes
in modified videos. The same 2 x 2 within-subject factorial design as described above was
applied. In individual cases, participants’ story-change ratings were inconsistent with our a
priori classification. On average, these were 1.70 out of 24 videos per participant. To address
this individual variation, we repeated all behavioral analyses with individually rearranged sm
and gm conditions, which consistently gave rise to the same results we report on the basis of
our a priori classification.

Furthermore, we analyzed the behavioral data from the cover task in the fMRI session
by calculating the error rate and mean reaction time according to the within-subject factor
VERSIONFMRI (0ri, sm, gm, nov) per participant. In only 0.77 % of all question trials, no response
was given so that these trials were not further considered in the analysis.

For all reaction time analyses, only trials with correct answers were considered. Further,
extreme outliers in reaction time (as defined as values above quartile 3 + 3 * interquartile range
(IQR) or lower than quartile 1 — 3 * IQR) were removed from each participant’s data. Reaction
times were averaged over all trials of the same factorial combination for each participant. For
choosing statistical tests, data were inspected for normal distribution using the Shapiro Wilk
Test and checked for extreme outliers. When data were normally distributed or could be
transformed to fit normal distribution (reaction times from memory test and rating task;

logarithmic transformation) and included no extreme outliers, we used conventional repeated
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measures analyses of variance (rmANOVA). When the prerequisites for parametric analysis
were not met, we applied non-parametric rmANOVA based on aligned rank-transformed data
(package ARTool; Wobbrock et al., 2011). Post-hoc pair-wise comparisons were conducted

with paired #-tests or Wilcoxon signed rank tests (one-tailed with respect to the hypotheses,

was applied, and we report Bonferroni-corrected p-values for pair-wise comparisons
(Bonferroni, 1936). If the assumption of sphericity was violated (Mauchly's test of sphericity),

we report Greenhouse-Geisser-corrected degrees of freedom and p-values.

3 Results

3.1 Behavioral pilot study

We conducted a behavioral pilot study in an independent sample with 18 participants
(Mage = 23.839 years, SD =4.730, age range = 18 — 32 years, 15 women, 3 men) to validate the
suitability of our stimulus material and procedure. Participants encoded episodes the same way
as participants of the fMRI study did. On the next day, participants returned to complete a
memory test and a rating task. Both were conducted as described for the main study.

In total, memorability of all videos was comparable, as we did not detect any extreme
outliers in AUC per video (M = .950 £ .010). As expected, participants showed a reduced
memory performance in the sm condition compared to the gm condition (Msm=.907 £+ .013;
Mem = 995 £ .003; Z = -3.88, p < .001) in the memory test. While we expected that all
modifications, no matter if sm or gm, could be visually identified by the participants, it might
take longer to become subjectively aware of sm due to the smaller impact on the storyline.
Indeed, participants did not miss significantly more sm than gm (Msm = 0.278 + 0.135, Mgm =

0.0 £0.0; Z=-1.70, p = .089). Over the whole pilot study, five out of 24 sm were missed only
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once each; gm were never missed. When analyzing the time it took participants to notice the
modifications in the rating task, we did not detect a significant difference between conditions
(Msm = 907.682 + 75.694 ms, Mem = 822.913 £ 64.316 ms; 717)=-1.44 , p = .084). The rating
for the change of storyline was significantly higher for gm than for sm (Msm = 1.304 £ 0.059,

xpected. Therefore, we validated that sm and

3.2 FMRI Results

3.2.1 Behavioral performance during fMRI session

During the fMRI session, participants solved a cover task during which two verbs were
presented after some videos and participants had to indicate which verb was more closely
associated with that vidco. A non-paramctric rmANOVA on crror rates with the factor
VERSIONFMmrI (Ori, sm, gm, nov) did not reveal significant differences (F(3,108) = 0.22, p = .883,
np?=0.01). For all factor levels, error rates were generally low (Mori = .061 £.009; Mo =.056
+.011; Mgm =.058 +.009; Mnoy =.100 £ .024). VERSIONFMmr1 had a significant effect on reaction
times in the fMRI task (F(3,108) = 7.89, p < .001, np? = 0.18). Post-hoc paired #-tests revealed
that participants took significantly longer to respond in the task after novel videos than after
any other version (ori vs. nov: f3e) = -4.08, p = .001; sm vs. nov: fze)= -3.35, p =.012; gm vs.
nov: f3e) = -3.48, p = .008; Moi = 1267.910 £+ 35.721 ms; Msm = 1275.592 + 32.560 ms; Mgm =
1277.184 £ 33.558 ms; Mnoy = 1328.929 + 35.486 ms), while other pair-wise comparisons did

not reach significance (¢36)> -0.80, p = 1).
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3.2.2 Whole brain analysis

Neural responses to modified episodic cuein
/' J /' (=]

To investigate which brain regions respond to surface or gist modification in episodic
cueing, we calculated the contrasts gm > ori and sm > ori. To better understand differences
between different types of episodes, we also computed the reverse contrasts, ori > gm and ori
> sm.

In contrast to original episodes, gist modified episodes elicited activation in bilateral
IPS, inferior frontal junction (IFJ), IFS (BA 45), and FG. Additionally, we found significant
activation in right angular sulcus, inferior temporal sulcus, (posterior) middle temporal gyrus
(PMTG), and posterior superior temporal sulcus (pSTS) (Table 1, Figure 3A). The reverse
contrast (ori > gm) revealed reduced activation of several brain regions in gist modified
episodes. These were bilateral pregenual anterior cingulate cortex (ACC), right superior frontal
sulcus (SFS) and left midcingulate cortex (MCC) (Table 1, Figure 3C). Interestingly, this
deactivation pattern was reminiscent of the one we previously reported for novel episodes
compared to reactivated ones (Siestrup et al., 2022; Jainta et al., 2022).

For surface modified episodes compared to original ones, we did not detect significant
activation after correction for multiple comparisons. There was subthreshold activation
(uncorrected, p <.001) in hypothesized brain regions, which were the right IPS and an inferior
frontal area (IFJ), as well as left FG. Additionally, activation clusters were located in right
medial superior frontal gyrus (SFG; BA 8), caudate nucleus and anterior insula (Table 1, Figure
3B). The reverse contrast (ori > sm) did not yield significant activation with correction for
multiple comparisons. Subthreshold activation clusters were found in bilateral pSTS, as well as

in left postcentral sulcus, posterior MTG and middle occipital gyrus (Table 1).
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Table 1. Whole-brain activation for contrasts of modified with original episodes at FDR p
<.05/uncorrected at p <.001 (voxel level)

Cluster MNI Coordinates
Localization H cxtent X y z t-valuc

gm > ori (FDR-corrected at p <.05)
Posterior intraparietal R 37 36 -55 47 4.83
sulcus

L 24 =27 -55 44 4.02
Inferior frontal junction L 74 -42 -1 35 5.72

R 205 39 5 32 6.47
Inferior frontal sulcus R l.m. 45 29 20 6.16
BA 45

L 10 -39 29 17 3.83
Angular sulcus R 24 42 -64 29 4.11
Posterior superior R 37 48 -46 23 4.26
temporal sulcus
Posterior middle R Lm. 45 -49 11 3.75
temporal gyrus
Inferior temporal R 107 48 -46 -10 6.27
sulcus
Fusiform gyrus R Lm. 36 -43 -16 5.04
Middle temporal gyrus R L.m. 63 -46 -7 3.88
Fusiform gyrus L 76 -42 -46 -13 5.49
ori > gm (FDR-corrected at p <.05)
Superior frontal sulcus R 10 27 41 41 4.21
Midcingulate cortex L 22 -3 -10 38 4.29
Middle occipital gyrus L 39 -18 -97 5 5.40
Pregenual anterior L 252 -6 35 -1 5.79
cingulate cortex

R L.m. 9 41 -1 4.99
sm > ori (uncorrected at p <.001)
Posterior intraparietal R 14 33 -55 47 3.81
sulcus
Medial superior frontal R 20 3 29 44 4.01
gyrus (BA 8)
Inferior frontal junction R 20 39 5 35 4.43
Caudate nucleus R 10 12 2 23 4.59
Anterior insula R 19 33 26 -7 4.04
Fusiform gyrus L 14 -30 -49 -16 3.95
ori > sm (uncorrected at p <.001)
Postcentral sulcus L 30 -48 -22 38 4.60
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Posterior middle L 181 -54 -61 11 5.03
temporal gyrus

Posterior superior L l.m. -51 -46 11 4.55
temporal sulcus

Middle occipital gyrus L L.m. -48 -79 8 3.60
Posterior superior R 34 48 -37 11 4.04
temporal sulcus

Note: 11 = [lemisphere, MNI = Montreal Neurological Institute, L = Left, R = Right, BA =
Brodmann Area, I.m. = local maximum. Only clusters with a minimum extent of 10 voxels

are reported.
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A gm > ori sm > ori

36 37 38 39 40

FDR p < .05 (voxel level)

t t
3.4 35 3.6 37 3.8 3.4 35 3.6 3.7 3.8

FDR p < .05 (voxel level) Uncorr.p <.001

Figure 3. Whole-brain activation for episodic modifications compared to original
episodes. (A) FDR-corrected (p <.05) ¢~-map for gm > ori contrast. (B) Uncorrected (p <.001)
t-map for sm > ori contrast. (C) FDR-corrected (p < .05) #-map for ori > gm contrast. pSTS =
posterior superior temporal sulcus; pMTG = posterior middle temporal gyrus; IFS = inferior
frontal sulcus; IPS = intraparietal sulcus; FG = fusiform gyrus; IFJ = inferior frontal junction;
INS = insula; mSFG = medial superior frontal gyrus; MCC = midcingulate cortex; ACC =
anterior cingulate cortex; SFS = superior frontal sulcus. Ori = original; sm = surface
modification; gm = gist modification.
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Additionally, we calculated the direct contrasts between both modification types (gm >
sm, sm > gm). Compared to surface modifications, gist modifications elicited significantly
higher activation in bilateral IFJ/IFS (BA 44, 45), pMTG, pSTS and FG. Additionally, activity

was increased in left IPS and right precuneus and postcentral sulcus (Table 2, Figure 4A).

Table 2. Whole-brain activation for direct contrasts of different episodic modifications at
FDR p <.05 (voxel level)

Cluster MNI Coordinates
Localization H extent X y z t-value

gm > sm (FDR-corrected at p <.05)
Posterior intraparietal L 18 -33 -58 41 3.56
sulcus
Precuneus R 56 6 -55 41 3.66
Postcentral sulcus R 29 57 -13 35 3.95
Inferior frontal junction L 121 -39 5 29 6.30
Inferior frontal sulcus (BA L Lm. -42 20 26 5.39
44)
Inferior frontal junction R 105 39 14 26 5.22
Inferior frontal sulcus (BA R Lm. 48 29 20 4.65
45)
Posterior middle temporal R 540 60 -61 8 7.17
gyrus
Posterior superior temporal R L.m. 48 -43 17 5.07
sulcus
Posterior middle temporal L 382 -45 -64 14 5.25
gyrus
Posterior superior temporal L Lm. -54 -49 14 4.75
sulcus
Fusiform gyrus L 36 -42 -46 -13 5.70

R 29 42 -49 -16 4.88
sm > gm (FDR-corrected at p <.05)
Superior frontal sulcus R 88 18 53 35 5.32
Midcingulate cortex L+R 18 0 -16 32 3.80
Pregenual anterior R 584 6 35 11 8.88
cingulate cortex
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L.m. -6 35 2 6.73

L
Cuneus/Calcarine sulcus L 12 -6 -97 5 3.76

el

C, 1vil

Brodmann Area. 1.m. = local maximum. Only clusters with a minimum extent of 10 voxels
are reported.

I\’ 18] al INCLL 1. Lell, ko

Note: H = Hemisphere, MNI = Montreal Neurological Institute, L = Left, R = Right, BA =
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A gm >sm

AT s
’

pSTS/
PMTG

35 3.7

3.6 3.8

FDR p < .05 (voxel level)

t

3.1 3:2 33 3.4 3.5

FDR p < .05 (voxel level)

Figure 4. Whole-brain activation for direct contrasts of different episodic modifications.
(A) FDR-corrected (p < .05) t~-map for gm > sm contrast. (B) FDR-corrected (p <.05) #-map
for sm > gm contrast. pSTS = posterior superior temporal sulcus; pMTG = posterior middle
temporal gyrus; IFS = inferior frontal sulcus; IPS = intraparietal sulcus; PCUN = precuneus;
FG = fusiform gyrus; MCC = midcingulate cortex; ACC = anterior cingulate cortex; SFS =
superior frontal sulcus. Sm = surface modification; gm = gist modification.
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Neural effects of episodic reactivation

Aside from our main research question, we
concerning the neural cffects of cpisodic recall compared to novel episodes. To this end, we
calculated the conjunction of the three contrasts ori > nov, sm > nov and gm > nov. In fact, we
detected activation in previously identified brain regions. These were bilateral pACC, LG,
cuneus, precuneus, PCC, angular gyrus (AG), MFG and left insula (Siestrup et al., 2022; Jainta
et al., 2022). Additionally, we found activation in bilateral SFS and MTG, as well as left STS

and putamen (Table 3, Figure 5).

Table 3. Whole-brain activation for episodic recall at FDR p < .001 (voxel level)

Cluster MNI Coordinates
Localization H extent X y z t-value
(ori > nov) N (sm > nov) N (gm > nov) (FDR-corrected at p <.001)
Superior frontal gyrus L 10 -9 26 59 4.23
L 41 -9 44 44 4.60
Middle frontal gyrus L 38 -36 23 50 5.09
R 38 36 23 41 5.23
Angular gyrus L 160 -51 -64 44 6.89
R 114 51 -64 44 6.83
Pregenual anterior cingulate L 1379 -6 50 2 7.00
cortex
R L.m. 9 50 -1 6.21
Superior frontal sulcus R L.m. 21 47 32 6.60
Lingual gyrus RHL) 3210 9 -82 -1 12.21
Cuneus L+R Lm. 0 -88 20 11.10
Calcarine sulcus L(+R) l.m. -6 -79 11 10.97
Precuneus, extending into L+R L.m. 0 -76 38 9.95
posterior cingulate cortex
Superior temporal sulcus L 72 -66 -31 -4 5.55
Middle temporal gyrus L L.m. -63 -28 -13 4.33
R 44 63 -22 -16 5.47
Anterior superior temporal L 26 -51 8 -25 4.51
sulcus
Putamen L 24 -24 5 -4 4.28
Insula L l.m -36 11 -7 4.12
Anterior middle frontal gyrus R 11 45 53 -4 4.28
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3.3 Minor Changes Change Memories

Note: H = Hemisphere, MNI = Montreal Neurological Institute, L = Left, R = Right, BA =
Brodmann Area, l.m. = local maximum. Only clusters with a minimum extent of 10 voxels

are reported.

(ori > nov) N (sm > nov) N (gm > nov)

4.0 4.1 4.2
FDR p <.001 (voxellevel)

Figure 4. Whole-brain activation for episodic recall compared to novel videos. FDR-
corrected (p <.001) #~-map for conjunction of ori > nov, sm > nov and gm > nov contrasts. ACC
= anterior cingulate cortex; PCC = posterior cingulate cortex; PCUN = precuneus; CUN =
cuneus; SFG = superior frontal gyrus; MFG = middle frontal gyrus; AG = angular gyrus; INS
= insula. Ori = original; nov = novel; sm = surface modification; gm = gist modification. For a
smoother visualization of the conjunction, the #-map was resampled to a resolution of 1 mm3
voxels.

3.2.3 Region of interest analyses

To more specifically investigate which brain areas are in involved in the processing of
sm and gm, we performed ROI analyses. We used functional ROIs (rIFS, OTC, IPS) of regions
that responded to content modification, i.e., object exchanges, in our previous study (Siestrup
etal., 2022), to test our hypotheses that (1) both types of modifications elicit activation in these
areas and (2) that activation in these regions is stronger for gist than for surface modifications.
Further ROIs were the anterior and posterior HPC to test whether gist and surface modifications
differ regarding long-axis hippocampal activation. Mean contrast estimates were extracted from

sm > ori and gm > ori contrasts.
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In rIFS, there was significant activation for both, sm and gm in contrast to ori (sm: M=
0.403 + 0.133, #36) = 3.03, p = .005; gm: M = 0.829 + 0.148, #36) = 5.62, p < .001). A paired
one-tailed t-test revealed that activation was greater for gm than for sm (736 = -3.27, p = .001).

In the OTC ROI, gm showed significant activation (M = 0.383 £ 0.080, 3¢ = 4.79, p <.001),

while there was a non-significant trend for activation in sm (M= 0.147 + 0.078, #36,= 1.90, p
— NELN O nnditinm agmm alinitad ciagnifaantlc hiohan anticatinm thon cme {4 — NE . — N1
UUU). Coliuiuulil s 11 Clivilcu Dlé JI RV lLly lllsllCl avllvaliull ulall Siil \l(_j()) 'L.JJ,}/ UIL}

Likewise, gm led to significant activation in the IPS ROI (M = 0.430 + 0.132, 136y = 3.25, p =
.002), while this was not the case for sm (M = 0.138 = 0.111, f3s) = 1.25, p = .219). The
difference between the two modification types was significant (#3¢) = -2.30, p = .014).

In anterior HPC, neither type of modification elicited significant activation (sm: M =
0.026 + 0.033, #36) = 0.78, p = .438; gm: M = 0.033 £ 0.044, t36) = 0.75, p = 0.458) and they
did not differ significantly (#3¢) = -0.15, p = .442) (Figure 6A). In posterior HPC, we found a
non-significant trend for activation for sm (M = 0.066 + 0.036, #36 = 1.84, p = .074), but not
gm (M=-0.021 £+ 0.041, #36) = -0.51, p = 1). Activation was significantly stronger for sm than

for gm (¢36) = 2.04, p = .025) (Figure 6B).

A anterior HPC B posterior HPC
0.100 - 0.150 - «
g 0080 1 2 0100 { T
© ©
£ 0.060 - £
2 © 0.050
(0] (0]
2 0.040 4 2
@ @ 0.000 4
5 0.020 5
5 5
O 0.000 - O -0.050 1
-0.020 - -0.100 -
sm>ori gm>ori sm>ori  gm> ori

Figure 6. ROI analysis of bilateral anterior and posterior hippocampus (HPC). Contrast
estimates were extracted from contrasts sm > ori and gm > ori. Statistics: One-sample 7-tests
and paired t-tests (one-tailed). t =p <.1, * = p <.05.
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3.3 Post-fMRI memory test

In the post-fMRI memory test, participants were presented modified episodes from the
fMRI session and additionally, their originally encoded counterparts. Episodes which had
appeared in the original version during scanning were now presented in the original and,
additionally, one modified version. After each video, participants had to rate how confident
they were that they had originally encoded exactly this episode.

We calculated a non-parametric rmANOVA with the factors MODIFICATIONEmR1 (yes,
no) and VERSIONMT (sm, gm) to analyze AUC values as a measure of memory performance in
the post-fMRI memory test. There was a significant effect of MODIFICATIONgmr1 (£7(1,36) = 18.94,
p <.001, yp? = .34), as lower AUC values were achieved when participants had previously
encountered modified episodes during the fMRI session (Myes =.906 = .010; Mno=.936 +.010).
Additionally, there was a significant effect of VERSIONmT (F(1,36) = 239.97, p <.001, np? = .87),
driven by higher AUC values for gm than for sm versions (Msm = .853 = .016; Mem = .988 £
.004). Furthermore, the interaction between MODIFICATIONgmRrI and VERSIONMT was significant
(Faze) = 12.35, p=.001, yp? = .26). Post hoc Wilcoxon tests revealed that AUC values were
only reduced significantly by previous experience with modified versions for sm (Z =-2.97, p
=.0006) but not for gm (Z = -1.00, p =.634) (Figure 7A).

Notably, AUC scores obtained from the pilot study and the main study when only
originals were considered from the fMRI session, i.e., when participants did not have any
previous experience with modified episodes before the memory test, were highly similar (pilot
study: Msm=.907 £ .013; Mgm = .995 £ .003; main study: Myo-sm = .882 £ .019; Myp-gm=.990 £
.000).

To more specifically investigate the influence of modified episodic cueing on memory,
we additionally analyzed the false alarm and hit alarm rates. Using a non-parametric

rmANOVA, we found a significant effect of the factor MODIFICATIONFwMR] on false alarm rates
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(Fuze) = 41.59, p < .001, np? = .54), which were higher when modified episodes had been
experienced already during the fMRI session (Myes = .188 = .017; My = .118 + .018).
Additionally, there was a significant influence of VERSIONwmT (F(1,36) = 473.63, p <.001, np? =

.93), as participants had a higher tendency to falsely accept sm versions compared to gm

Wilcoxon tests showed that there was only an increase in false alarms for sm (Z =-3.29, p =
.003), but not for gm (Z = -1.47, p = .284) when participants had previously seen modified
versions during scanning (Figure 7B). Hit rates were close to ceiling for all experimental
conditions (Myes-sm = .929 £ .020; Myes-gm = .949 + .014; Mnosm = .932 + .023; Mhuo-gm = .966 +
.014) and were neither significantly affected by the factor MODIFICATIONgmrI (F(1,36) = 1.84, p
= .184, np? = .05), VERSIONMT (F(1,36) = 0.02, p = .899, #p? = .00) nor an interaction of both
(Fajz6=0.23, p=.631, np*>=.01) (Figure 7C).

For modifiedmr videos, there was a significant effect of MODIFICATIONgmr] On reaction
times (F(136) = 4.43, p = .042, np? = .11), as participants responded faster when they had not
experienced the modification during the fMRI session (Myes = 471.383 £ 23.250 ms; Mo =
439.958 + 20.392 ms). Additionally, there was a non-significant trend for an effect of
VERSIONMmT (F(1,36) = 3.57, p = .067, np? = .09), driven by the participants’ tendency to respond
faster for gm than for sm videos (Msm = 475.620 + 25.157 ms; Mem = 435.721 £ 17.603 ms).
There was no significant interaction (F(1,36) = 2.00, p = .166, yp?=.05) (Figure 7D). Concerning
reaction times for originalmr videos, we found no significant effect of the factor VERSIONFmR1
(F1.59,57.23) = 0.25, p =727, yp? = .01) (Figure 7E).

For novel videos, we found very low false alarm rates (M = .020 = .017) and a mean

reaction time of 527.041 £ 27.941 ms in the post-fMRI memory test.
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Figure 7. Behavioral results from post-fMRI memory test. Participants rated modifiedmr
and originalvr videos to decide whether they showed originally encoded episodes or not. (A)
Area under the curve (AUC). Statistics: non-parametric rmANOVA and Wilcoxon signed
rank tests (one-tailed). (B) False alarm rates for modifiedmt videos. Statistics: non-parametric
rmANOVA and Wilcoxon signed rank tests (one-tailed). (C) Hit rates for originalmr videos.
Statistics: non-parametric rmANOVA. (D) Reaction times for modifiedm videos. Statistics:
rmANOVA. (E) Reaction times for originalmr videos. Statistics: rmANOVA. Bar plots show
means and standard errors. * = p <.05, ** =p <.01, *** =p <.001.
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3.4 Rating task

In the rating task, participants had to rate how much the storyline of modified episodes
deviated from the originally encoded version (from 1 = 0 % different to 6 = 100 % ditferent).
A non-parametric rmANOVA with the factors MODIFICATIONrMr (yes, no) and VERSIONMT
(sm, gm) confirmed a significant influence of VERSIONMT On story-change ratings in the post-
fMRI rating task (F(136)=347.288, p <.001, np?=.91). As expected sm versions received lower
ratings than gm versions (Msm = 1.363 £ 0.058; Mgm = 4.897 £ 0.093), once again confirming
our classification of modifications. Interestingly, there was also a significant effect of
MODIFICATIONkMmRI (£7(1,36) = 4.868, p = .034, np? = .12), as modified videos which had already
been presented during the fMRI session received lower story-change ratings than those that had
been presented in the original version before (Myes = 3.083 + 0.066; Mno =3.177 £ 0.069). There
was no significant interaction of both factors (F1,36) = 1.791, p = .189, #p? = .05).

A rmANOVA on reaction times in the rating task, i.e., how long it took participants to
notice the change in modified videos, revealed a significant effect of VERSIONMT (F(1,36)=9.717,
p =.004, np? = 21). Participants took longer to notice the modification in sm versions than in
gm versions (Msn = 885.573 £+ 43.209 ms; My = 798.305 + 32.695 ms). Furthermore, there
was a non-significant trend for an effect of MODIFICATIONFwmRI (F(1,36) = 3.937, p = .055, yp?* =
.10), as participants tended to notice the modification sooner when they had already seen the
same modified version during the fMRI session (Myes = 793.114 £ 26.710 ms; My, = 887.373

54.061 ms). No significant interaction was found (F(1 36 = 0.876, p = .356, np?=.02).
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4 Discussion

In the present study, we examined the impact of prediction errors on episodic memories.
To this end, we used modified cues to induce prediction errors of different episodic relevance,
altering the episodic gist or only surface properties. Surface modifications lead to significant
activation in right IFS. In contrast, modifications that also changed the gist of the episode lead
to overall more pronounced activation in the same area, and additional activity in OTC, IPS and
pMTG. Posterior HPC responded to surface changes more strongly than to gist changes.
Interestingly, there was a significant reduction of cingulate activity for gist modifications as
compared to original or surface modified cueing. The day after the fMRI session, we found that
a history with surface modified, but not with gist modified episodic cues increased the
erroneous acceptance of modified stories as originals. Our findings demonstrate that the
relevance of mnemonic PEs for the storyline of episodes is crucial for brain responses and

influences on memory.
4.1 Neural responses to episodic modifications

We expected that both types of episodic modifications, characterized by the exchange
of only one object, elicit brain activation in areas which we had previously identified for
content-based PEs with intermediate episodic relevance (Siestrup et al., 2022). Indeed, gist
modifications elicited brain activation in those hypothesized regions, namely OTC, including
FG, posterior IPS and IFS. This was revealed by whole-brain and ROI analyses. For surface
modifications, we found subthreshold whole-brain activation in right IFS, left FG and right
posterior IPS. The ROI-analysis revealed significant activation in right IFS, as well as a trend
for activation in OTC for surface modifications. As previously discussed (Siestrup et al., 2022),
these brain areas are involved in the processing of object information in actions (El-Sourani et

al., 2019; Lingnau & Downing, 2015; Wiggett & Downing, 2011; Reber et al., 2005; Grill-

36

113



3.3 Minor Changes Change Memories

Spector et al., 2001). Furthermore, lateral OTC, which was primarily activated by gist
modifications, codes for conceptual action representations (Wurm & Caramazza, 2022).
Activation in rIFS, OTC and IPS ROIs was significantly greater for gist than for surface
modifications, as expected due to the gist modifications’ comparably high relevance for episode

oeneral hvnotheses concerning activation tvnical for
1firm ur general hypotheses concernin g activation typical for

o
o
S
3
D
>
3
53
Z]
3
3
D
5
<
E
«
o
o
S
?
1)
o
o

Additionally, we found subthreshold activation clusters for surface modifications in
caudate nucleus, anterior insula and medial BA 8. These three areas, along with TPJ and IPS,
were found to be co-activated when predictions about complex sequences of movements were
violated (Schiffer & Schubotz, 2011). Even though the activations found in the present study
did not remain significant after correction for multiple comparisons, the similarity to this
previously identified network is striking. Caudate nucleus is known to respond to breaches of
expectation (Delgado, Li, Schiller, & Phelps, 2008; Haruno & Kawato, 2006; Schiffer &
Schubotz, 2011; Schiffer et al., 2012), while BA 8 and anterior insula activations were shown
to reflect unexpectedness and uncertainty (Zaretsky, Mendelsohn, Mintz, & Hendler, 2010;
Sarinopoulos et al., 2010; Schiffer, Krause, & Schubotz, 2013; Volz, Schubotz, & Von Cramon,
2003; Volz, Schubotz, & Von Cramon, 2005). In summary, the high degree of similarity
between surface modified episodes and originals might have contributed to increased
uncertainty, while gist modified episodes were more clearly distinguished from original ones.

As hypothesized, we found significant qualitative differences in brain activation
between gist and surface modifications. For gist compared to surface modifications (and
original episodes), there was increased activation in pSTS and pMTG. This finding is especially
interesting as we have previously observed these areas to be activated specifically for structural
episodic modifications, i.e., the exchange of adjacent action steps, but not for the exchange of

an object with intermediate episodic relevance (Siestrup et al., 2022), which will be further
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discussed below. Posterior temporal cortex, as part of the OTC (Wurm & Caramazza, 2022), is
crucial for conceptual processing (Martin, 2007), and is thought to represent conceptual object
properties (Fairhall & Caramazza, 2013). In the context of such concepts, especially left p MTG

is suggested to be important for retrieval of semantic information and the comprehension and

recognition of actions (Davey et al., 2016), together with other network components that were
Anntifind £ Gict madificnctinas wmaomaale, QTCQ IDQ 50 d lodtawasl NTOY (Towmneg Vool 141
1IUcCIILIcyu 1vul élbl Houllivativlily, lid. llCly QLO, 1O 1U latclal Vlv (Jalllvd, Vv alllJUIINIVK,

Stevenson, & James, 2011). Davey et al. (2016) found that pMTG was functionally connected
with IFG and IPS, and proposed that pMTG together with these regions is involved in adjusting
semantic retrieval to different contexts. Interestingly, pMTG showed increased activation when
goal-based expectations were violated (Jastorff, Clavagnier, Gergely, & Orban, 2011), which
can also be transferred to prediction violations in the present study. Further, pMTG in
conjunction with IFG has been suggested to have a role in the resolution of interfering episodic
representations via semantic elaboration (Han, O’Connor, Eslick, & Dobbins, 2012). In that
sense, pMTG could subserve the integration of semantic and episodic information, which might
be particularly required in the case of gist modifications.

Furthermore, gist modifications yielded higher brain activation in precuneus compared
to surface modifications. This area is involved in episodic memory retrieval, as well as the
experience of self-perspective and sense of agency (Cavanna & Trimble, 2006). Increased
activity for gist modifications here might reflect a strong dissociation between the self-
experienced episode and the presented version of the episode. Interestingly, we previously
identified this area for structure, but not for content modifications with intermediate episodic
relevance (Siestrup et al., 2022). Aside from its role in the sequential organization of memories,
precuneus was shown to be involved in their contextual reconstruction (Foudil, Kwok, &

Macaluso, 2020). Therefore, activation in this area for gist modifications is a hint that the
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exchange of a gist relevant object seems to be meaningful not only for episode content, but also
structural and contextual (re)evaluations of that memory.

In summary, we saw that gist modifications elicited activation we identified to be
specific for content, but also structure-based PEs in episodic memory in our previous work
(Siestrup et al., 2022). Schiffer, Ahlheim et al. (2013) showed that adaptation of internal models
y those areas tha n
study. In their experiment, episodes were modified by introducing a breach-point from which
the action unfolded with new content and structural aspects. Thus, brain responses to Schiffer’s
gist modifications reflected more than mere object information processing, as the modified
aspect was relevant for the integrity of an episode as a whole. Similarly, in the present study,
integration of new episodic gist likely requires revision of object information and structure and
context of events within an episode as the new storyline unfolds.

We had hypothesized to find increased ACC activation for gist modifications since it
has been reported that more gist like memories depend strongly on ACC (e.g., Sekeres,
Winocur, Moscovitch, et al., 2018). Surprisingly, we observed exactly the opposite: compared
to original and surface modified episodes, pregenual ACC activation, as well as MCC
activation, was reduced in gist modified episodes. Bonasia et al. (2018) found a similar response
pattern in their study. Participants encoded episodes with a gist that was either congruent or
incongruent with previous experiences. With increasing congruence, enhanced encoding-
related activation in pregenual ACC, PCC, STG and AG was observed. This is consistent with
our findings for gist modified episodes, and also for novel episodes we presented. For the latter,
activation was decreased compared to previously experienced episodes in all four areas
mentioned by the researchers. The authors argued that ACC and PCC were likely engaged due
to their role during the activation of prior knowledge and semantic processing (Bonasia et al.,

2018), thus linking new experience to prior ones. It has been suggested that ACC is responsible
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for gist processing by providing a template that allows for prediction and interpretation of
events (Sekeres, Winocur, & Moscovitch, 2018). In the case of gist modifications in the present
study, the gist of the encoded episode was no longer intact, so predictions could potentially no

longer rely on the established template. In addition, it is known that ACC is involved in conflict

processing (Vassena, Holroyd, & Alexander, 2017; Botvinick, Cohen, & Carter, 2004). In gist
A G Ad Ao~ das A Fll At niciing Ao ta e a nigimmatals it A A~ dAd Ao~ dAs i ghit e wnas Al
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resolved, as the new gist defines a new episode. This also matches our behavioural findings in
the post-fMRI memory test. Similarly, Webb et al., (2016) reported that retrieval of non-gist
details was characterized by higher (dorsal) ACC activation than retrieval of gist details in a
recognition memory task and argued that this finding was due to elevated cognitive efforts and
conflict monitoring processes, as mediated by this brain area. In our previous study, pACC
activation in response to episodic modifications was increased in the condition that was
characterized by strong memory modification effects in the post-fMRI memory test and pACC
activation increased over time for later false memories (Siestrup et al., 2023). In the present
study, pACC activation was reduced in gist modified episodes, which did not trigger memory
modification in the post-fMRI memory test. Therefore, we suggest that pACC might be
involved in memory modification in response to mnemonic PEs. In summary, the relevance of
PE within the episode is probably responsible for the impact on memory: when the overall
storyline remains intact, a memory might be more likely to be (slightly) modified through PE,
while a new, distinct episode is established when PE is gist relevant. This idea is similar to a
computational approach of memory modification formulated by Gershman et al., (2017). They
proposed that memories are modified when old and new information are inferred to share the
same latent cause, while new memories are formed when sensory input is ascribed to a new

latent cause.
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Surface modifications elicited higher levels of activation in posterior HPC than gist
modifications. This is consistent with the suggestion that posterior HPC mediates detailed
memory representations while anterior HPC codes for gist (Poppenk, Evensmoen, Moscovitch,

& Nadel, 2013; Moscovitch, Cabeza, Winocur, & Nadel, 2016; Sekeres, Winocur, Moscovitch,

etal., 2018; Sekeres, Winocur, & Moscovitch, 2018). Accordingly, surface modifications likely
Alinidnd s nen Alalhnvndinin AL L n swniinad Aatnila 10 wafhwnman 44 4lhn ~Anisiinal amic~das g mmandiaéad
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by posterior HPC (Moscovitch et al., 2016; Robin & Moscovitch, 2017), while this was not
required for gist modifications due to the clear contentual drift compared to the original.
However, based on this account, gist modifications should have led to increased activation in
anterior HPC, which we could neither confirm on the whole brain level nor on the basis of ROI
analyses. According to a recently updated version of the Trace Transformation Theory (Sekeres,
Winocur, & Moscovitch, 2018), gist like representations arise after some time as memories
become less detailed and a representational shift from posterior to anterior HPC occurs. In the
current study, we introduced surface and gist level modifications in a set of recently encoded,
and thus, likely untransformed memories. The typical involvement of anterior HPC in gist
memories might only arise after longer time intervals. Contrary to that assumption, Poppenk et
al., (2008) found elevated anterior HPC activation when previously encoded sentences were
modified in respect to their gist, but not when changing only verbatim detail. In their study, the
modified episodes were presented on the same day the encoding took place, so without a
temporal delay that would allow for memory transformation. Alternatively, some evidence
suggests that especially anterior HPC is susceptible to repetition suppression, i.e., the decrease
in activation due to a repeated presentation of the same stimulus (Reagh, Watabe, Ly, Murray,
& Yassa, 2014). Therefore, repetition suppression in our study may have counteracted more

subtle gist related effects in the anterior HPC.

41

118



3.3 Minor Changes Change Memories

4.2 Influence of episodic modifications on memory accuracy in post-fMRI

nemory test

We replicated our finding that the repeated experience of modified episodes during the
fMRI session influences memory performance in a post-fMRI memory test. Importantly, in the
current study, we found this effect only for surface, but not for gist modified episodes.
Specifically, previous encounters with surface modified videos increased the participants’
tendency to erroneously accept modified versions as truly encoded, as reflected by reduced
AUC values and increased false alarm rates. Hit rates were not influenced and remained at a
high level even after the repeated exposure to modified episodes, similar to what we showed
before (Jainta et al., 2022; Siestrup et al., 2022; Siestrup et al., 2023). This finding is in line
with reports that the inclusion of new information into an old memory is not necessarily
accompanied by a deterioration of the original memory (St. Jacques, Olm, & Schacter, 2013;
Sinclair & Barense, 2018). Together, the pattern of results in the post-fMRI memory test
suggests that memory modification occurred due to the encoding of an additional memory trace
which interfered with the original one, but not a replacement of original memory content
(Siestrup et al., 2023).

We found the memory modification effect only for surface, but not for gist
modifications, which was expected due to their differential relevance for the episodes. In line
with that, participants were also faster to detect gist than surface modification in the rating task,
i.e., when explicitly asked to rate how much the storyline of modified episodes deviated from
the originally encoded version. It has previously been demonstrated that the experience of
episode modifications can also improve memory, but only when such modifications are
detected and remembered by participants (Wahlheim & Zacks, 2019). Furthermore, it is known
that distinct items, i.e., those that violate the current context, are remembered better and that

such distinctiveness reduced false memories (Hunt, 2013; Sommer & Sander, 2022). The fact
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that gist modifications effectively constituted new episodes likely contributed to distinctiveness
between original and modified versions, explaining the lack of confusion between them and,
ultimately, the low rate of false alarms. This distinctiveness is probably also relevant for another

finding from the post-fMRI memory test: memory performance was generally worse for

reduced AUC values and increased false alarm rates in the surface modification condition.
Therefore, it was more difficult for participants to correctly differentiate modified from original
versions when the modification was not gist relevant. This observation is in agreement with
reports that non-central details are less likely to be remembered (Sekeres et al., 2016) and can
be easily confused by misinformation (Reyna & Lloyd, 1997; Reyna et al., 2016).

Additionally, when modified episodes had been presented in the scanner, participants
were slower to correctly judge the same as not part of the original episode repertoire in the post-
fMRI memory test. Longer reaction times in memory tasks can be indicative of higher cognitive
processing demands during retrieval (Larsen & Plunkett, 1987; Noppeney & Price, 2004).
Potentially, it became more difficult for participants to correctly reject modified versions due
to the encoding of alternative episode versions.

Overall, behavioral evidence we collected so far suggests that based on mnemonic PEs,
alternative episode representations are encoded which then stand in conflict to the originally
encoded ones. In the case of surface level PEs, these alternative representations interfered,
leading to false memories, while in the case of gist level PEs, the two alternatives were clearly

separated.
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5 Conclusion

Our results indicate that the relevance of mnemonic PEs within episodes shapes neural
responses and memory performance. Even though both gist and surface modifications of
episodic cues were characterized by the exchange of only one object within an episode, their
implications were highly specific: surface level PE increased uncertainty and conflict between
alternative episode representations, whereas gist level PE induced the encoding of a new,
distinct episode not conflicting with the original one. An important implication of our findings
is that not all types of mnemonic PE influence memory in the same way, which needs to be

considered in future research.
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4 General Discussion and Future Directions

4.1 Summary of the Presented Studies

Previous research has shown that memories are not exact copies of past experiences, but
can be changed on the basis of new relevant information. Such modifications are likely
triggered by mnemonic PEs, i.e., when there is a mismatch between predictions derived from
memories and actual situational input. The aim of the presented studies was to investigate the
neural underpinnings of mnemonic PEs in the context of episodic memories and their influence
on memory. To this end, a naturalistic episodic modification paradigm was developed and brain
responses to modified episodic cues were investigated using fMRI.

In Study 1 (Siestrup et al., 2022), the focus was on characterizing brain responses for
two different types of mnemonic PEs, either based on episode structure or content information,
and to assess their consequences for episodic memories. In two initial encoding sessions,
participants encoded short toy stories from demo videos by re-enacting the stories themselves.
During two further sessions which were conducted on separate days, participants performed a
retrieval task in order to further consolidate memories. On the last day of the study, participants
went through an fMRI session during which original or slightly modified episode videos were
presented. Modifications either affected the structure of episodes (change of two adjacent action
steps) or their content (change of an object). Afterwards, participants completed a post-fMRI
memory test during which memory for originally encoded episodes was probed. Content and
structure modification commonly activated superior parietal areas as well as right ventrolateral
prefrontal cortex (VIPFC). Compared to structure modifications, content modifications elicited
elevated brain activity in posterior parietal, temporo-occipital and parahippocampal areas.
Structure modifications led to enhanced neural responses in right dorsal premotor, posterior

temporal and medial parietal regions. After the pre-exposure with modified episodes, i.e., the
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experience of PEs, participants showed an increased tendency to accept the same modified
versions as originally encoded in the post-fMRI memory test. In the case of structure
modifications, participants’ tendency to reject original episodes increased as well. However,
overall, hit rates for originally encoded episodes were near ceiling level. In summary, it was
successfully demonstrated that different types of mnemonic PEs, based on structure or content
information, are (1) processed differently by the brain and (2) influence subsequent memories.

Study 2 (Siestrup, Jainta, Cheng, & Schubotz, 2023) aimed to investigate the impact of
consolidation through retrieval practice on neural processing of episodic memories, especially
in the case of PE. Importantly, Study 2 was based on the same data as Study 1. After encoding,
participants went through two retrieval sessions. Each episode was either retrieved two or eight
times and in a spaced or massed fashion, i.e., during both retrieval sessions or only during one.
FMRI and post-fMRI memory test were conducted as described above. The re-analysis of the
behavioral data, this time using rating scores instead of hit rates and false alarm rates, revealed
the same pattern as found in Study 1, namely increased acceptance of modified episodes after
repeated experience of PE during the fMRI session and decreased acceptance of original videos
(in the presence of an overall ceiling effect). Memory performance was better for episodes
previously retrieved eight compared to two times, with and without pre-experience with
modified episodes in the scanner. The spacing of retrieval practice did not affect memory
performance, but brain activation during episodic cueing was increased in superior parietal lobe
(SPL), PCC and precuneus after spaced compared to massed retrieval practice. In the case of
modified episodes, two previous retrieval opportunities lead to more brain activation in pre-
and subgenual ACC than eight. Furthermore, later false alarms in the memory test were
characterized by increasing brain activation over the course of the fMRI experiment in several
brain regions, including ACC and hippocampal complex. Taken together, Study 2

demonstrated that (1) different memory consolidation approaches in the form of retrieval
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practice protocols differently influence neural processing and retention of episodic memories
and (2) identified a network of brain regions which dynamically determine the formation of
false memories in response to mnemonic PEs.

Lastly, Study 3 (Siestrup & Schubotz, 2023) aimed to shed more light on the differential
processing of mnemonic PEs, this time characterized by their episodic relevance. Two types of
content modifications were used: some challenged the storyline of episodes (so-called gist
modifications) while others did not (so-called surface modifications). On three consecutive
days, participants went through encoding, fMRI and post-fMRI memory test. As expected,
surface as well as gist modifications triggered activation in brain areas which responded to
content modifications in Study 1. This activation was generally stronger for gist modifications,
which, additionally, also activated posterior temporal regions and precuneus. Increased
activation in posterior hippocampus for surface compared to gist modifications confirmed the
suggested role of this region for detail-processing in episodic memory. Interestingly, gist
modified episodes were characterized by reduced activation in pregenual ACC. In the post-
fMRI memory test, previous experience with surface modified, but not gist modified episodes
increased the participants’ tendency to erroneously endorse the same modified episodes as
originally encoded. In summary, Study 3 demonstrated that mnemonic PEs of different
episodic relevance (1) are processed differently by the brain and (2) differentially influence

subsequent memory.

4.2 Mnemonic Prediction Errors in the Brain

4.2.1 Neural Responses to Mnemonic Prediction Errors

PEs are not only surprise signals, but carry representational content (den Ouden et al.,
2012). That is, PEs elicit enhanced neuronal processing (den Ouden et al., 2012; Sayood, 2018),
leading to measurably increased brain activation in relevant brain areas (Bubic et al., 2009;

Gléascher et al., 2010). Accordingly, it can be expected that in the context of episodic memory,
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different types of mnemonic PEs are represented in distinct brain areas. To our knowledge, we
were the first to systematically compare the neural processing of different types of mnemonic
PEs in episodic memory. Importantly, encoding and retrieval of episodic memories are usually
intertwined. For example, new encoding is associated with retrieval due to the embedding of
new information in existing knowledge structures, and retrieval is accompanied by re-encoding
of recalled information and/or the constructive embedding of current contextual details in a
memory representation (Finn, 2017; Scully & Hupbach, 2020; Xue, 2022). For this reason,
neural activation we detected in response to episodic modifications cannot be attributed to only
one of the two processes. Rather, brain responses share features of retrieval, which is required

for making top-down predictions, and new encoding of informative, i.e., unpredicted, input.

Common Neural Responses

Several brain areas have been suggested to subserve the processing of PEs in general,
for example striatal, (medial) prefrontal, and parietal regions (D’ Astolfo & Rief, 2017; Kastner,
Kube, Villringer, & Neumann, 2017; Schiffer et al., 2012; Schiffer & Schubotz, 2011; Wang et
al., 2017). Additionally, similar brain structures are deemed crucial for episodic encoding and
retrieval, like hippocampus, and prefrontal and parietal cortices (Rugg et al., 2015). For this
reason, we expected that some brain regions would commonly respond to mnemonic PEs in our
paradigm.

In fact, we found that vIPFC, more specifically a region comprising inferior frontal
sulcus (IFS)/inferior frontal gyrus (IFG) (BA 44 and 45), generally responded to mnemonic
PEs, predominantly in the right hemisphere, in Studies 1 and 3 (and in an unpublished analysis
of data from Jainta et al., 2022). In line with this, previous research has demonstrated that lateral
PFC responds to violated predictions (Bubic et al., 2009; Corlett et al., 2004; Rushworth,

Noonan, Boorman, Walton, & Behrens, 2011; Schiffer, Krause, & Schubotz, 2013; Schiffer &
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Schubotz, 2011; Schultz & Dickinson, 2000) and activation in right lateral PFC has even been
deemed a “reliable signature for the presence of prediction error” (Corlett et al., 2004, p. 877).
Our results also relate to the assumption that lateral PFC in general is involved in the
establishment of predictions derived from long-term memories (den Ouden et al., 2012;
Schubotz, 2015) and the finding that VIPFC activity increases for highly informative or
inconsistent detail in observed actions (El-Sourani, Trempler, Wurm, Fink, & Schubotz, 2019;
Hrka¢, Wurm, Kiihn, & Schubotz, 2015; Wurm & Schubotz, 2012). Furthermore, vIPFC,
especially the pars triangularis of IFG (BA 45), subserves the selection between competing
memories (Kuhl, Bainbridge, & Chun, 2012; Martin, 2007; Schlichting, Mumford, & Preston,
2015), which is accomplished by promoting the encoding of relevant information (Kuhl et al.,
2012), and top-down (post)retrieval processing including the selective access of semantic
memory (Martin, 2007; Wimber, Alink, Charest, Kriegeskorte, & Anderson, 2015). On this
basis, lateral PFC is involved in updating of mnemonic associations (Kluen, Dandolo, Jocham,
& Schwabe, 2019; Long et al., 2016) and “goal-directed memory changes” (Xue, 2022, p. 8),
suggesting that this region might be involved in regulatory processes of memory modification
after PE. While the above mentioned roles are sometimes reported for bilateral IFG (Schlichting
et al., 2015), they are more often demonstrated for the left hemisphere (Kluen et al., 2019; Kuhl
et al., 2012; Martin, 2007). In contrast, we report predominantly right activation in this area in
response to PEs. This might reflect a dominance for retrieval compared to encoding-related
processes in our studies, as right and left PFC have been linked to these roles, respectively
(Finn, 2017; Hayes, Ryan, Schnyer, & Nadel, 2004). See also Figure 1 for a graphic summary
of results.

Additionally, we found posterior intraparietal sulcus (pIPS) activation in response to all
different types of modification in our studies (Studies 1 and 3, and in an unpublished analysis

of data from Jainta et al., 2022). This brain area has been linked to complex cognitive processes,
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like reasoning, memory, and action observation (Richter et al., 2019). For example, superior
parietal cortex is involved in the formation of episodic memories (Rugg et al., 2015; Uncapher
& Wagner, 2009) and their strategic retrieval, including recall of source and item information.
The contribution of this brain area to these tasks has been ascribed to its role in attention
(Ciaramelli, Grady, & Moscovitch, 2008). Namely, SPL is involved in the reorientation of
attention to unexpected or otherwise salient stimuli (Corbetta & Shulman, 2002; Molenberghs,
Mesulam, Peeters, & Vandenberghe, 2007; Tamber-Rosenau, Esterman, Chiu, & Yantis, 2011)
and regulates top-down attention in mnemonic processes. This is important when postretrieval
monitoring is necessary to differentiate truly memorized content from such content that is not
part of memories (Cabeza et al., 2011; Ciaramelli et al., 2008). Taken together, our findings
from Study 3 further supported the interpretation of pIPS activation we reported in Study 1.
Namely, we suggest that superior parietal regions are involved in the processing of PEs in
episodic memory, possibly by guiding updating processes (Siestrup et al., 2022; see also Figure
1 for a graphic summary).

In summary, vIPFC and pIPS likely have a general role in the processing of episodic

mismatch and subsequent mnemonic selection processes.
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Ventrolateral PFC (IFS/IFG)
Relevant functional roles:

. Establishment of predictions and
signaling of prediction errors

. Retrieval and post-retrieval processing

L] Resolving conflict between competing
memories and updating of mnemonic
associations

pIPS/SPL
Relevant functional roles:

. Encoding and retrieval of episodic
memories

. Reorientation of attention to
unexpected stimuli

= Strategic evaluation of memory
content

Figure 1. Schematic graphic summary of brain areas which commonly responded to
mnemonic prediction errors. Ventrolateral prefrontal cortex (PFC), specifically inferior
frontal sulcus (IFS)/inferior frontal gyrus (IFG), and posterior intraparietal sulcus
(pIPS)/superior parietal lobe (SPL) responded to mnemonic prediction errors in Studies 1 and
3. Proposed relevant functions of the two areas within the framework of prediction error
processing and, potentially, memory modification, are summarized on the right.

Differential Neural Signatures

In Study 1, we were able to show that structure and content modifications elicit
differential neural processing®. Specifically, structure modifications yielded increased
activation in right premotor regions, posterior temporal and parietal cortex, and precuneus,
which we interpreted as a network operating in the updating of predictive models due to an
unexpected new structure in episodes (Siestrup et al., 2022). In an active serial prediction task,

Bubic and colleagues (2009) also reported activation in premotor cortex for sequence violations

® Please note that the findings reported here for structure and content modifications were overall replicated in an
unpublished analysis of the data reported in Jainta et al., 2022.
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and likewise concluded that these brain areas are involved in the establishment of predictive
models of sequences. Interestingly, their findings mirror the right hemisphere dominance we
also observed, and the authors relate this to the need for increased information retrieval and
high processing load (Bubic et al., 2009).

Content modifications elicited activation in parietal, parahippocampal and temporo-
occipital regions, which we related to the processing of new object information within episodes
(Siestrup et al., 2022). Interestingly, Gléascher et al. (2010), who investigated prediction
violations in the transition between probabilistic states implemented via fractal images, found
a neural response pattern that is highly comparable to the one we showed for content related
PEs. Similarly, serial PEs seem to share some neuronal underpinnings in different tasks (Bubic
et al., 2009). These commonalities show that to some extent, our findings can be extended from
the context of episodic memory to more general PE responses, thus suggesting a ubiquitous role
of memory in general in the generation of predictive models.

In Study 3, we were able to extent our findings of differential neural processing to PEs
of different episodic, and thus predictive, relevance. For both modification types, we found
brain activation in areas that responded to content modifications in Study 1. In general, brain
responses were weaker for surface modifications than gist modifications. Exceptions were
posterior hippocampus, midcingulate cortex and pregenual ACC, where surface modifications
elicited more brain activation.

The finding that content-specific PE responses were not as pronounced for surface
modifications than for gist modifications was expected, as it can be assumed that more relevant
pieces of information within an episode are processed more strongly. Reasons for this may
either be initial stronger encoding of the original episode or increased processing at retrieval,
which we cannot clearly differentiate with our paradigm. In terms of predictive relevance, it

makes sense that gist modifications are a more meaningful learning signal, and thus trigger a
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stronger PE signal. In fact, subjective PE ratings (on a scale from 1 [least unexpected] to 6
[most unexpected]) were significantly higher for gist than for surface modifications (Msurface =
2.742 + 0.174, Mgist = 4.307 £ 0.146, F(1.36) = 49.08, p < .001, np? = 0.58, unpublished data).
However, it should be noted that PE ratings and story-change ratings were highly correlated (»
= 0.58, p < .001, unpublished data), which might either hint at a natural confound or
methodological problems, as discussed below. Interestingly, it has been shown previously that
brain activation attenuated in exactly the regions which responded to gist modifications when
direct predictability via first-order information was given (Ahlheim, Schiffer, & Schubotz,
2016), suggesting that gist modifications disrupt high predictability, as expected.

Notably, (pregenual) ACC activation was specifically reduced for gist modified
episodes, which shows that it cannot ubiquitously be assumed that stronger PE signals yield
stronger brain responses. As discussed below, PEs through gist modifications did not increase
false alarm responses in the memory test. Therefore, it could be that reduced ACC activation
prevented the formation of false memories, potentially, as suggested by us, via the rapid
resolvation of mnemonic conflict (Siestrup & Schubotz, 2023).

When relating the findings from Study 1 to those of Study 3, it is striking that several
areas which exclusively responded to structure modifications in Study 1 also responded to gist
modifications in Study 3 (posterior superior temporal sulcus/middle temporal gyrus,
precuneus). This is interesting, since gist modifications were also content-based modifications,
i.e., operationalized through the exchange of a single object. However, in Study 1, content
modifications were designed to be of intermediate relevance for the episode, i.e., they should
have some impact but the episode as a whole should still remain the same. An explorative post-
hoc rating of content modifications (from Study 1) with a small independent sample of
participants (n = 6) revealed that story changes were indeed of intermediate impact compared

to surface and gist modifications (mean story-change ratings, on a scale from 1 to 6: Msurface =
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1.36, Mcontent = 2.37, Mgist = 4.90, unpublished data). This observation further supports our
conclusion from Study 3 that gist modifications not only require cognitive re-evaluation of
memory content, but also structural, contextual and semantic aspects due the complex impact
on the storyline (Siestrup & Schubotz, 2023), highlighting the fact that predictions rely on the
interaction of different memory systems (Henson & Gagnepain, 2010).

In summary, we successfully answered our first research question how different types
of episodic PEs are processed by the brain. In line with our hypotheses, we demonstrated that
some brain regions, VIPFC and pIPS, responded to all types of PEs investigated, while other
brain activations were specifically connected to the type and informativeness of modified
details. However, we also showed that different types of PEs can recruit the same brain regions,
like structure and gist (i.e., content) modifications in Study 1 and 3, respectively. Thus, while
qualitative differences in neuronal processing of PE types definitely exist, more work is needed

to decisively determine factors that further influence their neural signatures.

4.2.2 The Role of Hippocampus in Mnemonic Prediction Error Processing

The hippocampal complex is a crucial brain region for episodic memory (Rugg et al.,
2015), as well as learning (Suzuki, 2007). This area is not only involved in the formation and
retrieval of true but also false memories (Dennis, Bowman, & Turney, 2015). Furthermore, the
hippocampus was found to be a key region in the neural processing of mnemonic PEs, earning
it the reputation of a mismatch detector (Duncan et al., 2012; Kumaran & Maguire, 2007).

Surprisingly, our findings concerning hippocampal complex were rather mixed over the
different studies. While in Study 1, content modifications elicited elevated activation in
parahippocampal gyrus (PHG), Study 2 revealed that in the spaced modification subconditions,
there was a mean deactivation compared to original episodes within a hippocampal region of
interest (ROI). Further, in Study 3, only surface modifications yielded a meaningful increase

in (posterior) hippocampal activation, while a mean decrease was found in this ROI for gist
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modifications. Additional explorative ROI analyses in hippocampus proper revealed that a
(descriptive) average deactivation for modified versus original episodes was actually common
in our studies (e.g., for the aggregated mod > ori contrast from Study 1: M = -0.058 + 0.031;
unpublished data). Notably, others could also not demonstrate PE signals in hippocampus
proper (D’Astolfo & Rief, 2017; Sinclair et al., 2021), specifically not in passive paradigms,
i.e., when participants did not have to make active predictions (D’Astolfo & Rief, 2017).
Accordingly, active predictions might promote the establishment of detectable mnemonic
mismatch in hippocampus (e.g., Long et al., 2016; but see also Kumaran & Maguire, 2007).
Similar to our findings, Giovanello, Schnyer, and Verfaellie, 2004 reported reduced
hippocampal activation for mismatched vs. matched associations, which they suggested might
reflect an increased focus on reinstatement of old associations. Indeed, the fact that
hippocampus is crucial for predictive processing, but also encoding and retrieval of episodic
memories (Barron, Auksztulewicz, & Friston, 2020) might help to understand our findings
better. Modified episodes were contrasted with original episodes to isolate neural PE signals.
However, hippocampus was likely heavily engaged for original episodes as well, due to
ongoing episodic retrieval, contextual re-encoding (Finn, 2017; Scully & Hupbach, 2020; Xue,
2022) and online comparison of predictions and sensory input, which can complicate the
identification of PE responses (but see e.g., Kumaran & Maguire, 2006, for a similar baseline
condition). Another possibility is that a stronger deviation between new information and the
context in which it appears would lead to increased hippocampal activation (Thakral, Yu, &
Rugg, 2015), which is suggested by our finding that novel episodes compared to original ones
elicited a hippocampal response (Jainta et al., 2022).

One interesting observation from Study 1 is that PHG signaled for content PEs. In fact,
others have also demonstrated the involvement of this region in PE processing (D’Astolfo &

Rief, 2017; Schiffer, Ahlheim, et al., 2013). Additionally, PHG is involved in item memory
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(Asperholm, Hogman, Rafi, & Herlitz, 2019), which might have been especially relevant in our
paradigm, as episodes were effectively comprised of sequences of different toy items. Thus,
depending on the nature of episodic memories under investigation, not only hippocampus
proper might serve as a mismatch detector, but this function might be expanded to other
structures of hippocampal complex, like PHG.

In summary, our findings do not support the proposed ubiquitous role of hippocampus
as a detector of mnemonic PEs. Even though this was not a specific research question of this

thesis, this is a highly insightful finding.
4.2.3 The Influence of Consolidation

One factor that might influence brain responses to mnemonic PEs is memory solidity
(Exton-McGuinness et al., 2015; R. S. Fernandez et al., 2016; Schiffer, Ahlheim, et al., 2013).
Aside from sleep, retrieval practice can contribute to memory consolidation (Antony et al.,
2017), a phenomenon termed testing effect (Rowland, 2014). However, depending on which
theory of systems consolidation is considered, predictions for the neural processing of
consolidated memories vary strikingly. For example, according to the standard theory of
consolidation, hippocampal involvement would decrease for more consolidated memories,
while neocortical activation, especially in mPFC, would increase. In contrast, other theories
like multiple trace theory or contextual binding theory would predict increased hippocampal
activation with ongoing consolidation, due to the constant re-encoding of memory traces
(Bosshardt et al., 2005; Euston et al., 2012; Yonelinas, Ranganath, Ekstrom, & Wiltgen, 2019).
Furthermore, while there are first findings indicating that internal model solidity, or, in other
words, memory solidity influences the neural processing of PEs (Schiffer, Ahlheim, et al.,
2013), systematic investigations are still lacking.

In Study 2, we therefore systematically varied consolidation strategies by applying

different retrieval practice protocols. Participants either went through different amounts of
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additional retrievals (two vs. eight) and retrieval practice was carried out during only one or
two sessions (massed vs. spaced). Note that while the beneficial effect of more retrieval
opportunities on memory solidity seems to be rather ubiquitous (e.g., Gerbier & Toppino,
2015), the benefit of spaced over massed retrieval is reported more inconsistently and might be
more dependent on specific features of the paradigm (Dempster, 1989).

For the general neural processing of episodes, we only found an effect of spaced vs.
massed retrieval, which was characterized by elevated activation in areas involved in episodic
memory (Siestrup et al., 2023), as previously reported by others (Li & Yang, 2020; Takashima
et al., 2007). Unfortunately, due to the lack of a behavioral effect, it is difficult to interpret these
findings in reference to memory solidity. Based on other researchers’ conclusions, one might
carefully assume that increased brain activation in the spaced conditions represents more stable
memories (Ezzyat, Inhoff, & Davachi, 2018; Li & Yang, 2020; Takashima et al., 2007) and to
show the behavioral effect as well, our experimental paradigm might require careful revision
(c.f. Gerbier & Toppino, 2015).

A more straightforward observation was made for the effect of fewer vs. more retrieval
opportunities in our study. Here, we found that for modified (versus original) episodes,
activation in ACC was increased for less frequently retrieved vs. more frequently retrieved
episodes. From the behavioral results, we could additionally conclude that memories which had
been retrieved more often were more solid. This observation is in line with our suggestion that
(pregenual) ACC activation might be related to false memory formation after PE. However, our
findings contrast previous reports of increased brain activation for more consolidated memories
(Bosshardt et al., 2005; Euston et al., 2012; Takashima et al., 2006 [specific for pregenual

ACC]; Wiklund-Horngvist, Stillesjo, Andersson, Jonsson, & Nyberg, 2021), specifically in the
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case of PE (Schiffer, Ahlheim, et al., 2013)’. In this context, it is worth noting that in many
studies, consolidation is operationalized through a time lag between encoding and final test
(several days or weeks), as it is assumed that much sleep equals much consolidation (Bosshardt
et al., 2005; Takashima et al., 2006). Importantly, memory performance has been observed to
decrease over longer time intervals (Bosshardt et al., 2005; Li & Yang, 2020; Tompary &
Davachi, 2017; Zhan, Guo, Chen, & Yang, 2018), so that it is questionable whether observed
changes in neural processing can be truly attributed to increased consolidation. Rather, an
alternative explanation might be more appropriate. Accordingly, Bosshardt and colleagues
(2005) proposed that increased neural activation (e.g., in ACC) after long time lags represents
elevated processing demands during attempted retrieval. This is in line with our interpretation
from Study 2, namely that less stable memories might be more effortful to retrieve, giving rise
to more neural activation for less frequently retrieved memories. In relation to this, we
suggested that PEs might serve as a stronger learning signal in the case of weaker mnemonic
representations, i.e., the predictive model might be more easily influenced (Schiffer, Ahlheim,
et al., 2013; Siestrup et al., 2023). Unfortunately, it was not possible to directly validate this
hypothesis through the differentiation of later false alarms and correct rejections in Study 2,
potentially due to the heavily decreased power in the statistical model, resulting from the
exclusion of several participants from this specific analysis (n = 22).

As a last note, our findings are not in line with the standard theory of consolidation,
which predicts an increase in mPFC/ACC activation, as this region is believed to take over the
role of hippocampus in memory retrieval after successful consolidation (Euston et al., 2012).

However, since we did not find any significant influence of retrieval frequency on hippocampus

7 Please note, however, that in the study by Schiffer, Ahlheim, et al., (2013), there were only 15 minutes between
(differently strong) initial encoding and the final exposure during fMRI scanning. Thus, the time interval was
likely not sufficient to achieve consolidation. Consequently, their results are more likely to reflect immediate
effects of model solidity via encoding strength, which might not be equal to model solidity from consolidation of
long-term memories.

142



4.3 The Role of Mnemonic Prediction Errors in Memory Modification

and outcomes for spaced vs. massed retrieval were mixed as well, our findings do not allow
concrete conclusions about which theory of consolidation is most suitable in light of our
findings, and in general.

Taken together, Study 2 delivered first evidence for answering our second research
question, namely how different memory consolidation approaches influence neural processing
(in the case of PE). The results indicate that brain activation increased for less solid memories,
potentially due to increased processing demands. However, consolidation of episodic memories
is a complex and multifaceted topic which can be operationalized in a variety of ways. Thus,

more research is necessary to complete our understanding of this issue.
4.3 The Role of Mnemonic Prediction Errors in Memory Modification

4.3.1 Behavioral Evidence

It has previously been demonstrated that in some cases, mnemonic PEs can lead to the
modifications of previously formed memories (e.g., R. S. Fernandez et al., 2016), and the
episodic memory system is known to be especially vulnerable for such interferences (Martin-
Ordas & Call, 2013). While sometimes, no influence of PEs on subsequent memory can be
detected (e.g., Hermann, Wahlheim, Alexander, & Zacks, 2021), others have replicably
demonstrated that PEs elicit episodic memory modification (Sinclair & Barense, 2018; Sinclair
et al.,, 2021). Similarly, we were able to demonstrate in all of our studies that repeated
encounters with modified episodes selectively increased subsequent false acceptance of
modified episodes as originally encoded (Studies 1, 2 and 3; see also Jainta et al., 2022 for
another replication of these findings with the same paradigm). Notably, the correct recognition
of originally encoded episodes largely remained intact.

There is still an ongoing discussion in the scientific community on what exactly happens
when a memory is modified. It has been suggested that old mnemonic content is replaced or

overwritten entirely by new information (Elsey et al., 2018; Richards & Frankland, 2017; Xue,
143



4.3 The Role of Mnemonic Prediction Errors in Memory Modification

2022), while sometimes the original memory is only weakened (e.g., Kim et al., 2014).
However, the mere inability to recall an original memory does not necessarily imply that it has
been erased. Rather, it might have become unavailable under certain contextual conditions as
the result of memory modification (Elsey et al., 2018; Tronson & Taylor, 2007). Others
proposed that memory modification is characterized by the integration of new information
without a deterioration of old memory content (Bryant, Nadel, & Gomez, 2019; Elsey et al.,
2018; Sinclair & Barense, 2018; Sinclair et al., 2021). The latter suggestion seems to be more
in line with the adaptive idea of memory modification, because also old memory content can,
under certain circumstances, still be of predictive relevance (Bein et al., 2021). In support of
this, our studies demonstrated that after PE, participants tended to endorse both, original but
also modified episodes as originally encoded. Thus, it is likely that two alternatives of the same
episode were generated and likewise supported by the internal predictive model. Accordingly,
Schiffer, Ahlheim, et al. (2013) showed that when evidence for different alternatives is
available, predictive models represent such balanced states. Thus, when even more evidence
for the new episode alternative accumulates, i.e., when modified episodes are presented more
often, a more striking decrease in original episode endorsement might be observed in our
paradigm as well. Furthermore, in all of our studies, we observed the tendency that participants
took longer to correctly differentiate original and modified episodes in the memory test when
they had experienced PEs in the preceding fMRI session. This finding can be interpreted as
further evidence for competing memory alternatives (Anderson, 1983; Kuhl et al., 2012).
Furthermore, we also showed that different types of mnemonic PEs influence
subsequent memory differently. For example, only structure modifications in Study 1 yielded
a significant reduction in the correct recognition of original episodes. Gist modifications in
Study 3 were the only ones for which we could not show the memory modification effect.

Furthermore, Study 2 revealed that additional consolidation can, to a certain extent, protect
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memories from the influence of PEs. In line with these observations, it is known that certain
factors influence how readily a memory can be changed. This includes the strength of the
original memory or predictive model (Exton-McGuinness et al., 2015; R. S. Fernandez et al.,
2016; Schiffer, Ahlheim, et al., 2013) and the details represented by it (Reichardt et al., 2020),
but also the strength of new learning or PE (Milton et al., 2023; Wichert, Wolf, & Schwabe,
2013). Accordingly, it has been proposed that when the mismatch between prediction and
reality is moderate, memories undergo modification. In contrast, when the mismatch is striking,
a new mnemonic representation is formed that is clearly separable from the previous one
(Gershman, Monfils, Norman, & Niv, 2017; Gershman, Radulescu, Norman, & Niv, 2014;
Milton et al., 2023). Meaningful mismatches might be more salient, allowing us to re-orient our
attention to changed features, which, in turn, can facilitate the formation of clearly separate
memories. For example, it has been demonstrated that subjective awareness of change in
episodic association can reduce memory modification (Wahlheim, Smith, & Delaney, 2019;
Wahlheim & Zacks, 2019).

Our finding that surface, but not gist modifications induced memory modifications can
be nicely integrated into this framework. Gist modifications were, by definition, highly
impactful. In contrast to surface modifications, they presumably triggered a strong PE signal,
as evidenced by pronounced brain responses. These brain responses involved elevated pIPS
involvement, which, as discussed above, might be attributed to attentional re-orientation
(Corbetta & Shulman, 2002; Molenberghs et al., 2007; Tamber-Rosenau et al., 2011).
Additionally, elevated baseline attention for gist details might have increased the neural PE
signal (den Ouden et al., 2012; Schubotz, 2015; Stefanics et al., 2014). Thus, the participants’
attention might have been drawn to differences between original and modified episodes,
decreasing the chance of false memory formation. The finding that more consolidated memories

were better protected from interference in our study further adds to this idea. Notably, our
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findings do not imply that in case of gist modifications or especially solid memories, internal
models were not adapted. For example, it was previously demonstrated that even when
memories remain intact, predictions are updated (Schiffer, Ahlheim, et al., 2013). Thus, in cases
when PEs are especially impactful (due to the nature of the violated information or the previous
memory strength), it might be more beneficial for internal models to clearly distinguish between
different alternatives, as they might selectively inform predictions in highly specific contexts.
In contrast, when the mismatch is less impactful, the internal model might integrate different
alternatives, as the best strategy for future predictions might be a more flexible reliance on prior
knowledge.

As a last note, it is not entirely clear why especially structure modifications influenced
the correct recognition of original episodes. It could be that sequence information is more
readily updated than other types of episodic details. Accordingly, Yazin, Das, Banerjee, and
Roy (2021) recently demonstrated that structural PEs strikingly weakened old mnemonic
associations while at the same time promoting new ones.

Taken together, our highly replicable findings provide further evidence for two of our
research questions. Namely, we demonstrated that mnemonic PEs can induce modification in

episodic memory, which is further modulated by (1) PE type and (2) memory solidity.

4.3.2 Neural Evidence

Static Brain Responses

So far, I presented neural responses to mnemonic PEs and argued that they likely play
arole in the integration of new information into predictive models. But how can we be sure that
brain activation in response to episodic modifications can actually be linked to the formation of
false memories? Several studies have investigated brain activation during the encoding of later

false memories. For example, increased activity in MTL, visual areas and ventromedial PFC
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during the encoding of misinformation was shown to be greater for later false compared to later
true memories (Gonsalves et al., 2004; Okado & Stark, 2005; St. Jacques, Olm, & Schacter,
2013). In contrast, increased activation in ACC, PCC, precuneus and cuneus during a
misinformation phase protected original memories from interference (Baym & Gonsalves,
2010).

To test for these effects in our data, we conducted additional analyses that related the
behavioral findings from the post-fMRI memory test to brain responses during PE processing.
Unfortunately, directly contrasting brain responses to later false alarms (fa; i.e., false memories)
with those of later correct rejections (cr; i.e., true memories) did not yield significant results
after correction for multiple comparisons (Study 1%). When inspecting the mentioned contrast
(fa > cr) at subthreshold level (p < 0.001, uncorrected; unpublished data from Studies 1 and 2),
two interesting clusters were found in right lingual gyrus/calcarine sulcus and bilateral cuneus
(Appendix, Table Al). These two areas were recently reported to be activated by low visual
predictability in complex action sequences due to increased reliance on exploratory visual gain.
The authors interpreted this activation as reflecting the updating of predictive models in
upstream areas (Pomp et al., 2021). Relating this to our findings, it is possible that when
unpredicted new information is processed in a rather exploratory mode, this might lead to a
form of model updating that fosters the formation of false memories.

Interestingly, brain activation for correct rejections versus false alarms (unpublished
data from Studies 1 and 2, see Appendix, Table A1) largely mirrored the activation pattern we
identified for modification responses in general (pIPS, IFS/IFG [BA 44 and 45], fusiform gyrus
[FG]). There was also activation in bilateral anterior insula and left PHG, which are known to
be involved in mismatch and error processing (Brazdil et al., 2002; Klein, Ullsperger, &

Danielmeier, 2013; Schiffer, Krause, et al., 2013). This finding can be taken as a hint that

& The analysis was only conducted with Study 1/2 data, as in Study 3, there were only few false alarms in total.
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stronger PE responses in the brain (with specific focus on mismatch/error processing) can avoid
the formation of false memories due to PEs. This assumption is also supported by our finding
that gist modifications elicited stronger neural responses than surface modifications, but only
surface modifications lead to the formation of false memories in the post-fMRI memory test.
Notably, as previously suggested (section 4.2.2), PHG rather than hippocampus proper seemed
to be involved in mismatch processing in our studies. Furthermore, our findings lend support
to the suggested role of IFG (specifically BA 45) in resolving competition between different
mnemonic alternatives through which they can be kept separate (Schlichting et al., 2015). Thus,
the above suggested involvement of vIPFC in regulatory processes of memory modification
after PE (section 4.2.1) can be narrowed down even further. In that sense, strong activation in
this area might reduce the susceptibility to memory modification. A similar role can be assumed
for pIPS. Interestingly, our findings from both contrasts (fa > cr, cr > fa) are not in line with the
aforementioned observations by Baym and Gonsalves (2010), indicating that brain responses

that lead to later false or true memories are specific for the type of misinformation paradigm.

Dynamic Brain Responses

Next, we were also interested in the dynamic change in brain responses, i.e., their
increase over time, in the case of later false memories. This approach might seem
counterintuitive at first, since often when the same stimulus is encountered repeatedly, brain
activations are observed to decrease. This phenomenon is called repetition suppression, and is
assumed to reflect more efficient processing of repeated stimuli (Henson, Shallice, & Dolan,
2000; Martin, 2007). For example, hippocampal activation often decreases with ongoing
learning repetitions of the same material (Brodt et al., 2016; Himmer et al., 2019). Similarly, it
was demonstrated that activation in PE-sensitive brain areas, including hippocampal complex,

attenuates with repeated experience of the same PE, which can be interpreted as a sign of
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predictive model adaptation (Schiffer, Ahlheim, et al., 2013; Schiffer et al., 2012). However,
under certain circumstances, brain responses can also increase with repeated exposure, which
has been termed a repetition enhancement effect (Henson et al., 2000). For example, when new
information is encountered repeatedly, such enhancements have been observed in FG, inferior
parietal lobe and precuneus. It was suggested that these increases in brain activation reflect the
gradual establishment of new mnemonic representations (Brodt et al., 2016; Henson et al.,
2000; Himmer et al., 2019). For this reason, we expected that in the case of later false memories,
brain responses increase with repeated exposure to PE, specifically in areas involved in the
formation of episodic memories. In fact, we demonstrated that many areas of the episodic
memory network increased in activity for later false alarms, including inferior parietal areas
and precuneus (Study 2), in line with previous findings. Also, hippocampal complex (including
PHG) and ACC were among the regions where activity increases were detected. This finding
contrasts reports of decreasing activity with stimulus repetition in both areas (Himmer et al.,
2019; Kuhl, Dudukovic, Kahn, & Wagner, 2007). However, the amount of hippocampal
activation is typically linked to current encoding strength (Brodt et al., 2016), and ACC is
involved in updating reactivated memories (Xue, 2022), especially in the case of overlapping
information (G. Ferndndez, 2017), and learning from (prediction) errors (Rushworth et al.,
2011; Vassena, Holroyd, & Alexander, 2017). Considering the previously discussed findings
from our other studies, it can be proposed that these two areas might play a key role in the
ongoing formation of PE-based false memories. In that sense, they might mediate the relearning
of conflicting, yet similar, alternative episodes. Notably, pronounced activity increases were
specifically observed for later false alarms, and only to a reduced extent for later correct
rejections and original episodes (unpublished data, see Appendix, Table A2).

Interestingly, no significant repetition suppression could be observed for later false

alarms (unpublished data). This finding indicates that when false memories were formed, the
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PE-inducing information remained informative even after several repetitions of the same
modification. For later correct rejections, activity decreases were only found in some clusters
without correction for multiple comparisons (p <.001). These were located in bilateral FG and
left PHG (unpublished data, see Appendix, Table A3). This finding was further supported by
the ROI analysis, which evidenced a significant decrease in PHG. The strongest decrease in
activation was found for original videos, i.e., those that were just repeated the way they had
been initially encoded, in bilateral occipitotemporal cortex (including FG [unpublished data,
see Appendix, Table A3]). These observations nicely fit the report by Henson and colleagues
(2000), who showed that repetition suppression in FG occurred only for familiar stimuli, but
not for unfamiliar ones, as new mnemonic representations still needed to be formed. However,
our results are inconsistent with Schiffer, Ahlheim, and colleagues’ (2013) observations of
decreasing brain activation with repeated exposure to the same PE in a very similar paradigm.
Notably, there are some important differences between experiments which could account for
this discrepancy. One key characteristic of our studies was the high personal involvement
during initial encoding, while participants in Schiffer, Ahlheim, and colleagues’ (2013) study
only watched videos. Further, our experimental paradigm was stretched out over several days,
allowing for consolidation through sleep, and additional consolidation was achieved via active
retrieval practice. In contrast, Schiffer, Ahlheim, et al. (2013) did not allow for additional
consolidation, as participants were transferred to the MRI scanner directly after first encoding.
All of these aspects could have led to a higher initial model solidity in our studies, so that more
counter evidence might be required to adapt the model to a stage where PEs become less
informative and thus a decrease in brain responses can be observed.

In summary, we gathered valuable first evidence regarding our research question which
(dynamic) brain activation in response to mnemonic PEs characterize false memory formation.

Specifically, we found hints that specific brain responses during PE processing can predict later
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false or true memories. The results indicate that especially pronounced neural mismatch signals
can prevent the formation of false memories after PE. Furthermore, we were the first to
demonstrate that during the formation of false memories through PE, brain activity specifically
increases in the episodic memory network as the episode is relearned. Together, neural and
behavioral evidence suggests that in case of later false alarms, a new, competing alternative of

the original episode was formed.
4.3.3 Mechanisms of Modification

Our experiments did not aim to specifically differentiate by which underlying
mechanism (e.g., reconsolidation vs. interference of memory traces) memories are modified in
response to PEs (c.f. Elsey et al., 2018). However, given the current controversial discussion in
literature, I will briefly discuss our findings in this context.

Today, a very fashionable explanation of memory modification is reconsolidation (but
see Scully & Hupbach, 2020). Briefly, within this framework, PE serves as a reminder that
reactivates an old memory, making it labile again so that new information can be incorporated.
According to this view, the original memory is permanently changed. For reconsolidation to
occur, new protein synthesis is necessary, which is why the process can only be completed after
a longer time interval (Elsey et al., 2018; R. S. Fernandez et al., 2016). Several studies
demonstrating memory modification effects in humans have attributed these findings to
reconsolidation (e.g., Hupbach et al., 2007; Hupbach et al., 2009; Sinclair & Barense, 2018).

In case of our experiments, several required criteria to exclusively demonstrate
reconsolidation were not met (Elsey et al., 2018). For example, in Studies 1 and 2, the post-
fMRI memory test was conducted immediately after participants exited the scanner. This time
interval would be too short for reconsolidation to be measured (Elsey et al., 2018). Nevertheless,
we did observe a memory modification effect, which consequently, most likely cannot be

attributed to reconsolidation. When the post-fMRI memory test was postponed to the
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subsequent day in Study 3, we replicated our results, indicating that behavioral effects in our
studies might overall not be based on reconsolidation (alone). Another observation from our
studies that is not in line with the reconsolidation framework is that the original memory was
not lost after reactivation. On the contrary, memory for originally encoded episodes was hardly
affected by PEs.

As discussed above, our behavioral as well as neural findings hint at the establishment
of alternative, competing memory representations through PEs. Consequently, in line with
previous findings and theoretical considerations, our results might be explained by the
interference of memory traces rather than reconsolidation (Alberini & Ledoux, 2013; Brewin,
2015; Gisquet-Verrier & Riccio, 2018; Kiley & Parks, 2022; Klingmiiller et al., 2017; Lee,
2010; Sederberg et al., 2011; Yassa & Reagh, 2013), which is consistent with the suggestion
that PEs trigger the formation of new memory contents instead of the replacement of old ones
(Beinetal., 2021). Notably, we found hints for a long-lasting effect of PEs on episodic memory,
as predicted by reconsolidation theory (Elsey et al., 2018; Tronson & Taylor, 2007), since
explorative repetition of the post-fMRI memory test approximately one week after the fMRI
session still revealed the tendency for a memory modification effect (i.e., increased acceptance
of modified episodes after PE; #31)= 1.40 , p = .085). However, such an effect can also be
explained by a permanent interference of memory traces, as for example predicted by the
temporal context model (Sederberg et al., 2011) or other frameworks that suggest fixed neural
co-activation of associated memories (e.g., Otgaar et al., 2017).

Importantly, while our memory modification effects can likely not be attributed to
reconsolidation (alone), this does not imply that reconsolidation is not relevant in the
modification of human episodic memory. Instead, there are likely several complementary
processes, including interference effects, which influence episodic memory after PE (Elsey et

al., 2018; Frankland, Josselyn, & Kohler, 2019; Moscovitch & Gilboa, 2021; Sinclair &
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Barense, 2018). However, what remains unresolved to date is which memory modifying
mechanisms operate under which conditions, how exactly they might interact and how memory
traces are influenced in detail (Elsey et al., 2018; Greve, Abdulrahman, & Henson, 2018; Scully

& Hupbach, 2020).
4.4 Critical Evaluation and Methodological Considerations

Even though our findings are overall highly insightful, some aspects of our work require
critical evaluation. These include the design of the paradigm, data analyses and interpretations.
First, I will discuss the reliability of basic assumptions on which we based our work and
interpretations. Afterwards, I will reflect on specific methodological decisions and potential

problems (and proposed solutions) in more detail.
4.4.1 Basic Assumptions and Interpretations

The focus of the present work was on mnemonic PEs. In our studies, participants never
needed to make active predictions, so it could be questioned whether PEs were actually present.
From a predictive coding perspective, it is clear that predictions and PEs do not need to be
experienced consciously (Lupyan & Clark, 2015; Schubotz, 2015) to influence our behavior.
Additionally, while it is true that violating active predictions might further boost neural PE
signals (D’ Astolfo & Rief, 2017) and behavioral influences (Brod et al., 2018), passive PEs can
likewise elicit characteristic neural responses (D’Astolfo & Rief, 2017; Kumaran & Maguire,
2006) and lead to memory modification (Sinclair & Barense, 2018; Sinclair et al., 2021; Yazin
et al., 2021). Furthermore, it could be argued that episodic modifications in the present studies
merely elicited novelty, but not PE responses. While it is true that modifications conveyed new
information, it must be considered that this was delivered within a familiar context, i.e., the
previously encoded episode. Thus, according to the predictive coding framework, predictions

were violated, giving rise to PEs (Barto et al., 2013; Reichardt et al., 2020).
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From the arguments presented above, it becomes clear that we can assume that PEs were
induced through modified episodes. However, it must also be considered whether aside from
PEs, there are alternative explanations for our findings. For example, how do we know that
neural responses were actually specific responses to PEs, and not unrelated encoding of new
information? In fact, we presented multiple times that brain responses to familiar episodes,
including modified ones, were qualitatively different from mere novelty responses (Study 1,
Study 3, Jainta et al., 2022). The similarity of brain activation patterns for original and modified
episodes in contrast to novel ones highlights the fact that modified details were processed in
reference to originally encoded episodes. Concerning behavioral findings from the post-fMRI
memory test, it needs to be considered whether modification effects could be attributed to
familiarity or recency effects rather than PE. While this possibility cannot be ruled out with
absolute certainty, it does not seem very likely since novel episodes were only rarely mistaken
for originally encoded episodes in the post-fMRI memory test. Like modified episodes, they
had been presented during the fMRI session for the first time and thus were encoded equally
recently and were comparably familiar as modified episode versions.

Furthermore, we argue that through PEs, different alternatives of the same episode were
encoded which then likely interfered with each other. In the case when no memory modification
occurred, namely in the gist modification condition, we can, strictly speaking, not verify
whether participants actually encoded the second alternative as well, since we did not
specifically ask them to recall it. Thus, it is theoretically possible that they immediately forgot
about the gist modified alternative, which would explain the lack of confusion between
alternatives in the memory test. However, given the powerful role of PEs in new learning
(Reichardt et al., 2020), this explanation seems highly unlikely. Further, many of our findings
suggest that gist modified episodes were encoded aside from original alternative. First of all,

brain responses to gist modified episodes were pronounced in areas that are involved in the
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encoding of object information (Siestrup et al., 2022). Additionally, reaction times in the post-
fMRI memory test increased after the experience of gist modifications, indicating mnemonic
conflict (Anderson, 1983; Kuhl et al., 2012). Lastly, participants showed a tendency to detect
gist modification faster in the rating task after pre-exposure in the scanner, suggesting that
modifications were already familiar.

Taken together, it can be concluded that the general operationalization of the presented
studies and the main interpretations are overall reliable and can be well justified with reference

to the predictive coding framework.

4.4.2 Detailed Methodological Decisions

A major aim of the presented work was to develop a naturalistic paradigm to investigate
the influence of PEs on episodic memory modification. To this end, complex toy stories served
as episodes and participants were highly personally involved in encoding them. This is already
a vast improvement compared to previous work, where sometimes only still images or simple
(sequences of) associations were encoded, merely by passively presenting the material to
participants (e.g., Greve et al., 2017; Kim et al., 2014). However, several aspects of the
paradigm still lack naturalism. For example, to ensure good encoding, episodes were repeated
multiple times and participants often needed more than one attempt to imitate and/or describe
the story. However, one key characteristic of episodic memory is that it is usually based on one
single experience (Cheng & Werning, 2016). Furthermore, modified versions were also
presented repeatedly, while it has been suggested that learning from PE might only need a single
exposition (Greve et al., 2017). In summary, our paradigm could be further improved to address
memory modification under natural conditions even better.

Additionally, some features of the post-fMRI memory test might need to be adjusted for
future application. First, it is theoretically possible that the observed decrease in memory

performance after viewing modified videos was caused not by PEs, but the lack of additional
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presentations of original episodes as in the comparative condition. To exclude this possibility,
we would have needed to include a set of episodes that is encoded, not shown during the fMRI
session, and appears again during the memory test. Due to the time constraints in the encoding
session(s), this was not possible. However, in the gist modification conditions, memory was not
negatively influenced by the presentation of modified versions, that is, no additional
presentation of originals was necessary to protect memories. Furthermore, memory
performances in the behavioral pilot experiment and the fMRI experiment of Study 3 were
highly similar when only conditions without PE experience were considered. Thus, it is unlikely
that our behavioral effects were caused by a boost in memory performance through additional
presentations of original episodes, but rather, as we argue, by the influence of PEs.
Additionally, the operationalization of the memory test limits the degree to which we
can understand what actually happened to the memories which underwent modification.
Participants were presented original and modified episodes and had to answer after each video
whether this was the episode they had originally encoded. In case both versions were accepted,
we could not differentiate whether there was a dominant mnemonic representation, which could
rather be achieved with a forced-choice design (e.g., Long et al., 2016), or a cued recall test
(e.g., Sinclair et al., 2021). Nevertheless, a clear advantage of our approach was that with the
question we asked, it was possible to demonstrate that participants actually attributed modified
episodes to the original episode repertoire. Still, one might argue that this finding only
demonstrates simple source confusion. However, novel videos were rarely attributed to the
wrong source (i.e., the encoding session), which highlights that for wrong source attribution to
occur, different alternatives of the same episodes likely became associated with each other,
which is an indication of memory modification (Otgaar et al., 2017; Sederberg et al., 2011). An
additional advantage of our memory test was that it allowed us to show that memory for the

original episode was still largely intact. Many other researchers neglect the fate of original
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memories, which is problematic for understanding the mechanisms behind memory
modification (Elsey et al., 2018).

For an explorative investigation of long-term effects, the memory test was repeated after
approximately one week (Studies 1 and 2, unpublished data). While we found a tendency for a
long-lasting effect as discussed above, these results have an important limitation. This is due to
the fact that the memory test was executed in exactly the same way twice, including the exact
same stimuli and even the same order of video presentation. Therefore, participants had
experienced modified versions of all episodes at the time of the second test. If PE signals
actually triggered one-shot learning (Greve et al., 2017), all episodes would have been
influenced to a certain degree at this point, making the results of the second memory test
unreliable. To reliably test for a long-term effect, it would be necessary to either split the group
of participants (i.e., half of the participants take part in the early memory test, the other half in
the late test), or divide the set of episodes over two testing sessions (e.g., Bosshardt et al., 2005).

For future work, it should also be considered that a subjective evaluation of PE strength,
as applied in Study 3, might not be the optimal approach. Even though others have previously
used such individual PE ratings (e.g., Sinclair et al., 2021), participants seemed confused by the
task in our experiment. For this reason, they might have used the story-change ratings to guide
PE ratings, leading to a high correlation of the two. With a rating approach, it is also not possible
to reflect on information-theoretical surprisal, just subjective surprise (Clark, 2013), which
might not always adequately reflect the true informational value of PEs. Due to these
weaknesses, PE ratings were not further included into any analyses in the present work. Thus,
obtaining objective measures of PE strength, for example using pupillometry (Brod et al.,
2018), would be a meaningful improvement of our paradigm to further elucidate the suggested

influence of PE strength on memory modification (Milton et al., 2023).
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4.5 Outlook

With our here presented work, we have already provided valuable new insights into the
neural processing and behavioral consequences of mnemonic PEs. However, much more
research will be needed to complete the understanding of this complex topic. The following
section gives an overview over several general ideas for future research. Subsequently, I will
present a concrete example of a possible future study applying representational similarity

analysis (RSA; Kriegeskorte, Mur, & Bandettini, 2008).
4.5.1 General Ideas for Future Research

In the present studies, participants only went through one fMRI session, so that we could
only evaluate brain activation during the processing of modified episodes. However, for
completely understanding under which conditions false memories arise after PE, future study
protocols should also include fMRI recordings during initial encoding. Previous work has
demonstrated that not only brain activation during the encoding of misinformation, but also
during initial encoding can be predictive of the fate of memories. Accordingly, it has been
suggested that when the original piece of information receives more neural processing, e.g., in
MTL, the memory will be protected from interference. In contrast, when a higher level of neural
processing occurs during the encoding of misinformation, false memories are formed (Dennis
et al., 2015; Okado & Stark, 2005). Thus, relating the strength of original encoding to the
strength of encoding of modified episodes and behavioral outcomes from a memory test might
help to further define which conditions promote the formation of false memories in response to
mnemonic PEs.

Furthermore, it would be valuable to translate our paradigm to additional modalities
aside from fMRI. For example, using EEG, it would be possible to investigate the precise timing
underlying neural processing of mnemonic PEs, for example by focusing on the P300

component which is known to signal for unexpected stimuli (Hoy, Steiner, & Knight, 2021;
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Luck, 2006; Singh et al., 2018; Stefanics et al., 2014). Even a combination of fMRI and EEG
could be implemented within our paradigm (Huster, Debener, Eichele, & Herrmann, 2012).
Additionally, some conclusions from our studies could be further validated using TMS to
influence brain activation. For example, it could be tested whether mPFC (including ACC)
activation is related to the formation of false memories after PE, as our findings would predict.
First hints for this relationship have already been demonstrated. For example, it has previously
been described that perturbating mPFC processing using TMS resulted in fewer false
recognitions of critical lures (Berkers et al., 2017).

Another important next step will be to investigate whether our findings can be
generalized to different types of stimuli (e.g., auditory ones) and PEs. By doing so, it will be
possible to understand whether our findings might reflect universal processes in the
modification of episodic memory, or rather a special case. A first step could be to investigate
whether the impacts we showed for content-based gist and surface modifications (Study 3)
could be translated to PEs that are based on episode structure, like in Study 1.

Additionally, the influence of PE strength could be further investigated by
systematically varying prior strength (e.g., Ortiz-Tudela et al., 2023), and operationalizing PE
impact in a continuous, or at least multi-step, manner. Computational modeling approaches
could help to understand the fate of memory traces depending on PE strength even further. For
example, it is “well-established anecdotally” (Milton et al., 2023, p. 101) that memory
modification occurs when the mismatch between prediction and sensory input is mild, while
distinct memories are formed when the mismatch is striking. Computational models could help
to understand how this principle specifically relates to PE strength and PE signals in the brain,
for example with the use of Hopfield networks (Hopfield, 1982; Zotow, Bisby, & Burgess,

2020).
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Furthermore, future research could shed more light on the influence of consolidation.
For example, more variations of our retrieval practice sessions could be probed. Specifically,
spacing out retrieval sessions even more and/or distributing the material over more retrieval
sessions (Dobson, Perez, & Linderholm, 2017; Roediger & Butler, 2011) might yield the benefit
in mnemonic retention we could not show yet. Successful consolidation is characterized by
increased functional connectivity, for example between mPFC and hippocampus and other
areas, such as precuneus (Antony et al., 2017; G. Fernandez, 2017; Sterpenich et al., 2009).
Also, there are hints that functional connectivity between hippocampus and other cortical areas
influence the processing of mnemonic PEs (Sinclair et al., 2021). Therefore, future work could
address how functional connectivity after consolidation influences PE processing.

Overall, understanding the influence of PEs on memory is not only of interest to learn
more about the functioning of our memory system. In the long run, building upon and further
adapting the presented paradigm might yield valuable findings with direct practical
implications. For example, results might find application in legal or clinical settings. This could
include the scientific evaluation of eye witness testimony reliability, or the targeted use of

memory modification techniques in psychotherapy (Brewin, 2015; Krawczyk et al., 2017).

4.5.2 Tracking Mnemonic Representations After Prediction Error: A Proposed Future

Study

Research Question

What becomes clear from our studies, but also previous work, is that it is difficult to
judge what exactly happens to a memory when it is modified. For example, the main suggestion
we derived from our findings, namely that two alternative versions of an episode are encoded
and subsequently confused, could reflect the outcome of two processes. Either, completely

separate memory traces could be formed which then interfere with each other, or information
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from different sources could be combined in a single representation (Krawczyk et al., 2017).
Importantly, behavioral tests (Elsey et al., 2018; Tronson & Taylor, 2007) and, potentially,
univariate fMRI analyses (Sinclair et al., 2021), cannot resolve this issue. For this reason, it is
needed to track mnemonic representations at different stages of the episodic modification
paradigm and compare similarities in neural activation patterns using RSA. To this end,
neuroimaging data needs to be collected during all experimental phases, initial encoding,

modification phase, and final memory test’.

Background

According to Ritvo et al., (2019), there are two neural mechanisms which can help to
avoid confusion and competition between similar memories. On the one hand, neural
representations can be differentiated from each other. While overlapping memory features are
weakened, the focus is then on distinctive characteristics of single memories (Stawarczyk,
Wabhlheim, Etzel, Snyder, & Zacks, 2020). This principle of neural differentiation is well
established in humans (Xue, 2022) and it has been shown that PE strength is related to the
degree of neural differentiation that is achieved (Kim, Norman, & Turk-Browne, 2017).
Accordingly, when differentiation is incomplete or weak, memories might interfere (Sommer
& Sander, 2022). On the other hand, memories can be integrated with each other, so that a
single representation is formed (Ritvo et al., 2019). Ideally, this shared representation contains
information that relates both memories to each other, for example, the temporal relationship of
the different experiences and underlying source information (Wahlheim & Zacks, 2019; Scully
& Hupbach, 2020; Stawarczyk et al., 2020). Indeed, several studies have demonstrated that
during the successful retrieval of a target memory, the neural activation pattern of a competitor

memory is reinstated as well (Kuhl et al., 2012; Tompary & Davachi, 2017; Ye, Shi, Li, Chen,

® Importantly, I assume that most experimental protocols, including the introduction of modifications and the final
memory test (previously referred to as post-fMRI memory test), remain the same in this proposed study.
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& Xue, 2020). However, when some important detail is missing from the combined
representation, e.g., source information, correct recall might be impaired. Thus, both
incomplete differentiation or integration could lead to memory modification and explain our
current findings. But how could we use measures of representational similarity to further

investigate which mechanism underlies false memory formation after PE?

Operationalization and Possible Outcomes

According to Ritvo et al., (2019), only strong reactivation triggers memory integration,
while moderate reactivation triggers differentiation. Therefore, the first step would be to
evaluate how strongly the original memory is reactivated before the modification is introduced
in the second scanning session. To measure this, the representational similarity of the episode
part before the modification occurs could be compared between initial encoding (scanning
session 1) and modification phase (scanning session 2).

Next, the representational similarity between original and modified alternatives of the
same episode, as presented during the final memory test (scanning session 3), would be
compared and related to the behavioral outcome of said test. In a situation where a strong
reactivation of the original episode (scanning sessions 1 & 2) is observed, together with a high
similarity of original and modified representations (scanning session 3) and a correct rejection
of the modified version in the memory test, memories would likely be successfully integrated
with each other. When, instead, the similarity in scanning session 3 is low and a false alarm is
observed in the memory test, this is an indication of an incomplete integration. Conversely,
when only moderate reactivation is found (scanning sessions 1 & 2), there is low similarity in
scanning session 3 and a correct rejection occurs, memories would likely be successfully
differentiated. Otherwise, when high similarity (scanning session 3) and a false alarm are

observed, differentiation would probably be incomplete.
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Apart from a more explorative searchlight approach, several ROIs would be of interest
for this analysis. One area of interest would be hippocampus, for which much work concerning
memory representations already exists (e.g., Horner & Doeller, 2017; Sinclair et al., 2021; Xue,
2022). Concerning its role in pattern separation and pattern completion (Ngo et al., 2021), which
likely play a role in differentiation and integration of memories, hippocampal activation
patterns would be especially interesting. Another important ROI would be mPFC (including
ACC), which is often implicated in mnemonic integration (Ritvo et al., 2019; Stawarczyk et al.,
2020; Tompary & Davachi, 2017; Ye et al., 2020).

What would need to be clarified is how this idea of incomplete differentiation or
integration can be related to the suggestion that memory modification is actually beneficial, as
it allows us to make better predictions (Exton-McGuinness et al., 2015; R. S. Fernandez et al.,
2016). Importantly, missing completeness does not necessarily equal failure. One could
speculate that from a predictive coding point of view, this might rather be the most
parsimonious solution to when there is no clear predictive benefit of encoding specific
differences between episodes. If, for example, it is signaled that telling specific memories apart
is highly relevant for future predictions, for example because one becomes subjectively aware
of a modification (Wahlheim et al., 2019), this might foster completion of either differentiation
or integration. However, this hypothesis needs thorough evaluation, for example with the help

of computational models.
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5 Conclusion

Episodic memories are not exact copies of past experiences, but can change on the basis
of new, relevant information. A recent line of research has identified mnemonic PEs as a
potential trigger for such modifications.

The three presented studies provide further, highly replicable evidence that different
types of mnemonic PEs can contribute to memory modification. This effect manifested through
the increased tendency to endorse modified episodes as originally encoded after PE.
Furthermore, for the first time, the present studies systematically evaluated neural signatures of
different types of PEs in episodic memories. Results demonstrated that two brain regions,
namely VIPFC (IFS/IFG) and pIPS/SPL, commonly responded to mnemonic PEs, implicating
a general role of these two regions in the processing of episodic mismatch and mnemonic
selection processes. Furthermore, different types of PEs recruited different brain regions,
depending on the piece of episodic information that was violated and memory solidity.
Additionally, for the first time, it was demonstrated that activation in the episodic memory
network, including hippocampus and ACC, specifically increased over time when false
memories were formed. Overall, our findings hint at a special role for (pregenual) ACC in
memory modification through mnemonic PEs, potentially related to the relearning of
alternative, competing episodes.

In conclusion, the presented studies provide valuable new insights into the neural
processing of mnemonic PE and false memory formation. Specifically, our behavioral as well
as neural findings suggest that, in the case of false memories, a second episode alternative is
encoded which subsequently competes with the original one. A pronounced (neural) mismatch
signal, e.g., in pIPS and vIPFC, might prevent the formation of false memories by allowing a
clear mnemonic distinction of episodes. Furthermore, our new, naturalistic paradigm provides

a viable starting point that future episodic memory research can build upon.
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Table Al. Peak activations from second-level whole-brain analyses of contrasts between
later false alarms and correct rejections at FDR p < .05/uncorrected at p < .001 (voxel
level)

Cluster MNI Coordinates
Localization H extent X y z t-value

fa > cr (uncorrected at p <.001)
Cuneus R+L 42 0 -88 26 3.87
Calcarine sulcus R 60 15 -82 14 4.35
Lingual gyrus R L.m. 9 -76 -1 4.20
cr > fa (FDR-corrected at p < .05)
Posterior intraparietal sulcus R 199 30 -61 44 4.29
Superior parietal lobe R l.m. 30 -61 62 4.06
Posterior intraparietal sulcus L 253 -27 -73 29 5.22
Superior parietal lobe L L.m. -27 -61 47 5.18
Inferior frontal sulcus (BA L 85 -42 8 32 5.63
44/45)

R 219 42 8 29 5.93
Middle occipital gyrus R 35 36 -76 -1 4.43

L 22 -33 -88 -1 3.76
Occipitotemporal cortex L 133 -42 -61 -7 5.17

R 160 48 -55 -10 5.63
Inferior frontal gyrus (BA 47) R 71 42 38 -13 4.57
Anterior insula R L.m. 30 26 -1 3.86

L 28 -33 17 -7 3.58
Fusiform gyrus R 27 33 -55 -13 3.62
Parahippocampal gyrus R L.m. 36 -49 -7 3.62

Note: H = Hemisphere, MNI = Montreal Neurological Institute, L = Left, R = Right, BA =
Brodmann Area. l.m. = local maximum, fa = false alarms, cr = correct rejections. Only
clusters with a minimum extent of 10 voxels are reported. Unpublished data from GLM3
(Siestrup et al., 2023).

Table A2. Peak activations from second-level whole-brain analyses of parametric effect
(increase) for later correct rejections and original episodes at FDR p < .05 (voxel level)

Cluster MNI Coordinates

Localization H extent X y z t-value

Parametric modulator cr - increasing (FDR-corrected at p < .05; not significant at p <
.01)

Precentral gyrus R 16 24 -16 62 3.33
Midcingulate cortex R 829 6 -22 38 5.49
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Central sulcus/precentral gyrus L L.m. -42 -22 56 4.71
Precentral gyrus R L.m. 6 -31 53 4.62
Midcingulate cortex R 16 6 2 38 3.49
Central sulcus R 14 39 -10 38 341
Parieto-occipital fissure R+L 20 0 -79 38 3.20
Superior frontal gyrus R 168 24 53 32 4.39
Superior frontal sulcus R L.m. 24 35 32 3.48
Superior frontal gyrus L 120 -30 44 32 3.95
Middle frontal gyrus L L.m. -36 29 38 3.90
Superior frontal gyrus R 42 30 62 8 3.81
Supramarginal gyrus R 13 60 -58 32 3.44
Caudate nucleus R 11 18 14 20 3.21
L 15 -18 23 2 3.63
R 80 15 23 -7 4.53
Superior temporal sulcus R 598 60 -22 8 5.87
Heschl's gyrus R l.m. 36 -28 11 5.59
Precentral gyrus R L.m. 60 5 11 4.54
Superior temporal sulcus L 592 -63 -31 2 5.92
Precentral gyrus L L.m. -54 -1 11 4.93
Supramarginal gyrus L L.m. -51 -52 32 4.63
Superior temporal gyrus/lateral L L.m. -54 -37 14 4.60
sulcus
Hippocampus R 10 27 -34 5 3.40
Lingual gyrus L 624 -9 -67 -4 5.25
R L.m. 12 -64 -4 4.72
Cerebellum R L.m. 48 -70 -31 4.58
Inferior frontal gyrus (BA 47) L 30 -42 41 -16 3.72
Middle temporal gyrus L 23 -54 -28 -19 4.80
Cerebellum L 157 -36 -79 -31 4.24
L 28 -42 -61 -37 3.35

Parametric modulator ori - increasing (FDR-corrected at p <.05; also significant at p <
.01)

Superior temporal sulcus R 35 60 -22 2 7.73

Note: H = Hemisphere, MNI = Montreal Neurological Institute, L = Left, R = Right, BA =
Brodmann Area. l.m. = local maximum, cr = correct rejections, ori = originals. Only clusters
with a minimum extent of 10 voxels are reported. Unpublished data from GLM3 (Siestrup et
al., 2023).

185



Appendix

Table A3. Peak activations from second-level whole-brain analyses of parametric effect
(decrease) for later correct rejections and original episodes at FDR p <.05/uncorrected at

p <.001 (voxel level)

Cluster MNI Coordinates
Localization H extent X y z t-value

Parametric modulator cr - decreasing (uncorrected at p <.001)
Parieto-occipital fissure R 14 21 -55 23 4.20
Parahippocampal gyrus L 9 -30 -43 -10 4.28
Fusiform gyrus R 144 36 -55 -13 5.48

L 16 -39 -58 -13 4.07
Parametric modulator ori - decreasing (FDR-corrected at p <.05)
Superior parietal lobe L 10 -30 -49 59 3.74
Postcentral sulcus R 11 33 -40 56 3.72
Posterior intraparietal R 38 30 -73 35 4.43
sulcus
Occipitotemporal cortex L 272 -39 =79 14 5.14
Fusiform gyrus L l.m. -36 -52 -13 4.81
Occipitotemporal cortex R 644 48 =70 5 543
Fusiform gyrus R L.m. 39 -46 -16 5.00

Note: H = Hemisphere, MNI = Montreal Neurological Institute, L = Left, R = Right. L. m. =
local maximum, cr = correct rejections, ori = originals. Only clusters with a minimum extent
of 9 voxels are reported. Unpublished data from GLM3 (Siestrup et al., 2023).
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ACC
BA
cr
EEG
fa
FG
fMRI
IFG
IFS
mPFC
MRI
MTL
PCC
PE
PFC
PHG
pIPS
ROI
RSA
SPL
TMS
vIPFC
vPPC

Abbreviations

anterior cingulate cortex
Brodmann area

correct rejection(s)
electroencephalography

false alarm(s)

fusiform gyrus

functional magnetic resonance imaging
inferior frontal gyrus

inferior frontal sulcus

medial prefrontal cortex
magnetic resonance imaging
medial temporal lobe

posterior cingulate cortex
prediction error

prefrontal cortex
parahippocampal gyrus

posterior intraparietal sulcus
region of interest
representational similarity analysis
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