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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 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 

is: 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. Fernández, 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 
 

6 
 

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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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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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, Schönauer, 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 (vPPC) 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).1  

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. Fernández et al., 2016). 

                                                            
1 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)2. 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). 
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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; Klingmüller, 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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1.3.1 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; Klingmüller 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 (Klingmüller 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 (Klingmüller 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 (Klingmüller 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 
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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 updating3 (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, Kremláček, & 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)4. 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, 

Schröger, & Schubotz, 2009; den Ouden et al., 2012; Gläscher, 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, Fernández, 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. Fernández 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. Fernández et al., 2016). 

Accordingly, R. S. Fernández and colleagues state that “an effective reminder capable of 

labilizing memory is one which elicits a PE signal” (R. S. Fernández 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. Fernández 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 modification5. 

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, 

                                                            
5 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. 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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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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3 Research Articles 

3.1 Study 1: What Happened When? Cerebral Processing of Modified 
Structure and Content in Episodic Cueing 

 

Running title: Modified Structure and Content in Episodic Cueing 
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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 (vlPFC). 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; 

Gläscher 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 vlPFC, 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 vlPFC activity increases for highly informative or 

inconsistent detail in observed actions (El-Sourani, Trempler, Wurm, Fink, & Schubotz, 2019; 

Hrkać, Wurm, Kühn, & Schubotz, 2015; Wurm & Schubotz, 2012). Furthermore, vlPFC, 

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, vlPFC and pIPS likely have a general role in the processing of episodic 

mismatch and subsequent mnemonic selection processes. 
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Differential Neural Signatures 

In Study 1, we were able to show that structure and content modifications elicit 

differential neural processing6. 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 

                                                            
6 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. 

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. 
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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, Gläscher 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, ηp² = 0.58, unpublished data). 

However, it should be noted that PE ratings and story-change ratings were highly correlated (r 

= 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, vlPFC 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, Högman, 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. Fernández 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-Hörnqvist, Stillesjö, Andersson, Jonsson, & Nyberg, 2021), specifically in the 
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case of PE (Schiffer, Ahlheim, et al., 2013)7. 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. 
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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. Fernández 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, 
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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, & Gómez, 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. Fernández 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 

a role 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 18). 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 A1). 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 (Brázdil et al., 2002; Klein, Ullsperger, & 

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

                                                            
8 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 vlPFC 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. Fernández, 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. Fernández 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; Klingmüller 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 

(Bein et al., 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; t(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, & Köhler, 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. Fernández, 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 test9.  

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, 

Wahlheim, 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, 

                                                            
9 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. Fernández 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 vlPFC (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 vlPFC, 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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Appendix 

Table A1. 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) 

Localization H 
Cluster 
extent 

MNI Coordinates 

t-value x y z 

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 
44/45) 

L 85 -42 8 32 5.63 

  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) 

Localization H 
Cluster 
extent 

MNI Coordinates 

t-value x y z 

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 3.41 
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 
sulcus 

L l.m. -54 -37 14 4.60 

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). 
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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) 

Localization H 
Cluster 
extent 

MNI Coordinates 

t-value x y z 

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 
sulcus 

R 38 30 -73 35 4.43 

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 5.43 
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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Abbreviations 

ACC    anterior cingulate cortex 

BA    Brodmann area 

cr    correct rejection(s) 

EEG    electroencephalography 

fa    false alarm(s) 

FG    fusiform gyrus 

fMRI    functional magnetic resonance imaging 

IFG    inferior frontal gyrus 

IFS    inferior frontal sulcus 

mPFC    medial prefrontal cortex 

MRI    magnetic resonance imaging 

MTL    medial temporal lobe 

PCC    posterior cingulate cortex 

PE    prediction error 

PFC    prefrontal cortex 

PHG    parahippocampal gyrus 

pIPS    posterior intraparietal sulcus 

ROI    region of interest 

RSA    representational similarity analysis 

SPL    superior parietal lobe 

TMS    transcranial magnetic stimulation 

vlPFC    ventrolateral prefrontal cortex 

vPPC    ventral posterior parietal cortex 
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