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Summary 

Episodic memory is a system that enables the encoding, consolidation, and retrieval of 

personally experienced events, providing the ability to mentally travel back and forth in time. 

Since episodic memories are prone to change, recollections of the past are not always accurate 

representations of experienced events. Conceiving episodic memory as an internal model 

enabling predictions has offered valuable new perspectives on its prerequisites and functions. 

In an ever-changing world, prediction errors (PEs) have been identified to serve as learning 

signals for updating episodic memories when reality contradicts expectations. Thus, the 

ability to update predictions and to recollect memories in a slightly different way is a 

necessity for the accurate anticipation of future events. However, research investigating which 

conditions render episodic memory and how various types of PEs affect the neural 

mechanisms in the brain is still in its infancy. Therefore, the present thesis aimed to identify 

the neural substrates and modulating factors of mnemonic PEs and their influence on 

subsequent episodic memory retrieval. 

In order to identify neural and behavioral signatures following the experience of 

mnemonic PEs in episodic memory, three functional magnetic resonance imaging (fMRI) 

studies were conducted using a new episodic modification paradigm. First, participants 

encoded a set of unique, naturalistic episodes from demo videos. In a subsequent fMRI 

session, subjects were presented with either original or slightly modified versions of the 

previously encoded episodes. Finally, memory performance was tested through cued retrieval 

to analyze the impact of PEs on later memory retrieval. In Study 1, different agentive states 

during encoding (self-performance vs. active observation) and perspectives during retrieval 

(first-person perspective vs. third-person perspective) were used to evaluate the impact of 

encoding strategies on PE processing and memory performance. Study 2 examined how 
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different retrieval practice protocols affect episodic memory stability and, thus, influence 

brain activity and behavioral performance. Study 3 aimed to identify distinct neural 

signatures underlying the experience of repetitive and varying PEs (one single vs. multiple 

different modified versions).  

Across all studies, violating expectations of previously encoded episodes led to 

increased brain activity during cued episodic memory retrieval. Together, results 

demonstrated that mnemonic PEs triggered substantial brain responses in the prefrontal cortex 

(PFC) and superior parietal regions characterized by slightly different episodes, while the 

anterior cingulate cortex (ACC) was found to indicate strong memory modification effects, 

i.e., when experienced information differed substantially from an internal model. 

Study 1 revealed that performing rather than only observing an action during encoding 

subtly modulated hippocampal activity in reaction to mnemonic PEs. Furthermore, the 

perspective adopted during recall affected the occurrence of false memories, indicating less 

accurate retrieval from a third-person perspective compared to a first-person perspective. In 

Study 2, PEs elicited a dynamic learning mechanism within brain areas typical for episodic 

memory reactivation, like the hippocampus, medial frontal, posterior cingulate, and lateral 

temporal cortices, contributing to recognizing false memories as authentic. Moreover, 

alterations in retrieval protocols affected brain responses to PEs and subsequent learning. In 

Study 3, repetitive and varying PEs evoked shared and distinct brain activity. Both conditions 

revealed activation of brain regions typical for detecting mnemonic PEs, like the 

hippocampus, PFC, and posterior parietal regions. Experiencing multiple different versions of 

a previously encoded episode resulted in stronger brain responses in hippocampus and 

caudate nucleus, indicative of the experience of uncertainty, i.e., strong breaches of 

expectation. Repetitive PEs increased brain activity in cortical midline structures, potentially 

signaling the successful encoding of an alternative. In line with cortical findings in our study, 
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varying PEs did not hamper subsequent memory performance, whereas repetitive PEs 

revealed less accurate recall of original objects. 

Beyond demonstrating common neural signatures for repeated encounters of the same 

PE, repeated mnemonic PEs resulted in subsequent memory modification. While in Studies 1 

and 2 repeated encounters of the same PE were characterized by an increased tendency to 

form an additional, false memory, Study 3 showed that repeated, but not varying, PEs 

impaired cued recall of originally encoded objects. Notably, originally encoded episodes for 

which no alternative version was presented, led to highly accurate memory performance in all 

three studies. 

Together, these findings offer promising avenues for exploring conditions rendering 

and mechanisms underlying responses to mnemonic PEs, as well as their impact on episodic 

memory modification. Experimental data support the view that repeated encounters with the 

same PE can lead to the encoding of slightly alternative episodes competing with originally 

encoded information during retrieval. Memory impairments are significantly influenced by 

the type of PE experienced, yet the impact of self-referential factors and retrieval strategies 

seems to be rather subtle on episodic memory. 
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1 Theoretical and Empirical Background 

Episodic memory is an essential system driving the ability to encode, store, and 

retrieve personally experienced information. Therefore, each memory holds a complex 

interplay of sensory perceptions and contextual details. However, the crux of this cognitive 

system lies in its imperfection as episodic memories are not always veridical reconstructions 

of past events (Lee et al., 2017; Nader, 2015; Nader & Einarsson, 2010; Scully & Hupbach, 

2020). Despite initially appearing as a flaw in the system, this imperfection serves a 

functional purpose. Thus, remembering an event in a slightly different version compared to 

the original experience is a prerequisite for correctly predicting the future (Schacter et al., 

2012). In everyday life, the unique nature of events requires our brain to establish a reliable 

set of regularities while allowing us to adapt to a certain amount of variability and breaches of 

expectation. A major question deriving from here is: How does the brain utilize correct and/or 

incorrect predictions to guarantee future predictive success? 

Considering episodic memory through the lens of mnemonic PEs offers valuable 

insights into answering this question. Episodic memory is prone to change, and its gradual 

modification process is likely driven by retrieval (Lee et al., 2017; Nader, 2015). Recent 

research on episodic expectations emphasizes the pivotal role of mnemonic PEs during 

retrieval-induced memory modification (Exton-McGuinness et al., 2015; Fernández et al., 

2016). Understanding the process of episodic memory updating requires unpacking the many 

factors that contribute to learning from PE. Therefore, the present thesis focuses on the neural 

processing of mnemonic PE and its influence on subsequent memory retrieval to enhance our 

understanding of the role of PE in memory modification. 

The following sections will provide an overview of episodic memory, including the 

conceptual idea as well as different processes and conditions involved, and explore concepts 
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related to memory modification. Further, this thesis will outline neural substrates of relevant 

processes and highlight the importance of mnemonic PE as a potential mechanism in memory 

modification. Finally, relevant findings will be discussed considering the research questions 

addressed in this thesis. 

1.1 Episodic Memory – A knowledge-based system 
For more than two decades, episodic memory has been widely studied in neuroscience 

and psychology. As part of declarative memory (Suddendorf & Corballis, 2007; Tulving, 

2005), episodic memory was originally introduced to distinguish storage for personally 

experienced events from general knowledge about the world, i.e., semantic memory (Tulving, 

1972). Episodic memories were proposed to be unique in that they jointly include information 

about the what, where, and when of a personally experienced event (Tulving, 1972). While it 

is insufficient to fully distinguish episodic from semantic memory on content alone, the 

conceptualization has undergone subtle changes over time. For instance, it was suggested that 

episodic memory retrieval was accompanied by a sense of reliving, termed autonoetic 

consciousness (Gardiner, 2001; Tulving, 1985, 2005). It allows individuals to pick up on 

significant regularities from the past to project themselves into hypothetical situations, plan 

future actions, and envision potential outcomes (Tulving, 2002, 2005). Reexperiencing the 

personal past to predict future events was casually referred to as mental time travel (Tulving, 

2002). Both reliving past and imagining future events were proposed to share 

phenomenological characteristics and activate similar brain areas (Suddendorf & Corballis, 

2007), appearing as two sides of the same coin. In a highly dynamic world, a system closely 

linking the past and the future is of great evolutionary benefit.  

However, there is no universal consensus regarding the characteristics of episodic 

memory (Clayton et al., 2003; Conway, 2009; Henke, 2010; Tulving, 2005). For instance, 
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Conway (2009) suggested that episodic memories are defined through the combination of 

nine different features, like containing sensory-perceptual information, being represented in 

visual images, and always having a (field or observer) perspective. Henke (2010) postulated 

three dimensions that differentiate between episodic and other memories: (i) the number of 

learning trials to correctly memorize, (ii) its level of cognitive complexity, and (iii) the degree 

of adaptability of the memory. According to these dimensions, Henke (2010) suggested 

episodic memories to be rapidly encoded and encompass malleable representations. In 

contrast, semantic memories are believed to undergo gradual encoding and contain rigid 

representations (Henke, 2010; but see Sharon et al., 2011 for contradictory results). Further, 

while initial approaches viewed episodic memory as uniquely human (Tulving, 1985), more 

recent literature has revealed its existence in nonhuman animals (for a review, see Clayton et 

al., 2003). Across different proposals of episodic memory characteristics, two key features 

appear to be crucial. First, episodic memory plays an essential role in acquiring new 

knowledge and transferring it gradually into more general long-term memory. Second, 

episodic memory provides a basis for adaptive processes that allow planning and goal pursuit 

(Clayton et al., 2003; Conway, 2009; Henke, 2010; Tulving, 2005).  

Episodic memories are suggested to be stored in a representative, rather than a literal, 

way to allow the mnemonic reconstruction thereof (Cheng & Werning, 2016) by reactivating 

either individual elements or the whole episode (Henke, 2010). During encounters with new 

situations, this representational format provides the foundation for the planning and execution 

of actions and behaviors. To access and reconstruct events from the past, episodic memory 

relies on the interplay of multiple processes, including encoding, consolidation, and retrieval 

of experience-based information (Baddeley, 2001, 2004; Tranel & Damasio, 2002). For a 

better understanding of the different stages in episodic memory formation and subsequent 

modification, these processes will be described in the following sections. 
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1.1.1 Encoding 
To store and later recollect an episodic memory, the content of a personally 

experienced event must be encoded. Encoding refers to the process through which 

information is perceived and transformed into a representation that can be stored in the brain. 

This process involves initial registration and processing of sensory input (Baddeley, 2001, 

2004). Several fMRI studies have demonstrated that medial temporal, frontal, and parietal 

regions are involved in encoding episodic memories (e.g., Manns & Squire, 2002; 

Shimamura, 2014; Tranel & Damasio, 2002).  

Within the medial temporal lobe (MTL), the hippocampus was identified as a core 

structure of episodic memory (Stachenfeld et al., 2017). Regarding its role in associative 

learning (Kumaran & Maguire, 2006), the hippocampus creates temporal associations 

between episodes (Paz et al., 2010), and contributes to the integration of distinct event 

features (Davachi, 2006; Ranganath, 2010; Rugg et al., 2008; Shimamura, 2014) during 

encoding. Additionally, MTL supports the binding of coactive features across various areas of 

the neocortex allowing the creation of similar, but distinct, episodic memories that can be 

separated from others – a process referred to as pattern separation (Norman & O’Reilly, 

2003; Yassa & Stark, 2011).  

Tightly linked to the hippocampus via bidirectional pathways (Eichenbaum, 2017), the 

PFC plays another significant role in episodic memory encoding and retrieval. Early 

neuroimaging studies have revealed the activation of the PFC during both encoding and 

retrieval of episodic memories (Tulving et al., 1994). While the PFC in general was proposed 

to be involved in executive control and working memory processes through maintaining 

information in an active state (E. K. Miller & Cohen, 2001; Shimamura, 2008), the medial 

PFC (mPFC) was suggested to distinguish memories during encoding of new content to 

prevent interference (Guise & Shapiro, 2017). Further, the left PFC was found to influence 
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episodic memory encoding (Tulving et al., 1994) by assessing relevant semantic features of 

an event into an encapsulated episodic memory (Orth et al., 2023; Rugg et al., 2015). Left 

ventrolateral PFC (vlPFC) was associated with episodic memory encoding (for a review, see 

Diamond & Levine, 2018). Moreover, neuroimaging studies showing differential prefrontal 

brain activity during encoding and retrieval formed the basis for the hemispheric encoding 

retrieval asymmetry (HERA) model (e.g., see Habib et al., 2003). According to this model, 

the left PFC is more strongly associated with memory encoding, while the right PFC is more 

involved in retrieval (Habib et al., 2003). 

Another crucial region for episodic memory encoding was found in the posterior 

parietal cortex (PPC). Activity in dorsal regions of the PPC was suggested to guide attention 

toward goal-directed features of an event to facilitate the encoding of attended information 

(Uncapher & Wagner, 2009). Interestingly, activation of ventral PPC during encoding was 

proposed to have negative effects on subsequent memory due to its role in reflexive attention, 

i.e., shifting attention from to-be-encoded information to memory-irrelevant information 

(Uncapher & Wagner, 2009). In contrast, reduced activity in ventral PPC was suggested to be 

involved in successful episodic memory encoding (Shimamura, 2011, 2014). Regarding the 

influence of parietal areas on attentional processes and episodic memory encoding, attention 

plays a significant role during encoding. Recent research demonstrated that details of events 

that are more attended during encoding are typically better recalled (Rugg et al., 2015).  

1.1.2 Consolidation 
After the initial learning, memories will undergo stabilization becoming more resilient 

to disruption by interfering events, a process referred to as consolidation. During memory 

formation, consolidation allows rehearsing knowledge or reactivating events to create a 

relatively stable memory trace encoded information (McKenzie & Eichenbaum, 2011).  
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Besides being involved in encoding, it is well-established that the hippocampus takes a 

crucial role in memory consolidation and closely interacts with neocortical areas (Carr et al., 

2011; Dudai, 2004; McKenzie & Eichenbaum, 2011). The hippocampus initiates a process of 

reactivation and repeated transfer of information between MTL and cortical regions (Squire et 

al., 2015). Reactivation may occur during active retrieval (Antony et al., 2017; Rowland, 

2014) or in periods of non-engagement (Carr et al., 2011; Cheng & Werning, 2013; Tambini 

& Davachi, 2019). When the brain is not actively processing current events, spontaneous 

memory reactivation may occur in the hippocampus during awake states (Carr et al., 2011; 

Tambini & Davachi, 2019) and sleep (Cheng & Werning, 2013) leading to the stabilization 

and refinement of cortical memory traces. 

Early models of memory consolidation, like the Standard Consolidation Theory (SCT) 

(e.g., Squire & Alvarez, 1995), suggested that initial storage of a single memory 

representation occurs within neocortical-hippocampal connections but undergoes a gradual 

shift over time toward being solely stored between neocortical connections (reviewed in 

Simons & Spiers, 2003 and Winocur et al., 2010). This proposal of a gradual shift is in line 

with the idea that during memory retrieval the mPFC, but not the hippocampus, 

predominantly mediates the reactivation of episodic memory (Euston et al., 2012). One 

essential feature of the SCT is that once a memory is consolidated and has become 

hippocampus-independent, memory becomes immutable (Winocur et al., 2010). However, 

even stably consolidated memories can regain hippocampal dependence after cueing the 

experience of previously encoded information and are susceptible to modification (McKenzie 

& Eichenbaum, 2011).  

Over the past decades, various alternative models of memory consolidation have been 

proposed (for an overview, see McKenzie & Eichenbaum, 2011). For example, the Multiple 

Trace Theory (MTT) proposes a transformation of episodic into semantic memories (Nadel & 
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Moscovitch, 1997). According to this theory, episodic memories undergo repeated offline 

reactivations resulting in the integration of common information within cortical semantic 

networks, thus becoming hippocampal-independent, while episodic information continues to 

rely on hippocampal-neocortical connections (Nadel & Moscovitch, 1997; Piolino et al., 

2009; Winocur et al., 2010). This proposal aligns with neuroimaging studies showing 

hippocampal activation during retrieval of both recent and remote episodic memories (e.g., 

Maguire et al., 2001; Ryan et al., 2001). Additionally, the MTT suggests that each time a 

memory is recalled, it is re-encoded and stored in various cortical regions to form multiple 

traces or various representations of memory. Allowing encoding of multiple distributed 

representations, rather than a single engram, is suggested to make memories more resistant to 

change, but not immutable (Winocur et al., 2010). Although, memories that have undergone 

extensive consolidation may be less likely modified (Exton-McGuinness et al., 2015; 

Fernández et al., 2016), reactivating a memory was proposed to return a memory trace into an 

unstable state, opening a window for modification (Lee et al., 2017; Nader, 2015; Roediger & 

Butler, 2011). 

1.1.3 Retrieval 
Episodic memory retrieval refers to the recall of a previously encoded event. In the 

presence of a cue associated with an event, a broad neural network is activated to recollect 

stored information from medial temporal, frontal, and parietal brain areas (Rugg & Vilberg, 

2013; Shimamura, 2014). Over the past decades, an episodic memory core network has been 

identified including the MTL, PFC, ventral PPC, retrosplenial, and posterior cingulate cortex 

(pCC) (Jeong et al., 2015; Rugg & Vilberg, 2013). 

The MTL is considered to reactivate event features through relational bindings during 

episodic memory retrieval (Rugg et al., 2015; Rugg & Vilberg, 2013; Shimamura, 2014), 
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referred to as pattern completion (Norman & O’Reilly, 2003). In concert with surrounding 

MTL and neocortical areas, the hippocampus plays a key role in episodic memory 

reactivation (Jeong et al., 2015; Rugg & Vilberg, 2013; Stachenfeld et al., 2017). Specifically, 

the hippocampus was suggested to store differential patterns of cortical activity, each 

representing an ensemble of previously experienced episodic features (Rugg & Vilberg, 

2013). Hence, when a suitable retrieval cue is available, the corresponding hippocampal 

representation is triggered, leading to the reinstatement of the initial pattern of cortical activity 

and the reexperience of the event (Norman & O’Reilly, 2003). During remembering, 

hippocampal activity is characteristically accompanied by coactivation in angular gyrus, 

parahippocampal, retrosplenial, posterior cingulate, and prefrontal cortices (e.g., Rugg et al., 

2015).  

Regions within the MTL are critical for episodic memory retrieval. However, they 

must interact with other cortical areas to correctly reactivate sensory, semantic, and other 

event features. Here, the ventral PPC functions as a central hub that is widely connected with 

the MTL and PFC as well as sensory regions (Sestieri et al., 2011) and facilitates the 

coactivation of cortical patterns representing episodic event features (Shimamura, 2014). 

Further, research suggested dissociable memory functions for dorsal and ventral parts of the 

PPC based on attentional processes, as proposed by the Attention to Memory Model (e.g., 

Cabeza et al., 2008; Ciaramelli et al., 2008). While the dorsal PPC supports top-down 

attention processes guiding retrieval goals, the ventral PPC mediates bottom-up attention 

processes influenced by salient retrieval outputs (Cabeza et al., 2008; Ciaramelli et al., 2008). 

Moreover, episodic memory retrieval may recruit both medial and lateral regions of the 

parietal cortex (Cabeza et al., 2008; Henson et al., 1999; Rugg et al., 2015). Within the medial 

parietal cortex, the precuneus and pCC contribute to visual imagery (Henson et al., 1999; 
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Rugg et al., 2008). Located in the lateral parietal cortex, the angular gyrus directs attentional 

resources from retrieval cues to stored content (Cabeza et al., 2008, 2011; Rugg et al., 2015). 

Another core structure in episodic memory retrieval is the PFC (see Fletcher & 

Henson, 2001 and Rugg & Vilberg, 2013 for reviews). Together with the hippocampus, the 

PFC has been linked to the recollection of contextual information during retrieval (Simons & 

Spiers, 2003). Early research found the PFC to play an important role in episodic memory 

encoding, retrieval, and the experience of autonoetic consciousness (Tulving et al., 1994; 

Wheeler et al., 1997). In line with its role in executive functions and working memory, the 

PFC contributes to the reactivation of episodic memory features (for a review, see Diamond 

& Levine, 2018). The dorsomedial portion of the PFC was linked to self-referential 

processing, an essential part of episodic memory retrieval, whereas the dorsolateral PFC was 

associated with monitoring episodic memory encoding and retrieval (Brand & Markowitsch, 

2008). During retrieval, the vlPFC was suggested to be involved in triggering 

autobiographical memories and memory selection (Brand & Markowitsch, 2008). The search 

for the correct representation stored in memory during retrieval is further supported by the 

mPFC which is activated during retrieval of remote rather than recent memories (Euston et 

al., 2012). Together with the hippocampus and ACC, mPFC is involved in detecting response 

conflicts during retrieval (Duncan et al., 2009). 

As presented above, episodic memory retrieval is not merely a passive recollection of 

past events, but rather a dynamic phenomenon influenced by different brain areas with 

various functions. Therefore, the ability to retrieve memories allows access to a stored 

representation for future planning and goal pursuit but further opens a window to encoding 

new, diverging information (Conway, 2009). Therefore, episodic retrieval serves one of the 

most important aspects of human memory: memory modification. 
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1.2 Episodic Memory Modification  
Despite the strong tendency to perceive episodic memory as a faithful and stable 

reflection of past events, mnemonic representations are rather dynamic and prone to change 

(Lee et al., 2017; Nader, 2015). Thus, it is suggested that episodic memory underlies a 

reconstructive process rather than mere retrieval of memory traces (e.g., Cheng et al., 2016). 

The following sections will describe concepts reflecting the constructive nature of memories 

as well as different types of memory modification to provide a conceptual idea of how 

episodic memory can be updated. 

1.2.1 Imagining is (not) Remembering 
Early research reported that amnesic patients have problems with imagining the future 

suggesting a lack of the ability to mentally travel back and forth in time (Klein et al., 2002; 

Tulving, 1985). Since then, numerous findings from psychology and cognitive neuroscience 

have suggested a close interaction between past and future thinking while sharing similarities 

with imagining events (e.g., Hassabis et al., 2007 and Okuda et al., 2003; or see Schacter et 

al., 2012 for a review). 

Imagination has been linked to mentally simulating novel experiences (Hassabis, 

Kumaran, & Maguire, 2007; Hassabis, Kumaran, Vann, et al., 2007), planning future events, 

and remembering the actual past (Addis et al., 2007; de Vito et al., 2012; Szpunar et al., 

2007). Neuroimaging studies identified a common network for thinking of the future and 

remembering the past (Hassabis, Kumaran, & Maguire, 2007; Okuda et al., 2003) leading to 

the conclusion that episodic memory contributes to imagining future events (Addis et al., 

2007). Further, imagining the future and remembering the past were found to activate similar 

brain networks including frontal, posterior cingulate, retrosplenial, and lateral parietal 

cortices, as well as the MTL (Schacter et al., 2012; Szpunar et al., 2007). Interestingly, the 

hippocampus was suggested to play a crucial integrative role during imagination and episodic 
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memory as both systems are associated with constructive processes (Hassabis & Maguire, 

2007, 2009). Further, imagination was suggested to lead to vivid mental projections of oneself 

in future events (Szpunar et al., 2007), especially when thinking of familiar (rather than 

unfamiliar) settings and self-relevant (than self-irrelevant) events (de Vito et al., 2012). 

Additionally, it was shown that both imagining the future and remembering the past are prone 

to the effects of aging. When imagining the future or remembering the past, healthy older 

adults provide less detailed episodic descriptions than young adults which may result from 

changes in episodic memory mechanisms (see Schacter et al., 2013, for a review).  

This intricate interplay between imagination and episodic memory raises the question 

of whether the mind can construct mnemonic representations that feel real but diverge from 

actual past experiences. Concerning our imperfect memory system, the simple answer is: yes. 

1.2.2 Constructing Episodes 
In recent years, episodic memory has increasingly been considered a constructive, 

rather than reproductive, process (Schacter & Addis, 2007). It was suggested that episodic 

memory does not simply make available a stored representation but collects various stored 

information associated with an event to reconstruct it during retrieval (Cheng et al., 2016). 

This perspective is in line with research suggesting that memory features are distributed 

widely across different brain areas (e.g., Cabeza & St Jacques, 2007) and are recombined 

during pattern completion to comprise a specific past event (Norman & O’Reilly, 2003).  

To provide accurate representations of the past, a constructive memory system must 

solve many problems. For example, episode features must be bound together during encoding 

to prevent later source memory failure, i.e., misattributing the origin or context of a memory, 

leading to inaccurate recall of where, when, or how information was encountered (Schacter, 

1999). In order to correctly remember, selective recall is necessary to distinguish one memory 
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from another during retrieval (Schacter, 1999). A key region mediating this selective retrieval 

process is the PFC (Schacter & Addis, 2007). Patients with damage to prefrontal regions were 

found to vividly remember events that never happened (see Schacter & Addis, 2007, for a 

review). Nonetheless, even healthy people tend to falsely recall events that were never 

experienced in the first place, like after suggestion, mere convincing (Lindsay & Read, 1994; 

Loftus & Pickrell, 1995; Schacter, 1999), or false information (Mangiulli et al., 2022). In line 

with this susceptibility, it was suggested that constructive processes may be biased by 

individual beliefs, perspectives, semantic knowledge, and prevailing circumstances (Schacter 

et al., 2012), or limited by working memory capacity (Cheng et al., 2016). Further, Cheng et 

al. (2016) proposed that constructing scenarios from episodic memory is deeply connected to 

other cognitive and memory systems.  

While encountering numerous challenges during the reconstruction of the personal 

past, recollecting accurate memories appears rare. A recent proposal suggested that 

constructing memories reflects the attempt to make sense of the world while potentially 

sacrificing the veridicality of memories and in part creating false memories (Conway & 

Loveday, 2015). Although this reconstructive nature of episodic memory may appear as a 

flaw in the system, it rather serves an adaptive role. In a highly complex, constantly changing 

environment a mere reproduction of stored memories would rather be useless for future 

events. Therefore, it is important to understand how and when new information is 

incorporated into memory while updating old or forming new (false) memories.  

1.2.3 False Memory Formation 
Memory is an adaptive system supporting the encoding and retrieval of different 

information. Therefore, it is not surprising that major or minor confusion may occur creating 

false memories. For example, repeated imagination of an event that has never happened may 
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increase the tendency to remember it as actually experienced. The phenomenon causing an 

illusory memory has been labeled imagination inflation (for a review, see Schacter et al., 

2011). Studies showed that simply imagining an event that supposedly occurred in the past 

(when in fact it did not) can inflate the confidence to have experienced this fictitious event 

(Garry et al., 1996). Creating false memories may result from perceptual and conceptual 

features of previously experienced events misattributed to the imagined event (Schacter et al., 

2011). Early studies of memory distortion provided further evidence for false memory 

formation (Brainerd & Reyna, 1998; Loftus, 1997; Loftus & Pickrell, 1995). Repeated 

exposure to a childhood event (without direct experience) led participants to falsely remember 

this event as truly experienced by them (Loftus & Pickrell, 1995; Wade et al., 2002). Further, 

using different techniques during interviews (e.g., guided imagination or suggestive 

questioning) can lead to the creation of false memories (Lindsay & Read, 1994; Loftus & 

Pickrell, 1995; Schacter, 1999). Therefore, while aiming for more accurate recall, suggestive 

techniques may result in the unexpected consequence of leading people to misremember.  

False memory formation does not exclusively emerge from external suggestion. 

Encountering new post-event information can result in erroneous acceptance of misleading 

information or false rejection of actual events, a phenomenon referred to as the 

misinformation effect (Loftus, 1991, 2005). Further, when individuals learn two distinct sets 

of information (such as lists of words or objects), information belonging to the second set may 

be falsely remembered as originating from the first set. Typically, this memory intrusion is 

asymmetrical as the first is usually observed to be less likely to intrude on the second set (e.g., 

Hupbach et al., 2007, 2009). Additionally, false recognition can occur when a novel event is 

mistakenly identified as previously encountered, frequently resulting from high similarity 

between precepted and stored information (Schacter, 1999).  



1.2 Episodic Memory Modification 

 

18 

 

Together with the constructive nature of episodes, false memory formation sheds light 

on the phenomenon that new information may be accidentally integrated into existing 

memories. In the following section, a commonly accepted process of information integration 

into memory will be presented in detail. 

1.2.4 Reconsolidation 
A groundbreaking study by Nader et al. (2000) challenged prevailing beliefs that 

memories undergo an immutable stabilization through a cellular consolidation process that 

takes place only once, shortly after initial learning (for a review, see Davis & Squire, 1984). 

Nader et al. (2000) demonstrated that retrieval of a pre-existing fear memory puts it in an 

unstable state requiring additional protein synthesis to restore the memory. Supported by 

additional research (e.g., Kida et al., 2002; Sara, 2000), this finding implies that memory 

reactivation opens a temporal window for reconsolidation, a process that returns a 

consolidated memory to a labile and modifiable state (referred to as destabilization) followed 

by a period of re-stabilization (Lee et al., 2017; Nader, 2015).  

Once put in a labile state, memories can be modified in different ways such as 

updating existing with new information and strengthening or weakening the original memory 

trace (for reviews, see Finn, 2017 and Haubrich et al., 2020). For instance, blocking the 

protein synthesis shortly after reactivation was shown to weaken (or even erase) the original 

fear memory (e.g., Nader et al., 2000). Reconsolidation is vulnerable to many of the same 

interventions as consolidation, like presenting interfering information after reactivation, using 

electroconvulsive shocks, or applying protein synthesis inhibitors (Lee et al., 2017). Further, 

reconsolidation was described as a time-dependent process that can occur within hours after 

reactivation due to new protein synthesis (Elsey et al., 2018; Kiley & Parks, 2022; Lee et al., 

2017). Additionally, behavioral interventions have the potential to induce memory 
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modification throughout the reconsolidation window. For instance, in case of emotional 

memories, extinction learning after reactivation of a conditioned stimulus was demonstrated 

to potentially lead to a lasting decrease in the conditioned reaction (e.g., Monfils et al., 2009). 

As mentioned in the previous section, reactivation of a previously learned list of words 

followed by a second list can lead to memory interference during later recall of the original 

set (e.g., Hupbach et al., 2007). Over the past two decades, research conducted in both 

animals and humans has provided substantial evidence in favor of the reconsolidation theory 

for different types of memories (Hupbach et al., 2007; Monfils et al., 2009; Nader et al., 2000; 

Sinclair & Barense, 2018). 

While in animal research, pharmacological treatments have been typically used as 

proof of reconsolidation through the incorporation of new information and strengthening or 

weakening of the original memory, this method is difficult to apply in research on humans 

due to its invasive nature (Schiller & Phelps, 2011). Therefore, non-invasive techniques like 

extinction learning (e.g., Schiller et al., 2010) or memory interference paradigms (e.g., 

Hupbach et al., 2007) were mainly used to investigate reconsolidation-based memory 

updating in humans (see Schiller & Phelps, 2011, for a review). Behavioral interventions 

emphasize the temporal dependency of reconsolidation as interference appears most effective 

with longer periods between encoding, reactivation, and subsequent testing of original 

memories (e.g., Hupbach et al., 2007; Sinclair & Barense, 2018). Conversely, behavioral 

interventions targeting consolidated procedural memory indicate that interference does not 

impair subsequent recollection in the context of short-term memory (i.e., when 

reconsolidation is not completed) (Walker et al., 2003).  

Despite the numerous studies supporting the reconsolidation theory (for a review, see 

Elsey et al., 2018), the field of human reconsolidation research still faces several challenges as 

mixed findings and failed replications demonstrate that the current understanding is not as 
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straight-forward as the reconsolidation theory proposes (e.g., Gisquet-Verrier & Riccio, 2012; 

Hardwicke et al., 2016; Klingmüller et al., 2017; Levy et al., 2018). A recent review by 

Gisquet-Verrier & Riccio (2018) proposed a memory integration concept suggesting that 

memory modification results from changes in the internal state of the subject, rather than 

external information, resulting in rapid updating of a malleable memory trace after 

reactivation. Thus, results supporting the traditional reconsolidation view may reflect state-

dependent effects rather than memory reconsolidation (for a detailed discussion, see Gisquet-

Verrier & Riccio, 2018). Further, it was argued that many findings supporting the 

reconsolidation theory originate from various memory systems, often investigated through 

different paradigms (Gisquet-Verrier & Riccio, 2018). Consequently, it is essential to identify 

potential interactions between them(Schiller & Phelps, 2011).  

Although reconsolidation theory alone may not fully account for the multifaceted 

mechanisms in memory modification, it highlights two important functions: (i) the updating 

of old memories with new information and (ii) strengthening (or weakening) the original 

memory (Lee et al., 2017; Nader & Einarsson, 2010) to maintain their relevance and stability 

in everyday life (Lee, 2009).  

It has been proposed that the mnemonic strength of a reactivated memory and the 

experience of a mismatch between expectation and actual experience are two determinants of 

whether a memory would destabilize and subsequently be modified or not (Fernández et al., 

2016; Pedreira et al., 2004). To better account for these key determinants, the following 

sections will first briefly describe two factors potentially rendering episodic memory and, 

second, highlight the pivotal role of mnemonic PEs. 
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1.3 Conditions Rendering Episodic Memory 

1.3.1 Visual Perspective 
As episodic memories are not always precise recordings of events, they rather 

represent the unique point-of-view that one has from self-performed or observed actions. 

Visual perspective is a flexible and dynamic property attributed to the inherent nature of 

memories (Harris et al., 2015; Robinson & Swanson, 1993). Events may be initially 

experienced and later retrieved from a field or first-person perspective (1pp) or an observer or 

third-person perspective (3pp) (Nigro & Neisser, 1983; Robinson & Swanson, 1993). In 

everyday life, these perspectives are naturally based on whether we are self-performing (from 

1pp) or only observing (from 3pp) an action1.  

First-person perspective has been referred to as the default during episodic memory 

encoding (St. Jacques, 2019), but constructive processes during the initial experience of an 

event may affect subsequent memory retrieval and lead to multiple viewpoints for a single 

event (Nigro & Neisser, 1983; St. Jacques, 2024). Pre-setting the encoding perspective 

through a video-based out-of-body experience (i.e., 3pp) was reported to decrease activity in 

the left posterior hippocampus during later retrieval and reduce memory accuracy and 

vividness (Bergouignan et al., 2014). Further, the perspective one takes during encoding 

affects the spontaneously adopted perspective during recall (Bergouignan et al., 2022). 

Episodic memories predominantly remembered from 1pp compared to 3pp were found 

to be recalled more accurately and more vividly (Marcotti & St. Jacques, 2018; Rice & Rubin, 

2009). However, the perspective adopted during retrieval may diverge from the one 

experienced during the initial event. Regarding memory retrieval, a natural shift from 1pp to 

 
1 There is one exception in daily life, where naturally a 1pp is adopted while observing another person’s action, 
i.e., when people are teaching children certain movements while sitting behind them and putting their arms 
around them to assist. Due to its rare appearance in action observation, this setting will not be further discussed 
in this thesis.  
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3pp was observed for more remote than recent memories (Nigro & Neisser, 1983; Rice & 

Rubin, 2009) and may lead to less accurate memory due to a loss of visual information 

(Janssen et al., 2011). Repeated retrieval from 1pp may slow this natural shift, and thus, is 

associated with retaining visual information of memories whereas a repeated recollection 

from 3pp rather leads to loss thereof (Butler et al., 2016). Moreover, an active shift from 1pp 

to 3pp during memory retrieval is associated with less accurate memory recollection (Marcotti 

& St. Jacques, 2018). Even though shifting back from 3pp to 1pp does not recover the loss of 

visual information (Butler et al., 2016), it may increase the number of episodic details about 

the self during reports (e.g., King et al., 2022). The ability to shift visual perspective during 

retrieval was suggested to potentially subserve updating processes (St. Jacques, 2019). 

Distinct neural mechanisms have been identified to support memory retrieval from a 

1pp or 3pp (Eich et al., 2009; Gauthier et al., 2020; St. Jacques, 2019, 2024; Vogeley & Fink, 

2003). Both 1pp and 3pp have been associated with the engagement of the medial parietal 

cortex, including the precuneus, during memory retrieval (St. Jacques, 2019). Specifically, the 

precuneus and angular gyrus were found to be involved in the ability to actively shift visual 

perspectives during memory retrieval and, consequently, reshaping memories (St. Jacques, 

2019; St. Jacques et al., 2017). Neuroimaging studies suggest that taking a 1pp (compared to 

3pp) during memory is associated with brain regions mediating interoceptive and self-

referencing processes, for example, leading to increased activity in the amygdala and 

decreased activity in the insula and sensory-motor cortices. In contrast, adopting a 3pp rather 

than 1pp triggers stronger decreases of activity in brain regions associated with interoceptive 

awareness (e.g., Eich et al., 2009; but also see Grol et al., 2017). Taking a 3pp during retrieval 

was further associated with greater engagement of the temporal parietal junction (St. Jacques, 

2019), a core region in theory of mind processes, representations of the bodily self, and action 

observation (Blanke, 2012; Spreng et al., 2009; Yang et al., 2015).  
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Interestingly, several reviews highlighted a close link between episodic memory 

retrieval and visual imagery due to sharing (re-)constructional properties (Rubin, 2005; St. 

Jacques, 2019, 2024; Vogeley & Fink, 2003). For example, Ruby & Decety (2001) reported 

increased activity in left inferior parietal lobe and somatosensory cortex during 1pp were 

considered to reflect the planning and visualization of actions. In contrast, activation of the 

right inferior parietal cortex was found during 3pp and associated with imagining a third 

person in action (Ruby & Decety, 2001). 

Understanding the role of visual perspective in episodic memory may be of great 

benefit as it not only influences how events are remembered but further shapes the accuracy 

and subjective experience during recollection. However, visual perspective is naturally 

confounded with the agentive state a person took during the experience of an event. 

Therefore, the next section will review findings from research on agency. 

1.3.2 Agency 
Regarding encoding information, many people assume that learning by doing is better 

than learning by observing. Accordingly, a large body of literature suggests that self-

performed tasks are remembered more accurately than tasks that have been only verbally 

described or tasks performed by an experimenter (for reviews, see Engelkamp, 2001 and 

Engelkamp & Dehn, 2000). 

In memory paradigms, the advantage of learning by doing is referred to as the 

enactment effect (Roberts et al., 2022). This effect relates to the phenomenon that self-

performance compared to sole observation (or reading about an event) leads to superior 

memory performance during subsequent retrieval (Roberts et al., 2022). Early studies 

investigating the enactment effect showed that performing an action described by a word or 

phrase resulted in better memory performance and more vivid recall than reading about, 



1.3 Conditions Rendering Episodic Memory 

 

24 

 

imagining, or observing the related action (Engelkamp & Krumnacker, 1980; Engelkamp & 

Zimmer, 1984; Hornstein & Mulligan, 2001; Mulligan & Hornstein, 2003; Senkfor et al., 

2002). On a neural basis, performed actions compared to interrupted (Leynes et al., 2005) or 

non-performed actions (Leynes et al., 2006; Senkfor et al., 2002) elicit differential activity 

patterns. Enhanced event-related brain potentials were found in parietal regions suggesting a 

selective recollection of sensorimotor information for previously self-performed actions 

(Leynes et al., 2005, 2006; Senkfor et al., 2002). Further, neuroimaging studies showed that 

retrieval of previously self-performed compared to verbally encoded actions elicits activity in 

pre-motor and primary motor cortices, as well as supramarginal gyrus (SMG) during retrieval 

(Krönke et al., 2013; Nyberg et al., 2001; Russ et al., 2003). Russ et al. (2003) argued that 

SMG activation indicates the binding of object knowledge and motor planning into a coherent 

action representation. Although the benefit resulting from self-performed actions appears to 

be highly robust, especially when compared to verbally described actions, it is not always 

superior to actively observing actions (Steffens, 2007).  

The abovementioned studies investigated the enactment effect using very simple 

actions like ‘knock on the door’ (e.g., Mulligan & Hornstein, 2003). In more complex 

sequence learning tasks, the expected beneficial effect of enactment did not translate to later 

testing (e.g., Boutin et al., 2010). Further, the enactment effect may depend on whether the 

encoded information is semantically related to the performed action or not (Sivashankar & 

Fernandes, 2022) as only observing others performing meaningful actions can already 

improve later memory performance (Sivashankar et al., 2023). Therefore, it remains an open 

question whether or not the enactment effect influences encoding and subsequent retrieval of 

more complex actions or events typical for episodic memory. 
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1.4 The Role of Predictions in Episodic Memory 

1.4.1 Predictive Coding Theory 
In an ever-changing world, the brain’s ability to predict future events provides an 

evolutionary advantage that may have resulted in the development of episodic memory 

(Suddendorf & Corballis, 2007). Consequently, the interplay between prediction and episodic 

memory has raised major interest in the field of cognitive neuroscience (Mullally & Maguire, 

2014). 

An appealing framework explaining how the brain understands and predicts future 

events and actions is the Predictive Coding Theory (Clark, 2013). This theory states that by 

generating an internal model of the world, the brain estimates the state of the world before 

receiving perceptual input. It was proposed that these generative internal models are 

probabilistic in nature as they depend on statistical regularities emerging from the 

environment (Clark, 2013, 2015; Friston, 2003). To successfully predict a dynamically 

changing world, the internal model was suggested to follow Bayesian inference (see Friston, 

2010 or Knill & Pouget, 2004, for a detailed description). Through top-down connections 

within a hierarchical multilevel system, encoded sensory data are used to predict the most 

probable sensory input and related events. Predictive capabilities improve with learning 

through bottom-up signals adapting and updating internal models (Friston, 2003, 2010). Thus, 

the brain continuously compares predicted with actual perceptual input while detecting 

discrepancies or mismatches between the internal model and the world (Clark, 2013, 2015). 

This mechanism allows the brain to efficiently reduce the amount of uninformative, i.e., 

correctly predicted, sensory data and to focus on the processing of informative, i.e., 

unpredicted, new information (Friston, 2003, 2005; Sayood, 2018). The difference between 

experience and expectation is most referred to as ‘prediction error’ (PE) and leads to 
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optimizing the neural processing of diverging information and internal model updating (Clark, 

2013; Friston, 2005; Sayood, 2018). 

PEs may be seen as the main driving force in a bidirectional learning cascade of a 

hierarchical multilevel system. In this system, predictions are conveyed via backward 

connections from higher processing areas to lower sensory regions (top-down), while PEs are 

typically transmitted through forward connections, facilitating the propagation of PEs from 

lower to higher levels (bottom-up) (Clark, 2013; Friston, 2003). Thus, top-down signals aim 

to minimize PEs, reflecting what an internal model or system already knows about the world, 

whereas bottom-up signals provide access to information that needs to be learned, leading to 

efficient encoding (Clark, 2013).  

However, learning from PE may vary due to the type of unexpected information. 

Regarding perceptual and cognitive processes, PE reflects the degree of surprise with respect 

to a particular outcome. Perceptual PE detection has been associated with increased activation 

of visual and auditory areas, while cognitive PE detection was identified in prefrontal regions 

responding to abstract rule violations (den Ouden et al., 2012). When focusing on 

motivational aspects, PE rather indicates the valence of an outcome, i.e., whether it was better 

or worse than expected. In reinforcement learning paradigms, motivational PEs have been 

found to mediate activity in the striatum, amygdala, and ventral tegmental area, reflecting a 

strong link to dopamine circuits (den Ouden et al., 2012). At first glance, it may appear that a 

cortical-subcortical division may exist regarding the type of PE but in fact, this is not the case 

(see den Ouden et al., 2012, for a review).  

In general, PE has been proposed to signal salience and attract attention through 

information that stands out from well-learned regularities guiding the selection of actions and 

goals (den Ouden et al., 2012; Diederen & Fletcher, 2021). Although playing a crucial role in 

learning, PE detection alone does not guarantee internal model updating. For updating, it is 
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important how ‘reliable’ or ‘precise’ a prediction was and whether the predicted information 

failed to match the sensory inputs due to content (e.g., we look for our car in a parking area, 

but our car is missing) or due to noise (e.g., we look for our car, but the other cars around 

changed) (den Ouden et al., 2012; Friston, 2005). Therefore, understanding how and why a 

piece of information is surprising is crucial for comprehending its updating mechanisms. 

In recent years, the concept of predictive coding, and therefore the processing of PE, 

has been linked to episodic memory (e.g., Barron et al., 2020; Fountas et al., 2022). In 

contrast to real-time processing of PEs during sensory perception, memory recall was 

suggested to generate hypothetical ‘offline’ PEs allowing the brain to prepare for future 

sensory input (Barron et al., 2020). Further, successful and violated predictions have 

repeatedly been shown to affect memory outcomes (e.g., Pupillo et al., 2023). Thus, the 

following sections will outline the effects and neural substrates of mnemonic PEs on episodic 

memory. 

1.4.2 Mnemonic Prediction Errors 
In several studies, PEs have been identified to encode new and/or shape existing 

episodic memories (e.g., Pupillo et al., 2023; Sinclair & Barense, 2018). Additionally, PEs 

were suggested to initialize the encoding of new information by experiencing unexpected 

changes within an originally learned event or by encountering new events2 similar to 

previously encoded ones (Henson & Gagnepain, 2010; Krawczyk et al., 2017). Therefore, 

irrespective of whether creating new or modifying existing memories (Krawczyk et al., 2017), 

 
2 Following the predictive coding approach (cf. section 1.4.1), the brain may be seen as a predictive machine, 
generating expectations for every newly encountered scenario or event. Some authors distinguish between a state 
of ‘absolute novelty’ and ‘contextual novelty’ (Kafkas & Montaldi, 2018b). Absolute novelty arises from weak 
expectations, when an event is completely new and expectations about what is likely to occur are low, resulting 
in learning a novel event. In contrast, contextual novelty reflects a state that allows specific expectations with 
respect to a given context initiating learning due to slightly different details in an event (Kafkas & Montaldi, 
2018b). However, if perceptual input is too different from previously experienced events, this is usually referred 
to as new learning rather than PE-based updating of original memories (Milton et al., 2023). 



1.4 The Role of Predictions in Episodic Memory 

 

28 

 

PE mechanisms appear beneficial in light of an ever-changing world (Sinclair & Barense, 

2019). 

New experiences trigger the reactivation of an original memory and, thus, enable 

memory updating and subsequent reconsolidation to ensure their relevance in a dynamically 

changing environment (cf. section 1.2.4). Reactivating a memory opens a window to either 

strengthen or weaken the stored memory (Lee et al., 2017). PE has been suggested to play a 

major role in how reactivating an original memory can lead to subsequent modification 

(Pedreira et al., 2004; Sevenster et al., 2014). Interestingly, many studies have used 

incomplete reminders (i.e., interrupting retrieval of an episode) to trigger PEs during episodic 

retrieval (see Sinclair & Barense, 2019, for a review). Incomplete reminders of an episode 

have been demonstrated to reactivate an original memory making it susceptible to subsequent 

modification (Hupbach et al., 2007; Sinclair & Barense, 2018). When followed by complete 

retrieval, incomplete reminders were suggested to promote long-term memory retention 

(Antony et al., 2017). Therefore, reactivation through incomplete reminders can distort, 

strengthen, or update memories depending on whether the reminder was followed by 

competing information or not (Sinclair & Barense, 2019). Importantly, an effective reminder 

provokes a PE signal to facilitate updating through destabilization and subsequent re-

stabilization (Fernández et al., 2016).  

However, not all PEs affect memory modification in the same way. It was suggested 

that strong PEs occur when an unexpected stimulus is encountered, for instance, a novel item 

in a familiar context or a familiar item in a novel context. In both cases, the brain fails to 

correctly predict the item and/or context, leading to a large PE in the system and a need to 

encode new information (Henson & Gagnepain, 2010). Recent studies showed that failed 

predictions may (but not always will) be remembered better than successful predictions (Brod 

et al., 2020; Greve et al., 2017; Kafkas & Montaldi, 2018a; Quent et al., 2022). In contrast, 
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weak (or no) PEs resulting from successful predictions in response to a stimulus were 

proposed to lead to less impactful changes in a memory system and, thus, less successful 

encoding than stronger PEs (Henson & Gagnepain, 2010). However, well-predicted events 

(weak PE) can also lead to better subsequent memory retrieval, i.e., when an event is 

congruent with a person’s knowledge. Such a memory congruency effect has been observed in 

multiple studies (Bein et al., 2015; Brod & Shing, 2019; Ortiz-Tudela et al., 2017). These 

effects on subsequent memory retrieval may result from a shift of attention toward 

unexpected, new information (Bein et al., 2021; Wahlheim & Zacks, 2019) or, in case of 

congruent knowledge, a more elaborative encoding thereof (e.g., Bein et al., 2014). Models 

focusing on congruency effects and knowledge integration propose that the relationship 

between PE and memory performance may be described by a U-shaped function (Van 

Kesteren et al., 2012). Thus, only extreme, but not intermediate, levels of PE would predict 

better memory performance. However, there has been research showing better memory 

performance after experiencing intermediate compared to extreme levels of PE (e.g., Ortiz-

Tudela et al., 2023). 

The influence of PE on memory modification appears multifaceted. In general, PE can 

alter later memory retrieval in different ways and offers insights into how new information 

may be integrated into existing memories. As memory reactivation through PE is an effective 

tool for modification, the following section will take a closer look at the neural substrates 

underlying this interplay.  

1.4.3 Neural Substrates of Detecting Mnemonic Prediction Errors 
Predictive coding proposes that neural activity is orchestrated in order to minimize 

PEs, aiming for a fully predicted representation of the environment (Clark, 2013). Although it 

is useful to store and retrieve events that are consistent with our expectations, the brain must 
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identify those that violate them. As a core structure of episodic memory, the hippocampus is 

taken to be essentially predictive (Stachenfeld et al., 2017), contributing to associative 

learning and generating associative predictions (Bein et al., 2020; Duncan et al., 2012; 

Kumaran & Maguire, 2006, 2007; Long et al., 2016; Schlichting et al., 2015) underlining its 

pivotal role in mismatch detection (Chen et al., 2011; Duncan et al., 2009; Kumaran & 

Maguire, 2007). Therefore, the hippocampus mediates comparisons between newly 

experienced information and stored representations, leading to memory updating (e.g., 

Duncan et al., 2009; Kumaran & Maguire, 2007; Long et al., 2016). Moreover, hippocampal 

activation was found to be indicative of the formation of false memories after experiencing 

PEs (Sinclair et al., 2021).  

However, as the brain was suggested to process and examine a large quantity of 

semantic and episodic information while experiencing complex events (for a short review, see 

Schubotz, 2015), the hippocampus alone cannot sufficiently provide predictive signals and 

process mismatch detection. Although still in its infancy, an increasing body of research 

identified brain regions beyond the hippocampus to be involved in detecting mismatches and 

mediating PEs in complex events (e.g., Hrkać et al., 2015; Schiffer & Schubotz, 2011; Wurm 

& Schubotz, 2012). For instance, the PFC was found to detect mismatches in complex 

scenarios, while activity in ACC reflects a need to adapt expectations based on experienced 

PE (Schiffer & Schubotz, 2011). In line with the idea that the brain explains away PEs by 

encoding new information (Barron et al., 2020), the mPFC was found to be involved in 

mismatch detection and the integration of new information (Garrido et al., 2015; Van 

Kesteren et al., 2012). Further, the caudate nucleus was repeatedly identified to respond to 

breaches of expectation (e.g., Delgado et al., 2008; Schiffer et al., 2012; Schiffer & Schubotz, 

2011).  
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According to predictive coding theory (e.g., Barron et al., 2020; Clark, 2013), it is of 

tremendous importance to adapt an internal model to persistent changes and maintain valid 

predictions. The amount of brain activity and thus model adaptation were reported to depend 

on the solidity of an internal model (Schiffer et al., 2012, 2013). Research on complex events 

revealed attenuating activity in a frontoparietal network (Schiffer et al., 2013), the substantia 

nigra, and the hippocampus (Schiffer et al., 2012) in response to repeated presentation of the 

same unexpected, mismatching information. Moreover, solid compared to weak internal 

models triggered increased brain activity in the parahippocampal gyrus (Schiffer et al., 2013).  

While the role of PEs in memory has been extensively studied behaviorally (c.f. 1.4.2), 

the underlying neural mechanisms are far from being fully understood. Most imaging studies 

focused on rather simple or static stimuli, like the presentation of word or object pairs (e.g., 

Chen et al., 2011; Duncan et al., 2009; Long et al., 2016), or contextual scenes (e.g., Bein et 

al., 2020; Duncan et al., 2012; Ortiz-Tudela et al., 2017). In real-life situations, complex 

events are unfolding over time which static images of scenes and objects may not account for. 

A series of studies demonstrated how mnemonic PEs affect brain activity depending on action 

observation, as well as semantic and episodic information (Schiffer et al., 2012, 2013; 

Schubotz et al., 2014; Wurm et al., 2014). However, these studies did not investigate the 

influence of learning from PEs on subsequent memory performance, potentially resulting in 

strengthening or weakening of true, or formation of false memories. Yet, only a few studies 

inspected the effects of mnemonic PEs during the experience of complex stimuli (i.e., 

episodic videos) (Sinclair et al., 2021; Sinclair & Barense, 2018). Against this background, 

more research is necessary to understand how mnemonic PEs affect brain and behavior.  
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2 Research Questions and Objectives 

As highlighted in the sections above, episodic memory is the ability to encode and 

later retrieve experiences to predict future events. These memories shape how we see 

ourselves and the world surrounding us. However, episodic memory does not function like a 

recorded tape that can be replayed repeatedly in the exact same way. Especially, when reality 

violates our expectations, episodic memory must be updated to adapt to and survive in an 

ever-changing world. Emerging from the predictive coding theory, one driving force behind 

this updating process was found to be PE. Investigating this multifaceted process allows us to 

better understand the neural mechanisms behind episodic memory and its impact on 

behavioral outcomes.  

The study of neural processing and behavioral outcomes of PEs still faces many 

challenges due to the use of various types of stimuli and PEs that do not always fully capture 

the complexity of episodic memory. Therefore, the current thesis examined how more 

naturalistic PEs amplify brain activity and hamper memory retrieval. Moreover, the evidence 

provided above highlights the role of hippocampal and prefrontal areas in episodic memory 

and signaling mnemonic PEs. To investigate which conditions render episodic memory and 

which neural substrates underly the processing of mnemonic PEs, the following specific 

research questions were addressed in three fMRI studies, respectively: 

 

1.  What influence do variations in agentive states during encoding and perspectives 

during retrieval have on responses to mnemonic PEs and episodic memory 

modification? 
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2. What impact do different memory consolidation strategies have on the neural 

processing of mnemonic PEs and subsequent memory performance? 

 

3. How do different types of mnemonic PEs affect neural responses underlying 

learning from PEs in episodic memory? 

 

A series of two pilot and three fMRI studies was conducted to answer the targeted 

research question. To this end, a previously developed episodic modification paradigm was 

adapted (Schiffer et al., 2012, 2013). Two pilot studies were conducted to develop a set of 

unique action videos (in the following referred to as episodes) and to establish a suitable 

encoding procedure. In all three fMRI studies, participants encoded episodes by either self-

performing or actively observing demo videos showing toy stories. In Study 1, half of the 

episodes were imitated while the other half was actively observed, whereas episodes were 

only self-performed in Study 2 and only observed in Study 3. In a subsequent fMRI session, 

subjects were either presented with previously encoded episodes or slightly modified versions 

thereof. Modified episodes were used to trigger mnemonic PEs. Finally, subjects conducted a 

behavioral memory test. 

Study 1 investigated how agency during encoding and perspective during retrieval 

affect neural processing of mnemonic PEs and subsequent memory performance. In general, 

modified episodes were expected to elicit substantial brain activation in areas engaged in 

mnemonic PEs. Further, it was hypothesized that (i) encoding by self-performance rather than 

mere observation and (ii) retrieval from a 1pp compared to 3pp would lead to (a) stronger 

brain responses during expectation violation and (b) more accurate memory performance 

during post-fMRI testing.  
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Study 2 examined how different consolidation protocols influence episodic memory 

stability in brain and behavior. Additionally, Study 2 investigated dynamic brain responses 

that contribute to the emergence of subsequent false memories. Consequently, fMRI data for 

modified episodes was analyzed regarding false alarms and correct rejections in the memory 

test. It was expected that consolidation protocols leading to more (vs. less) solid memory 

traces would trigger substantial brain responses and lead to more accurate memory 

performance. With respect to modified episodes, we expected the involvement of 

(para)hippocampal regions in the formation of false memories. 

Study 3 aimed to identify distinct neural signatures underlying the experience of 

repetitive and varying PEs. Both repetitive and varying PEs were expected leading to 

increased brain activity in regions typical for experiencing PEs, but each further engaging 

differential areas. Specifically, varying compared to repetitive alternative versions were 

hypothesized to trigger stronger activation in the hippocampal formation leading to memory 

traces competing stronger with recall of original objects.  
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4 General Discussion and Future Directions 

Episodic memories are prone to change and do not always reflect faithful 

representations of personally experienced events. This seemingly imperfect system perfectly 

fits in a dynamic world that requires memory updating to provide predictive success. There is 

much evidence that PEs can trigger an updating process leading to memory modification, i.e., 

strengthening, weakening, or altering information stored in the system. Therefore, when 

expectations are not aligned with reality, the need to update drives the encoding of relevant 

new information. The present work aimed to investigate the neural substrates and modulating 

factors of mnemonic PEs and their impact on episodic memory modification. 

4.1 Summary of the Presented Studies 
Study 1 (Jainta et al., 2022) aimed to investigate how self-referential factors, i.e., 

agency and perspective, modulate the neural substrates of mnemonic PEs and their impact on 

episodic memory outcomes. Participants encoded episodes showing toy stories from demo 

videos by either imitating or actively observing an actress. In the subsequent fMRI session 

one week later, participants were either presented with videos showing episodes in their 

original or a slightly modified version. Modifications either affected the content (i.e., change 

of an object) or the structure (i.e., change of two adjacent action steps) of an episode as 

described in a companion paper (Siestrup et al., 2022). After scanning, participants completed 

a post-fMRI memory test during which they were presented with both original and modified 

versions of an encoded episode. Presenting subjects with videos of encoded or slightly 

modified episodes triggered increased activity in posterior and anterior cingulate cortex, 

precuneus, midfrontal gyrus and insula, suggesting successful episodic retrieval (Jeong et al., 

2015; Rugg & Vilberg, 2013). In contrast to originals, modified episodes engaged brain areas 

typical for processing PEs, involving ventrolateral prefrontal and parietal cortices 
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(unpublished data from Study 1). While retrieval perspective led to substantial brain 

responses for completely new episodes, these effects were nearly eliminated for encoded 

episodes. Interestingly, when participants were only observing, but not performing, actions 

during encoding, cued retrieval through modified episodes triggered significantly weaker 

activation in the hippocampus. However, this effect did not translate to behavioral 

performance in the subsequent fMRI memory test. In general, when presented with a 

modified episode in the scanner, this modified version was more often later mistaken as 

originally encoded. Accordingly, modified episodes led to falsely considering originals as not 

previously encoded, particularly when presented from a 3pp. Taken together, the overall 

effect of mnemonic PE was strong in brain and behavior, whereas the impact of self-

referential factors on PE and subsequent memory performance was rather subtle. 

Study 2 (Siestrup et al., 2023) focused on the impact of memory solidity on the neural 

processing of cued episodic retrieval concerning mnemonic PEs. First, subjects encoded 

episodes by imitating episodes presented from 1pp. To further consolidate episodic memories, 

participants actively retrieved encoded stories in two pre-fMRI retrieval sessions, taking place 

one day and one week after encoding. To this end, participants re-encountered each episode 

either twice or eight times, following a spaced (retrieval during both sessions) or a massed 

fashion (retrieval during the second session). Both fMRI and the subsequent memory test 

were conducted as described as in Study 1. Presenting subjects with modified episodes 

reactivated brain regions of the episodic memory network. Moreover, substantial brain 

responses were found in hippocampus and ACC for modified episodes, when resulting in 

false memories during subsequent testing. Further, modified episodes increased frontal 

activity, specifically the ACC, when episodes were retrieved more often during pre-fMRI 

sessions. Retrieval occurring in a spaced rather than a massed fashion elicited brain responses 

across the episodic memory network, including pCC, precuneus, and superior parietal lobe 
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(SPL). While retrieving episodes more (than less) frequently led to better memory 

performance for originally encoded episodes, there was no benefit resulting from a history of 

spaced versus massed retrieval. In summary, Study 2 provided evidence for hippocampal and 

cortical involvement in dynamic learning through PEs leading to false memories. 

Additionally, Study 2 highlighted the influence of retrieval protocols on brain responses to 

mnemonic PEs as well as subsequent memory retrieval. 

In Study 3 (Jainta et al., 2024), the focus was on characterizing brain responses 

underlying the experience of varying and repetitive PEs and their impact on object recall from 

originally encoded episodes. To this end, participants encoded episodes by actively observing 

demo videos. A day after encoding, subjects returned for the fMRI session. During scanning, 

participants experienced original or slightly modified versions of an encoded episode. For 

modification, either multiple, ever-changing versions (varying) or a single alternative version 

(repetitive) were presented repeatedly. On day three, participants conducted a post-fMRI 

memory test in which episodic memory retrieval was triggered, and object recall was tested 

for originally encoded objects from day one. Both repetitive and varying modifications 

triggered increased brain activity in the hippocampus, amygdala, SPL, inferior parietal sulcus 

(IPS), and vlPFC, areas typically observed in mismatch detection. Further, distinct neural 

signatures were identified for each modification type. For instance, varying PEs (compared to 

repetitive PEs) led to stronger blood-oxygen level-dependent (BOLD) responses in the 

hippocampus, SPL, and bilateral fusiform gyrus, indicating the experience of dissimilarity 

between multiple alternatives. In addition, varying PEs involved activation of the caudate 

nucleus, reflecting a state of uncertainty in learning. In contrast, recurrent encounters of 

repetitive (vs. varying) PEs resulted in increased brain activity of cortical midline structures, 

like the ACC and posterior mid-cingulate cortex, as well as somatosensory and insular 

cortices, suggesting the integration of relevant new information into an existing internal 
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model. This finding was corroborated by behavioral results, indicating that repetitive (but not 

varying) PEs impaired later recall of originally encoded objects. Together, findings highlight 

shared and distinct effects of varying and repetitive PEs when experiencing mnemonic PEs 

during cued episodic retrieval.  

4.2 Prediction Errors – A Driving Force Behind Learning 
Our brains are constantly engaged in the process of generating expectations to 

successfully predict the future (Clark, 2013, 2015; Friston, 2003). When expectations fail, a 

PE signals a mismatch between predicted and current experience to update an internal model 

of the world (Friston, 2003, 2005). PE signals are reflected by an increased activation in 

specific brain regions (e.g., D’Astolfo & Rief, 2017; den Ouden et al., 2012; Wang et al., 

2017). Of note, PEs are not only surprise responses to perceptual mismatches but are closely 

linked to higher-order representations (den Ouden et al., 2012). Although episodic memory 

was characterized by its function of predicting the future based on the personal past, research 

regarding learning from PEs in episodic memory appears to be still in its infancy. In general, 

memory modification during episodic retrieval was suggested to be strongly driven by PEs 

(Fernández et al., 2016; Kim et al., 2014; Sinclair & Barense, 2019), raising the question of 

how different types of mnemonic PEs affect neural substrates of episodic memory and 

subsequent memory performance. To target this question, we adapted an episode modification 

paradigm for Studies 1, 2, and 3 (Schiffer et al., 2012, 2013) where episodes with (varying) 

encoding histories were first established and then violated regarding their content.  

4.2.1 Neural Substrates Underlying Mnemonic Prediction Errors 
PE signaling was demonstrated to be a widely generalized mechanism involved in 

associative, social, and reinforcement learning (e.g., Gershman & Daw, 2017; Holland & 

Schiffino, 2016; Joiner et al., 2017). Investigating the different neural correlates underlying 
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PEs is crucial when examining the effects of PEs on memory modification. For instance, 

previous research showed PEs to trigger increased brain activation in prefrontal, hippocampal, 

parietal, and striatal areas (Bein et al., 2020; D’Astolfo & Rief, 2017; Schiffer et al., 2012; 

Schiffer & Schubotz, 2011; Wang et al., 2017). By applying an episode modification 

paradigm in Studies 1, 2, and 3, we cued memory retrieval using original and modified 

versions of an episode. Therefore, we expected to see activation of brain regions involved in 

mismatch detection as well as episodic memory retrieval.  

In our studies, we repeatedly found enhanced neural responses to mnemonic PEs in 

vlPFC, including inferior frontal sulcus (IFS) and inferior frontal gyrus (IFG), i.e., Brodmann 

area (BA) 44 and 45. Our findings align with previous research demonstrating the vlPFC to 

facilitate the selection between competitively activated mnemonic representations (Badre et 

al., 2005; Moss et al., 2005; Schlichting et al., 2015) and detection of highly informative or 

inconsistent contextual details in action observation (El-Sourani et al., 2019; Hrkać et al., 

2015; Wurm & Schubotz, 2012). Specifically, BA 45 of the IFG was suggested to be involved 

during encoding (Kuhl et al., 2012) and top-down retrieval control of relevant information 

(Wimber et al., 2015). In general, lateral PFC contributes to generating experience-based 

predictions (den Ouden et al., 2012; Schubotz, 2015) and regulation of memory reactivation 

as well as memory updating (Kluen et al., 2019; Kuhl et al., 2012). In the above-mentioned 

studies, vlPFC activation was predominantly found in the left hemisphere (Badre et al., 2005; 

Kluen et al., 2019; Kuhl et al., 2012; Moss et al., 2005; but see Schlichting et al., 2015, for 

bilateral activation). However, Studies 1 and 2 revealed stronger engagement of the right 

vlPFC during repeated experience of PEs. According to the HERA model by Habib et al. 

(2003), increased activity of the left PFC is associated with encoding, whereas stronger 

activation of the right PFC is associated with retrieval. In line with this proposal, activity in 
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the right vlPFC in our studies may be indicative of retrieval rather than encoding-related 

processes. 

Moreover, cued retrieval of modified episodes engaged brain regions that were 

repeatedly found to be involved in the processing of mnemonic PEs (Studies 1, 2, and 3; for 

additional replications, see Siestrup et al., 2022; Siestrup & Schubotz, 2023). Specifically, 

these were IPS/SPL, precuneus, and fusiform gyrus. The observed activation of IPS in our 

studies aligns with previous research linking activation of IPS to action observation (Richter 

et al., 2019) and successful episodic retrieval (Wagner et al., 2005). Further, the SPL was 

suggested to regulate top-down attention supporting retrieval monitoring (Cabeza et al., 2008; 

Hutchinson et al., 2014) and allocating attention toward new or unexpected information 

(Molenberghs et al., 2007; Tamber-Rosenau et al., 2011). Additionally, the superior parietal 

cortex was proposed to reflect greater demands for attention regulation during retrieval in the 

context of uncertainty (Hutchinson et al., 2014). This becomes particularly crucial in 

scenarios where additional post-retrieval processes need to discriminate between stored and 

new information (Cabeza et al., 2011; Ciaramelli et al., 2008). Accordingly, our results 

indicate the involvement of superior parietal areas in processing PEs during episodic retrieval. 

Due to its role in the encoding of episodic memories (Uncapher & Wagner, 2009), superior 

parietal cortex potentially contributes to memory updating from PEs. 

Embedding our study results into the larger body of literature, mnemonic PEs 

triggered activation of ventrolateral prefrontal and superior parietal areas, highlighting their 

role in processing mismatches during episodic retrieval. 

Hippocampal Contributions 

The hippocampus is proposed to play a crucial role in generating predictions and 

detecting associative mismatches between internal models and current perception (Chen et al., 
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2011; Duncan et al., 2009; Kumaran & Maguire, 2007; Long et al., 2016). As the 

hippocampus has been suggested to be a core structure of episodic memory sharing common 

functions with the PFC during encoding and retrieval (Rugg et al., 2015), we expected 

enhanced hippocampal responses to mnemonic PEs during episodic retrieval.  

Despite the widely recognized role of the hippocampus as a mismatch detector (e.g., 

Duncan et al., 2012; Kumaran & Maguire, 2007), our results were rather mixed across 

studies. During the experience of mnemonic PEs, we observed a mean deactivation of the 

hippocampus in Study 1 when participants encoded episodes by only observing compared to 

self-performing, especially in the left hemisphere. We interpreted reduced hippocampal 

activity indicative of a decreased sensitivity to detect mnemonic PEs, possibly stemming from 

a lower level of detail in self-encoded information in the observation condition (Rabin et al., 

2010). Interestingly, Study 2 revealed weaker hippocampal responses for modified compared 

to original episodes following the spaced retrieval practice. Aside from its role in mismatch 

detection, previous research indicated the hippocampus to be selectively activated to support 

encoding of overlapping events (Schlichting & Preston, 2016) and recollection of associations 

(Davachi & Wagner, 2002; Giovanello et al., 2004). For instance, hippocampal activity was 

found to increase with matching and decrease with mismatching information for previously 

encoded word pairs (Giovanello et al., 2004). In Study 2, cued retrieval of modified, in 

contrast to original, episodes may have generated weaker recollection of its prior occurrence 

and, therefore, resulted in a mean deactivation of the hippocampus. Moreover, stronger 

engagement of the hippocampus during exposure to originals may reflect the reinstatement of 

encoded episodes (Giovanello et al., 2004). 

Albeit at a subthreshold level, Studies 1 and 2 identified the involvement of 

hippocampus in PE signaling. In Study 3, whole-brain analysis revealed both repetitive and 

varying PEs to trigger enhanced hippocampal activity, potentially resulting from more 
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frequent PE repetitions compared to Studies 1 and 2. However, explorative region of interest 

(ROI) analysis of hippocampal subfields did not differ between repetitive and varying PEs 

during memory retrieval, contrasting previous findings (Bein et al., 2020; Duncan et al., 

2014). Of note, other studies did not replicate the effects of mismatch detection for 

hippocampal regions (D’Astolfo & Rief, 2017; Sinclair et al., 2021), axis (Siestrup & 

Schubotz, 2023), or hemisphere (Sinclair et al., 2021).  

In summary, mixed findings raise the question of what reminding procedures as well 

as which conditions affect hippocampal signatures of memory modification and reinstatement 

in response to mnemonic PEs.  

4.2.2 Neural Responses to Different Types of Mnemonic Prediction Errors 
Previous studies found internal model updating through PEs to depend on the model’s 

solidity and, thus, to occur slower for strong and faster for weak internal models (e.g., 

Schiffer et al., 2013). Schiffer et al. (2013) argued that internal models must be updated when 

predictions are in conflict with real-world experience. Nevertheless, they emphasized the 

importance of avoiding unwarranted revisions to maintain the predictive benefits of previous 

experience. For this reason, we investigated how different types of PEs (i.e., varying and 

repetitive alternatives) interact with original memories.  

In Study 3, we aimed to identify common and distinct neural responses to varying and 

repetitive PEs. Therefore, we expected both types of PE to trigger brain responses in regions 

typical for mismatch detection. Moreover, we hypothesized the commonly shared regions to 

be more enhanced during exposure to varying PEs, while repetitive PEs were expected to 

trigger brain activation in areas associated with episodic retrieval. In fact, both varying and 

repetitive PEs led to increased brain activity in vlPFC, PPC, and hippocampus, regions typical 

for mismatch detection (D’Astolfo & Rief, 2017; Duncan et al., 2012; Kumaran & Maguire, 

2007; Wang et al., 2017). As expected, this network was stronger engaged during the 
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experience of varying (vs. repetitive) alternatives due to the repeatedly refreshed PE. 

Interestingly, comparing varying PEs to original episodes revealed increased activity in the 

caudate nucleus, hippocampus, and amygdala. The caudate nucleus has previously been 

identified during the experience of perceptual PEs (Schiffer & Schubotz, 2011). Further, 

activity in caudate nucleus was demonstrated to decrease during learning of new 

contingencies (e.g., Delgado et al., 2005; Ruge & Wolfensteller, 2010) suggesting a role in 

storing gradual accumulation of alternative versions. These findings are in line with our 

interpretation that increased activity in caudate nucleus may indicate an unstable cognitive 

state wherein learning the latest version of an episode does not lead to improved predictive 

success. Together with amygdala and hippocampus, caudate nucleus is part of a brain network 

involved in experiencing unexpected uncertainty, a state in which internal models deal with 

unpredictable mismatches that do not enhance learning. In line with the above-mentioned 

proposal from Schiffer et al. (2013), non-predictable changes in an episode may have 

prevented internal model updating, leaving original memory traces retrievable during later 

memory testing. This assumption is further supported by behavioral evidence from the post-

fMRI memory test (cf. section 4.2.3). 

In contrast, the experience of repetitive (vs. varying) PEs in Study 3 evoked distinct 

patterns of brain activity in ACC, pCC, and insula. These areas are part of a network 

previously found during successful episodic recall (Rugg et al., 2015). In studies of our own 

group, ACC and pCC were repeatedly found when comparing originally encoded with 

completely new episodes (Study 1; Study 3; Siestrup et al., 2022; Siestrup & Schubotz, 

2023). However, these areas were not only identified to contribute to retrieval. Especially the 

ACC was demonstrated to be involved in learning from PEs (Rushworth et al., 2011; Vassena 

et al., 2017) and conflict monitoring (Botvinick et al., 2004; Vassena et al., 2017). More 

importantly, activity in ACC and pCC was found to gradually increase for modified episodes 
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over time when resulting in false memory formation (Study 2). Therefore, we suggest this 

activation during the experience of repetitive, but not varying, alternative episodes to be 

indicative of integrating this episodic version into their internal model and subsequently 

competing with originals during memory recall.  

In summary, we delivered first evidence for our third research question, namely how 

do different types of mnemonic PEs affect neural responses underlying learning from PEs in 

episodic memory. To this end, we were able to show that experiencing varying and repetitive 

PEs share a common neural ground, but further recruit distinct brain responses respectively. 

Distinct neural signatures provide evidence for internal model updating in case of repetitive, 

but not varying PEs. However, while differences in neuronal responses to different types of 

PEs exist, future research needs to investigate under what conditions varying and repetitive 

PEs may further interfere with original memories, especially during subsequent testing.  

4.2.3 Behavioral Findings 
Mnemonic PEs were suggested to cause memory destabilization to allow subsequent 

reconsolidation and memory modification (Exton-McGuinness et al., 2015; Fernández et al., 

2016). Behavioral evidence supports but also challenges the idea of memory modification 

through PEs. While some studies have shown that PEs can alter episodic memories (Sinclair 

et al., 2021; Sinclair & Barense, 2018), others highlighted boundary conditions of (Quent et 

al., 2022; Wahlheim & Zacks, 2019) or even failed to support this notion (Hermann et al., 

2021). Therefore, the full spectrum of memory modification through PEs remains to be 

demonstrated.  

In studies of our own group, we repeatedly found that recurrent exposure to modified 

episodes led participants to erroneously accept those modified versions as originally encoded 

(Studies 1 and 2; also see Siestrup et al., 2022 and Siestrup & Schubotz, 2023 for further 

evidence). Interestingly, modified episodes did not confuse episodic memory for originally 
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encoded episodes, i.e., high correct acceptance rates for originals. It remains unclear how 

exactly mnemonic PEs affected episodic memories. Previous studies suggested that memory 

modification may arise from interference between old and new memory traces (Klingmüller et 

al., 2017; Sinclair & Barense, 2018, 2019) or from source confusion (Hekkanen & McEvoy, 

2002). In Studies 1 and 2, participants were repeatedly presented with novel episodes, i.e., 

episodes which have not been part of the set of originally encoded episodes. Despite recurrent 

presentation with novel episodes during fMRI, participants correctly recognized novel 

episodes as not previously encoded. Therefore, source attribution may not explain results 

from Studies 1 and 2. Both Studies 1 and 2 demonstrated high correct acceptance rates for 

original episodes after experiencing modifications in the scanner. Together, these findings 

suggest that original memory traces remained largely unimpaired, while additional 

information was integrated into an existing model. This interpretation aligns with previous 

research indicating that the integration of new information does not necessarily result in less 

accurate retrieval of original episodes (Elsey et al., 2018; Sinclair & Barense, 2018; St. 

Jacques, Olm, et al., 2013). Although some researchers proposed that original memory traces 

may be overwritten with new content (Elsey et al., 2018; Richards & Frankland, 2017), 

contrasting evidence suggested recollection of the initial memory to be only weakened, rather 

than replaced (Kim et al., 2014).  

In Study 3, we were interested in whether modified episodes would hamper cued 

recall of original objects during later recall. Although repeated retrieval of the same modified 

episode led to less accurate object recall, we did not find evidence that participants replaced 

original objects with those violating expectations (unpublished data). In the case of varying 

modified episodes, recall of original objects remained largely intact. We interpreted our 

behavioral results in favor of the notion that memory strength of newly acquired information 

may play a critical boundary condition for memory modification (Fernández et al., 2016). 
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Additionally, it was demonstrated that distinct information that deviates from the current 

context may be beneficial for original memory performance (Hunt, 2013; Sommer & Sander, 

2022). For this reason, the experience of varying PEs may have contributed to the 

distinctiveness between original and modified episodes as multiple object modifications 

potentially facilitated change monitoring. Hence, multiple alternative episodes did not 

compete sufficiently with the recall of original objects. This behavioral pattern is in line with 

a recent proposal by Bein et al. (2021), arguing that the necessity of remembering an 

alternative event depends on the frequency of occurrence. When an alternative event has been 

experienced only once in a particular way, it may not be essential to remember this version as 

the original memory may provide long-term predictive success. Conversely, if an alternative 

event has been experienced multiple times in the same way, it may be beneficial to remember 

this version to increase predictive success for future occurrences thereof. Despite finding less 

accurate recall of original objects after repetitive (but not varying) PEs in Study 3, it remains 

unclear whether false memories were created as we did not test memory on modified 

versions. Nonetheless, these findings may offer a promising starting point to broaden our 

understanding of learning from different types of PEs.  

Taken together, our research findings provide support for memory modification based 

on the experience of PEs, i.e., maintaining the original and encoding a modified episode. With 

respect to Studies 1 and 2, it is plausible to suggest that two distinct alternatives of an episode 

were encoded and integrated into the internal model. Further, Study 3 highlighted that the 

repeated experience of the same alternative stands more likely in conflict with an originally 

encoded memory than exposure to multiple different versions.  
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4.3  Conditions Rendering Episodic Memory 
A central yet unresolved question is which conditions render a more or less stable 

episodic memory of our personal past. To better understand the conditions and mechanisms 

underlying episodic memory, the current thesis aimed to investigate potential factors affecting 

the encoding, consolidation, and retrieval.  

4.3.1 The Self in Episodic Memory 
Episodic memory is characterized by autonoetic consciousness or the awareness that 

one has been part of the recalled event, i.e., the subjective experience of self in time 

(Gardiner, 2001). Regarding difficulties in experimental operationalization, as well as mixed 

findings, there is an ongoing debate about whether autonoetic consciousness is critical for 

episodic memory (Cheng et al., 2016; Cheng & Werning, 2016; Henke, 2010; Klein, 2016). 

Irrespective of whether autonoetic consciousness is considered a fundamental aspect or 

simply a byproduct of episodic retrieval, research findings from both behavioral and 

neurophysiological studies indicate that self-referential factors, namely the agentive state (cf. 

section 1.3.2) and visual perspective (cf. section 1.3.1), play important roles in episodic 

memory retrieval. 

The Role of Agency 

Several studies have suggested that performing rather than passively experiencing 

(e.g., observing) an action results in more accurate memory retrieval (e.g., Hornstein & 

Mulligan, 2001; Mulligan & Hornstein, 2003; Senkfor et al., 2002). The advantage of 

performing an action, or the so-called enactment effect (Roberts et al., 2022), was found to be 

reflected by increased activation of parietal and motor cortices, as well as SMG (Krönke et 

al., 2013; Leynes et al., 2005, 2006; Nyberg et al., 2001; Senkfor et al., 2002). However, the 
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enactment effect was only investigated in paradigms using very simple actions (see Roberts et 

al., 2022).  

On a neural basis, Study 1 identified marginal effects of self-performance during 

encoding for later retrieval. Interestingly, this was only the case for cued retrieval using 

modified, but not original, episodes. For formerly performed rather than solely observed 

episodes, modification triggered increased activation of the medial frontal cortex (MFC) in 

BA 10, and posterior precuneus. Further, a history of encoding through mere observation 

versus self-performance resulted in decreased hippocampal activity during cued retrieval of 

modified episodes. The hippocampus contributes to generating predictions and detecting 

associative mismatches (Chen et al., 2011; Duncan et al., 2009; Kumaran & Maguire, 2006). 

Therefore, stronger activity for previously self-performed actions may reflect a higher 

sensitivity in response to expectation violation. This is in line with the activation of MFC 

reflecting the generation of internal states and monitoring of episodic success (Ramnani & 

Owen, 2004). Moreover, recent research suggests this region to be indicative of internal 

model solidity and contributes to mismatch detection between expected and relevant new 

information (Schiffer et al., 2012, 2013). Therefore, self-performed actions may have resulted 

in stronger predictions than those derived from observed actions.  

However, agentive states were ineffective on the behavioral level following the 

recurrent experience of mnemonic PEs during fMRI. This finding is in strong contrast to 

previous research suggesting enactment benefits for episodes in which participants actively 

performed, not solely observed actions (e.g., Hornstein & Mulligan, 2001; Mulligan & 

Hornstein, 2003). In Study 1, the complex multi-step episodes strongly differed from simple 

single-step actions used in previous studies. Moreover, intensive training using multiple 

presentations of demo videos during observation trials may have eliminated the benefit of 

enactment. Observing someone else perform an action that shares perceptual features with an 
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action one has performed, may have resulted in the formation of motor representations for 

observed episodes, a phenomenon referred to as observation inflation (Lindner et al., 2010, 

2016).  

Despite decades of research, the mechanisms underlying the enactment effect are still 

under debate. On the one hand, it has been suggested that distinct sensorimotor features of an 

action enhance memory by enriching a memory trace with item-specific information during 

encoding which later may function as retrieval cues (Engelkamp, 2001). On the other hand, it 

has been argued that enactment effects result from cognitive rather than motor capacities 

involving the self and goals of the self (Kormi-Nouri, 1995). However, episodic memory was 

suggested to depend on successful binding and recollection of features from an original event, 

i.e., information about the what, where, and when (Tulving, 2002). Performing an action is 

inherently tied to interacting with the environment. Thus, integrating the content (what 

happened) within the spatial (where) and temporal (when) context of self-performed actions 

may offer a promising avenue for future research. One possibility to investigate complex, 

naturalistic episodes in a standardized manner may be the use of virtual reality, as it has been 

suggested in clinical settings (Schultheis et al., 2002). For instance, active navigation within 

virtual environments may provide a form of enactment effect potentially facilitating spatial 

and episodic memory (see, Tuena et al., 2019 for a review).  

The Role of Visual Perspective 

It has previously been demonstrated that the perception of actions from 1pp compared 

to 3pp, and vice versa, activate fundamentally different brain networks (e.g., Wurm et al., 

2011). Episodic memory retrieval does not necessarily depend on the visual perspective an 

episode was originally encoded from (e.g., Nigro & Neisser, 1983; Rice & Rubin, 2009). As 

we experience the world through our own eyes, it was suggested that an observer perspective 
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during retrieval may be indicative of memory modification (Akhtar et al., 2017) or even 

reflect a false memory (Sutin & Robins, 2008). Therefore, the role of perspective in episodic 

memory and its underlying brain networks during retrieval are of particular interest.  

Study 1 revealed stronger BOLD responses for 1pp compared to 3pp in the 

supplementary motor area, anterior precuneus, postcentral gyrus, and areas belonging to the 

action observation network during the experience of completely new episodes. In contrast, 

during the experience of previously encoded episodes, this strong effect of visual perspective 

disappeared. Understanding the origin of 1pp and 3pp memories is essential to determine the 

factors that contribute to adopting a specific perspective during retrieval and potentially 

indicating memory distortions or inaccurate recollection. In Study 1, participants encountered 

each episode from both perspectives during encoding to counterbalance the different 

perspective experiences of self-performance and mere observation. Thus, subjects potentially 

stored episodic memories in a way in which retrieval perspective was not crucial or allowed 

adopting both perspectives for reconstructing the episode. This explanation is in line with a 

recent proposal, suggesting that even when experiencing a self-perspective during encoding 

an observer-like perspective may be stored due to constructive processes in memory 

(McCarroll, 2017). Therefore, this flexibility of perspective during remembering raises the 

question of which neural substrates reflect episodic retrieval perspective. 

Neuroimaging studies reported larger precuneus volume in individuals retrieving 

autobiographical memories more frequently from 1pp than 3pp (Freton et al., 2014; Hebscher 

et al., 2018). Additionally, a recent fMRI study demonstrated that both 1pp and 3pp engage 

hippocampus, anterior and posterior midline, lateral frontal, and posterior cortices. In 

particular, adopting a 1pp was associated with stronger connectivity within MTL and 

ventromedial PFC during retrieval, while stronger hippocampal connectivity with posterior 

medial areas was identified for a 3pp (Iriye & St. Jacques, 2020). Further, it was reported that 
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hippocampal activity is decreased when retrieving memories from an observer and increased 

during recall from a 1pp (Bergouignan et al., 2014; St. Jacques, Kragel, et al., 2013). Contrary 

to these findings, we did not find perspective to influence hippocampal or parietal activity in 

Study 1. The discrepancy between the above-mentioned research and our findings may result 

from a variety of differences between paradigms. For instance, Iriye and St. Jacques (2020) 

instructed participants to visualize the spatial location and content of a specific 

autobiographical memory either from 1pp or 3pp, leading to stronger engagement of 

imaginary and constructive processes than cued retrieval. In contrast, Bergouignan et al. 

(2014) used head-mounted displays and cameras to initiate encoding of 1pp or 3pp during oral 

examination of life events. Therefore, the encoding perspective was creating an in-body or 

out-of-body experience, rather than a 1pp or 3pp. It is important to note that differential brain 

activity patterns for 1pp versus 3pp potentially depend on how the retrieval perspective was 

initialized. Previous memory research triggered perspectives using visual imagery (Grol et al., 

2017) or instructions to spontaneously adopt one (Freton et al., 2014) or actively shift to 

another perspective (Eich et al., 2009; St. Jacques et al., 2017) during free recall of 

autobiographical memories.  

While only a hand full of studies investigated neural mechanisms underlying episodic 

retrieval perspective, most findings on effects of perspective emerge from behavioral research 

(e.g., Akhtar et al., 2017; Butler et al., 2016; Janssen et al., 2011; Marcotti & St. Jacques, 

2018; Rice & Rubin, 2009). In line with these studies, participants in Study 1 less often 

falsely accepted modified episodes as previously encoded when the original counterpart was 

presented from 1pp (vs. 3pp) during fMRI. Some researchers suggested greater availability of 

visual information during retrieval from 1pp (Butler et al., 2016; Libby & Eibach, 2011) 

which can be ruled out as 1pp and 3pp contained identical visual information since episodic 

videos were only manipulated by a 180° rotation. The 1pp rather allowed participants to focus 
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their attention more on specific features (Libby & Eibach, 2011), enabling them to more 

likely detect modifications. 

The above-mentioned studies provide a preliminary understanding of how encoding 

and retrieval perspectives may influence episodic memory. While most findings demonstrate 

superior effects of 1pp stemming from behavioral research, future neuroimaging studies need 

to clarify which distinct brain networks result from 1pp versus 3pp and vice versa.  

Summary of Agency and Perspective Effects 

Taken together, Study 1 delivered preliminary evidence for answering the first 

research question of the current thesis on how agency and perspective affect brain responses 

to mnemonic PEs and episodic memory modification. The results indicate that internal 

models drawn from episodic memories associated with self-generated versus solely observed 

actions may be stronger and more sensitive to alterations. While this higher sensitivity for 

mnemonic PEs was reflected in brain activation, memory performance was not influenced by 

the agentive state. A contrary observation was made for the effect of visual perspective. While 

perspective subconditions did not lead to differential brain activations during the experience 

of PEs, retrieving episodes from a 3pp resulted in more false memories. The results of 

Study 1 are a first indication of the subtle effects of agency and perspective during the 

experience of mnemonic PEs and subsequent memory performance in episodic memory.  

4.3.2 Consolidation through Retrieval Practice in Episodic Memory 
Consolidation takes a major role in mediating memory solidity through sleep (Cheng 

& Werning, 2013), as well as active retrieval (Antony et al., 2017). Recurrent retrieval can 

enhance memory performance (Antony et al., 2017) and, further, protect memories from later 

modification (Elsey et al., 2018). This so-called testing effect was identified as a robust 

phenomenon in a wide variety of materials for declarative memory (for reviews, see 
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(Roediger & Butler, 2011; Roediger & Karpicke, 2006). Accordingly, improvements in 

memory performance are associated with higher rather than lower retrieval frequencies of 

information and spreading retrieval practice over several occasions (spaced) rather than a 

single occasion (massed) (e.g., Karpicke & Roediger, 2008; Lyle et al., 2020). Therefore, 

consolidation may not only affect memory solidity but further have an impact on PE signaling 

(Exton-McGuinness et al., 2015; Fernández et al., 2016; Schiffer et al., 2013).  

To provide a better understanding of additional retrieval practice in episodic memory, 

Study 2 examined the influence of different retrieval protocols on neural substrates and 

behavioral outcomes of mnemonic PEs. In two retrieval sessions, participants experienced 

additional episodic retrieval through different retrieval schedules (spaced vs. massed) and 

retrieval frequencies (two vs. eight times). 

With respect to general retrieval schedule effects, Study 2 demonstrated stronger 

BOLD responses for spaced versus massed retrieval in brain areas associated with episodic 

memory retrieval as identified in Study 1. However, there was no behavioral evidence for 

more solid memories due to retrieval schedule. Therefore, this finding may not serve as 

enough proof for the effectiveness of retrieval schedules on memory solidity. As discussed in 

Study 2, it may be fruitful to reexamine the study design to maximize the effects of retrieval 

schedule (cf. Dobson et al., 2017; Gerbier & Toppino, 2015). For instance, a higher number 

of distributed retrieval (Dobson et al., 2017) or testing sessions as well as the type of testing 

(Kang, 2016) may affect potential effects of different retrieval schedules. Of note, 

hippocampal engagement was descriptively stronger for the spaced compared to the massed 

condition during retrieval of originally encoded episodes. 

More frequent pre-fMRI retrieval resulted in less effortful retrieval, indicated by a 

decrease in ACC activity. This finding aligns with previous research suggesting a decrease of 

ACC activity indicative of more consolidated memories (Long et al., 2016). Accordingly, less 
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rather than more retrieval increased activity in ACC and MFC (BA 9 and 10) during the 

experience of mnemonic PE. Consistent with findings of Study 1, cortical midline activation 

in Study 2 reflected episodic memory retrieval. Previous research suggested cortical midline 

areas, like the ACC, to be more engaged during the experience of PE (Malekshahi et al., 

2016; Schiffer et al., 2013) and internal model updating (Schiffer et al., 2012, 2013). This is 

further corroborated by the behavioral results of Study 2. Memory for originally encoded 

episodes was better after retrieving episodes more frequently between encoding and testing. 

More frequent retrieval, i.e., more solid memories, prevented the incorporation of alternative 

episodes. Therefore, after less frequent retrieval, participants showed a tendency to falsely 

accept modified episodes as veridical.  

On the contrary, increased brain activity following less frequent retrieval of modified 

episodes in ACC (Study 2) does not match previous findings, showing stronger brain 

responses for more consolidated episodes (Bosshardt, Degonda, et al., 2005; Takashima et al., 

2006; Wiklund-Hörnqvist et al., 2021). However, the observed activity pattern may result 

from increased cognitive demands during retrieval attempts after a longer consolidation 

period (e.g., Bosshardt et al., 2005). In Study 2, we considered less robust memories to 

potentially trigger more pronounced PE signaling as weaker internal models may have been 

more susceptible to relevant new information (e.g., Schiffer et al., 2013). Although retrieval 

frequency affected subsequent memory performance, analyzing brain responses to later false 

alarms and correct rejections could not support this assumption.  

In summary, we gathered first evidence for answering our second research question of 

what impact different memory consolidation strategies have on neural processing of 

mnemonic PEs and subsequent memory retrieval. Our findings from Study 2 suggest that a 

rise in brain activity is associated with less solid memories stemming from higher cognitive 
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demands. Nonetheless, more research is needed to understand the role of different 

consolidation strategies in episodic memory. 

4.4 Future Prospects and Research 

4.4.1 General Ideas 
Similar brain structures were proposed to be involved during encoding and retrieval of 

episodic memories, like the hippocampus, PFC, and parietal cortex (Rugg et al., 2015). The 

present work focused on the neural mechanisms and behavioral outcomes of mnemonic PEs 

during episodic memory retrieval. To better understand the brain areas contributing to 

memory modification by encoding mismatching information, future studies should include 

fMRI recordings during initial encoding and later exposure to mnemonic PEs during retrieval. 

In our studies, we were able to show that original and modified episodes commonly increased 

activity in brain regions associated with episodic retrieval (Studies 1 and 3; also see Siestrup 

et al., 2022). Thus, it would be interesting to shed light on brain mechanisms contributing to 

the initial encoding of episodes and the encoding of mismatching or interfering information. 

For instance, memory modification was suggested to depend on neural coactivation of brain 

regions. Accordingly, strong coactivation was proposed to result in memory integration, while 

moderate coactivation rather leads to memory differentiation (Ritvo et al., 2019). This 

proposal is in line with findings from misinformation studies. When exposed to two sources 

of information, subjects are more likely to remember information that has undergone greater 

neural processing, regardless of whether it was originally or later falsely encoded (Baym & 

Gonsalves, 2010; Okado & Stark, 2005). Therefore, by defining neural patterns of original 

episodes, studies could localize brain regions involved in encoding false memories and/or 

updating existing memories. 
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Accordingly, the degree to which mnemonic PEs elucidate episodic memory 

modification may depend on initial memory strength (Exton-McGuinness et al., 2015; 

Fernández et al., 2016). Our studies demonstrated that our encoding procedure resulted in 

strong mnemonic representations as memory performance for originals remained largely 

intact. Therefore, it might be beneficial to vary initial memory strength by applying different 

numbers of presentation during encoding. In Study 3, we showed that repeated retrieval of a 

single alternative version was effective in brain and behavior while varying alternative 

versions did not impair later memory performance. During encoding, participants experienced 

original episodes five times, while alternatives were presented eight times when presented 

with a repetitive PE or two times with each varying version. Thus, we assume the memory 

strength of both original and modified episodes to play a crucial role when alternative 

information competes with existing memories. 

4.4.2 Methodological Aspects 
The episodic modification paradigm used in our studies was different from previous 

studies using rather simple stimuli and tasks. For example, in some studies, participants were 

supposed to remember pairs of words or objects (e.g., Chen et al., 2011; Duncan et al., 2009; 

Long et al., 2016), or static sceneries (e.g., Bein et al., 2020; Duncan et al., 2012; Ortiz-

Tudela et al., 2017). Therefore, a major advantage of our paradigm lies in using dynamic, 

episodic videos to create a naturalistic situation of remembering an episode experienced in a 

controlled setting. Moreover, our encoding procedure strongly diverged from previous studies 

using encoding through a rather passive encoding of stimuli (Greve et al., 2017; Kim et al., 

2014). In our studies, participants were highly attentive and personally involved during 

encoding. Irrespective of self-performance (Studies 1 and 2) or active observation (Studies 1 

and 3), our findings repeatedly showed that participants actively encoded strong memories of 

presented episodes. However, encoding included multiple repetitions of observing and/or 
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performing an action. In everyday life, episodic memories are not encountered repeatedly in 

the strict sense as they were in our experiments. Naturally, episodic memories are based on 

single encounters of a specific event (Cheng & Werning, 2016). Albeit our paradigm allowed 

strong encoding, it may not fully provide the natural encoding of episodes and needs to be 

improved.  

Overall, behavioral evidence from our studies suggests that mnemonic PEs lead to the 

encoding of alternative episodes competing with existing memories (Studies 1 and 2). 

However, it remains unclear whether longer time lags between modification and memory 

testing may impair episodic memory retrieval of original episodes. In our studies, the post-

fMRI memory test was conducted immediately (Studies 1 and 2) or one day (Study 3) after 

modifying episodes in the scanner. Memory retrieval was suggested to depend on gradual 

changes in context between one situation and another over time, including changes in 

environment, mood, and thoughts of a person (Roediger & Abel, 2022), potentially raising the 

likelihood of false memories in everyday life. In contrast, a greater amount of sleep over time 

may result in enhanced consolidation (Bosshardt, Schmidt, et al., 2005; Takashima et al., 

2006), making memories more robust toward changes. Therefore, investigating the behavioral 

effects on episodic memory by applying longer time lags between experiencing modified 

episodes and post-fMRI testing might be fruitful to broaden our understanding of episodic 

memory modification over time.  

Aside from that, it would be valuable for future research to link brain data to 

subsequent memory performance. Across our studies, we only provided limited evidence of 

brain-behavior interaction (Study 2) as we mainly focused on investigating neural differences 

during the experience of original and modified episodes (Studies 1, 2, and 3). For instance, 

we could not test memory on modified versions in Study 3 as we only tested original object 

recall. To investigate the relationship between neural responses to mnemonic PEs and 
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memory modification, episodic memory studies should incorporate testing both true and false 

memories. In recent years, a few studies have demonstrated a link between greater brain 

activation and later retrieval of false versus true memories (e.g., Baym & Gonsalves, 2010; 

Okado & Stark, 2005; St. Jacques, Olm, et al., 2013). However, other studies failed to 

establish a clear association between brain activation and false memory formation (Siestrup et 

al., 2022; Sinclair et al., 2021). Therefore, future research should consider optimizing episodic 

modification paradigms and using appropriate statistical methods to analyze how different 

brain regions encode later true and false memories. One possibility thereof could be using 

representational similarity analysis (Kriegeskorte et al., 2008) to identify similar neural 

patterns between original and modified episodes, and to link brain and behavioral data.  

4.4.3 Self-Referential Factors 
Study 1 offered first insights into how self-referential factors may influence the 

encoding and retrieval of episodic memory. However, our results do not provide clear 

evidence for strong benefits of self-performance or 1pp, as derived from previous research on 

agentive states (cf. section 1.3.2) and visual perspective (cf. section 1.3.1).  

Regarding the factor agency, additional work is needed to illuminate how agentive 

states influence neural activation and learning from PEs. Future studies investigating agentive 

states in episodic memory should focus on specific brain areas that are conceptually linked to 

the enactment effect. For instance, neuroimaging studies found increased activity in SMG 

during retrieval of self-performed actions (Krönke et al., 2013; Nyberg et al., 2001; Russ et 

al., 2003). Russ et al. (2003) suggested SMG to reflect the integration of motor plans and 

object knowledge into a coherent action representation. This integrative function is further 

supported by findings showing increased activity of SMG, as well as the premotor cortex, 

when planning to perform an action later in time (Eschen et al., 2007). As this region was 

mainly found in studies contrasting self-performed with verbal tasks (Krönke et al., 2013; 
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Nyberg et al., 2001; Russ et al., 2003), it remains unclear whether ROI analysis of SMG 

would lead to differential brain activation for previously self-performed versus only observed 

episodes. Neuroimaging studies investigating the enactment effect are typically conducted 

during retrieval as enacted trials during encoding would lead to body movement artifacts, 

i.e., high levels of noise in data. Therefore, future research could use navigation tasks in 

virtual reality (cf. section 4.3.1) and motor imagery (e.g., Naito et al., 2002) to potentially 

bypass this problem. 

Remembering episodes from the past may occur from both 1pp and 3pp (e.g., Nigro & 

Neisser, 1983; Rice & Rubin, 2009). Therefore, it is difficult to draw any definitive 

conclusions from studies reporting a lack of differential brain responses resulting from 1pp 

versus 3pp (e.g., Study 1, Leynes et al., 2017). Nonetheless, they also raise several 

unresolved questions on how encoding or retrieval perspective may influence the mnemonic 

replay and subsequent memory performance of personally experienced episodes. One 

question is whether encoding perspective influences neural responses of later retrieval 

perspective. Although some researchers argued that 3pp memories might be formed during 

memory encoding (McCarroll, 2017; Nigro & Neisser, 1983), it remains an open issue 

whether perspective can be preserved and later retrieved. Therefore, it may be fruitful to 

conduct fMRI studies including scanning during encoding and retrieval of naturalistic 

episodes. Accordingly, future studies should clarify to what extent differential brain networks 

contribute to retrieving one or shifting to another perspective. To this end, episodes could be 

encoded and retrieved in one perspective (scheme: 1pp – 1pp / 3pp – 3pp) or later retrieved 

from another perspective (1pp – 3pp / 3pp – 1pp). Another question is whether the time lag 

between encoding and testing affects memory performance resulting from 1pp versus 3pp. 

While encoding perspective was reported to affect memory performance immediately after 

encoding in one study (Leynes et al., 2017), another study found differences only after a one-
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week delay (Bergouignan et al., 2014). Moreover, an important question is how autonoetic 

consciousness influences encoding and retrieval perspective in episodic memory. The 

subjective experience of self in time was suggested to characterize episodic memory 

(Gardiner, 2001; Tulving, 2005). Beneficial effects of a 1pp (versus 3pp) were suggested to 

depend on subjective vividness during retrieval (Marcotti & St. Jacques, 2018; Rice & Rubin, 

2009). One question is how bodily self-awareness (Blanke, 2012; Blanke et al., 2015), i.e., the 

experience of body ownership and self-location, contributes to retrieval perspective and 

memory performance for personally experienced episodes. Initial findings suggest that virtual 

environments are a promising tool to address this self-referential feature in naturalistic 

episodes during both encoding and retrieval from 1pp (Gauthier et al., 2020; Shin et al., 2022) 

as well as 3pp (Iriye & St. Jacques, 2021).  
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5 Conclusion 

This present thesis investigated the interplay between mnemonic PEs and episodic 

memory, illuminating their neural substrates and behavioral outcomes. A series of fMRI 

studies presented highly replicable evidence that mnemonic PEs trigger increased brain 

responses characterizing expectation violation and memory updating. Across studies, 

mnemonic PEs repeatedly elicited increased brain activity in vlPFC (IFG/IFS) and IPS/SPL, 

especially when exposed to varying PEs, highlighting their role in episodic mismatch 

detection and selective processes in episodic memory retrieval. Repeated encounters of 

(repetitive) PEs, impaired memory retrieval of original episodes and led to a strong tendency 

to misclassify modified episodes as originally encoded. Further, increased hippocampal and 

ACC activity over time predicted later false memories, indicating their role in PE-based 

memory updating. Moreover, we were the first to demonstrate the nuanced effects of agency, 

perspective, and consolidation practice on episodic memory using unique, multi-step 

episodes, underscoring the complexity of memory processes and the need for further research.  

In summary, the presented findings contribute to our understanding of neural 

responses underlying and behavioral outcomes resulting from mnemonic PEs. Mnemonic PEs 

interact with original memories during retrieval of complex, naturalistic episodes. Repeated 

encounters of the same PE trigger episodic mismatch signals in the brain and can confuse 

subsequent memory retrieval, possibly stemming from alternative versions of the same 

memory trace. Against this background, the imperfection present in our episodic memory 

system is highly functional, allowing us to maintain predictive success in an ever-changing 

world. Nonetheless, future research needs to further investigate the conditions rendering 

learning from PEs.  
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Abbreviations 

1pp  first-person perspective; field perspective 

3pp  third-person perspective; observer perspective 

BA  Brodmann area 

ACC   anterior cingulate cortex 

BOLD  blood oxygenation level-dependent 

fMRI   functional magnetic resonance imaging 

HERA  Hemispheric Encoding Retrieval Asymmetry 

IFG   inferior frontal gyrus 

IFS   inferior frontal sulcus 

IPS   inferior parietal sulcus 

mPFC   medial prefrontal cortex 

MTL   medial temporal lobe 

MTT   Multiple Trace Theory 

PE(s)   prediction error(s) 

PFC   prefrontal cortex 

pCC   posterior cingulate cortex 

PPC   posterior parietal cortex 

ROI   region of interest 

SCT   Standard Consolidation Theory 

SMG   supramarginal gyrus 

SPL   superior parietal lobe 

vlPFC   ventrolateral prefrontal cortex 
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