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1. Why Context Matters: Episodic Memory Beyond the Laboratory  

Imagine navigating a new city to find a café. You rely on visual landmarks, auditory cues like 

the sound of honking traffic, and perhaps a remembered recommendation. These inputs arrive 

sequentially and across modalities, however your brain integrates them into a coherent and 

memorable experience. How does the brain bind such fragmented multisensory information 

into enduring episodic memories, and how are these memories later retrieved? 

Episodic memory allows us to retrieve and relive past events by binding together not only the 

event content but also the spatial, temporal, and emotional context in which an event occurred 

(Levine et al., 1998; Tulving, 2002; Wheeler et al., 1997). In real-world settings, our 

experiences are inherently multisensory, with visual, auditory, tactile, and spatial modalities 

co-occurring dynamically over time. The brain integrates these modalities across sensory 

channels and time, a process referred to as multisensory associative memory formation (Clouter 

et al., 2017; Kim & Lee, 2023; Michelmann et al., 2018). This type of memory supports 

essential functions such as object recognition, spatial navigation, and social communication 

(Lee et al., 2017; Okray et al., 2023; Ursino et al., 2014). The process by which the brain 

combines individual, cross-modal sensory information into a cohesive and enduring memory is 

fundamental to understanding episodic memory. However, the mechanisms by which the brain 

selects, binds, and retrieves such multisensory associations remain unclear, particularly in real-

world environments. One promising factor increasingly recognised as central to memory 

formation, as well as retrieval, is context.  

When we experience an event with multiple sensory inputs, such as sights, sounds, and 

smells, our brain integrates these diverse streams into a unified, detailed representation (Cao et 

al., 2019; French & DeAngelis, 2020; Macaluso, 2006). This process constructs a context-rich 

depiction that encompasses the environment, sensory experiences, and contextual details 

(Hyman et al., 2012; Tovar et al., 2020; van Atteveldt et al., 2014). It is not merely about storing 

isolated items but about encoding the associations between what happened, where, when, and 

in what sensory and attentional state it took place (Baldassano et al., 2017; Horner et al., 2015; 

Horner & Burgess, 2013). Context encompasses not only the external environment (e.g., 

physical surroundings, spatial cues, sensory richness) but also internal neural states (e.g., 

attentional preparation, oscillatory phase) and temporal structure (e.g., the sequence in which 

modalities are experienced). For instance, the order in which stimuli are presented, such as 
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seeing a face before hearing a voice or vice versa, influences the strength of memory formation 

and retrieval accuracy (Heusser et al., 2016; Peteranderl & Oberauer, 2018; X. Xu et al., 2024).  

  To this end, context is not a singular backdrop for memory, but a multidimensional 

construct comprising temporal, spatial, sensory, cognitive, and internal state features, all of 

which shape how experiences are encoded, stored, and retrieved (Z. Liu et al., 2024; Marks et 

al., 2022; Staudigl & Hanslmayr, 2013). For example, when walking through a new city to find 

a café, we do not simply register isolated landmarks; instead, we integrate them into a larger 

context. We encode a sequence of visual, auditory, and spatial cues that unfold over time, often 

occurring both simultaneously and in sequence, all embedded within a unique internal state 

such as curiosity or stress (Otten et al., 2002; Richter et al., 2016). These dimensions of context 

are not processed independently; instead, they interact to form an integrated, experience-

specific memory trace (Marks et al., 2022; Yadav et al., 2022). Notably, the way context is 

bound into memory may differ depending on whether events are unisensory, crossmodal, or 

multisensory (Lehmann & Murray, 2005; Li & Deng, 2023; Thelen et al., 2015; Thelen & 

Murray, 2013). While unisensory learning involves processing information through a single 

modality (e.g., vision), crossmodal and multisensory learning integrate input across multiple 

senses, often yielding enhanced encoding and retrieval through mechanisms such as temporal 

synchrony and spatial congruence (Bruns & Röder, 2023; Okray et al., 2023; Senkowski et al., 

2008). These richer sensory experiences are more likely to engage context-binding mechanisms 

in the brain and may lead to more robust or explicit memory formation. However, the 

interaction between different types of sensory processing and various dimensions of context, 

such as temporal order, internal states, or environmental enrichment, remains underexplored. 

Addressing this gap is essential for understanding how episodic memories are formed under 

naturalistic conditions and for clarifying the neural and cognitive mechanisms that support 

memory in real-world settings. 

 While existing literature provides insights into the brain regions and dynamic 

interactions involved in multisensory associative memory processes, this thesis advances our 

understanding by dissociating the roles of distinct contextual dimensions - external, internal, 

and temporal - in the formation and retrieval of multisensory associations. Specifically, it 

investigates how these contextual factors interact to support the encoding, consolidation, and 

retrieval of multisensory memory traces. To truly capture the complexity and dynamism of 

memory in natural settings, episodic memory research must explicitly incorporate multisensory, 

context-rich, and temporally structured environments. Such an approach is essential for 

understanding how episodic memories are formed, retrieved, and applied in real-world 
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scenarios (Moscovitch et al., 2016; Xue, 2018). Moreover, it highlights the adaptive functions 

of episodic memory, including its contributions to flexible decision-making, the integration of 

perception with higher-order cognition, and support for complex, temporally extended learning 

(Xue, 2022; Zhou et al., 2025). Ultimately, this thesis aims to refine theoretical models of 

memory and offer practical implications for education, neurorehabilitation, and learning 

technologies. 

1.1. Contextual Integration Drives Multisensory Memory Formation 

Episodic memory emerges from the integration of diverse sensory inputs embedded within rich 

contextual frameworks that span external environments, internal neural states, and temporal 

dynamics. These contextual dimensions not only shape the encoding of information but also 

critically influence how memories are stored and later retrieved. Understanding how these 

layers of context contribute to memory formation is crucial for developing comprehensive 

models of memory that more accurately reflect the complexity of real-world experiences.  

In daily life, experiences are inherently multisensory as we see, hear, touch, and move 

through space in dynamic and temporally unfolding environments. The brain combines these 

co-occurring sensory events into cohesive memory representations, a process that goes beyond 

sensory integration (Noel et al., 2018; Senkowski & Engel, 2024; van Atteveldt et al., 2014). 

Theoretical models such as the Binding of Item and Context (BIC) framework suggest that 

episodic memory forms through hippocampal-mediated binding of item-specific and contextual 

information (Diana et al., 2007; Ranganath, 2010), while the Context Maintenance and 

Retrieval (CMR) model highlights the role of ongoing contextual states in guiding memory 

search and retrieval (Polyn et al., 2009). Both models emphasise that context, whether external, 

internal, or temporal, is not secondary to memory but is integral to its core mechanisms. 

A key distinction in understanding sensory memory processes concerns unisensory versus 

multisensory encoding and retrieval. Unisensory processing involves information from a single 

modality and typically engages modality-specific cortical areas (e.g., visual or auditory cortex; 

(Schroeder & Foxe, 2005; Tan & Hsieh, 2016). While often considered isolated, recent 

evidence shows that even primary sensory cortices can be modulated by input from other 

modalities (Schroeder & Foxe, 2005; Thunell et al., 2025). Prior multisensory experience can 

alter unisensory perception and memory, influencing sensory learning and retrieval dynamics 

(Shams et al., 2011; Thelen & Murray, 2013). Unisensory memory traces are often less vivid 

and detailed, especially under cognitive load (Junker et al., 2021; Shams & Seitz, 2008), and 
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retrieval typically involves modality-specific reactivation shaped by previous multisensory 

associations (Butler & James, 2011; Han et al., 2022). 

In contrast, multisensory processing involves the presentation of stimuli across multiple 

modalities, such as pairing an image with sound or tactile information with visual cues. This 

process recruits distributed associative networks, including multisensory integration hubs like 

the posterior superior temporal sulcus and parietal cortices, which promote the formation of 

richer, more redundant memory representations (Duarte et al., 2025; Pecher & Zeelenberg, 

2022; Thelen et al., 2015). Empirical findings demonstrate that multisensory encoding 

generally enhances memory accuracy, vividness, and resistance to interference, facilitated by 

semantic congruency, shared meaning, and cross-modal binding (Lehmann & Murray, 2005; 

Yu et al., 2021). These experiences also induce oscillatory activity in theta (~4–7 Hz) and alpha 

(~8–12 Hz) bands, coordinating neural communication and timing across sensory channels 

(Jensen, 2002; Khader & Rösler, 2011). Importantly, neural signatures of multisensory 

encoding are often reactivated during retrieval, even when only one modality is presented, 

which highlights the durable cross-modal dependencies established during initial learning (Keil 

& Senkowski, 2018; H. Park & Kayser, 2019).  

These distinctions, however, are not merely categorical. Unisensory and multisensory 

processing exist along a continuum, with the degree of sensory integration influenced by the 

richness of external cues, internal neural states, and temporal structure. External context, such 

as environmental features, spatial location, and sensory richness, modulates the strength of 

binding and the vividness of memories, particularly in naturalistic or immersive environments, 

where engagement of perceptual and spatial networks enhances encoding and retrieval (S. S. 

Cohen & Parra, 2016; Hendriks et al., 2024). Internal neural states, including oscillatory 

rhythms (e.g., theta and alpha), dynamically regulate encoding efficacy by gating sensory 

information and facilitating the binding process (Clouter et al., 2017; Hanslmayr et al., 2012). 

Temporal context, describing how stimuli are sequenced, synchronised, and arranged, provides 

a structural scaffold that supports episodic memories within a coherent timeline, further 

strengthening recall and fine-grained reconstruction (Davachi & DuBrow, 2015; Michelmann 

et al., 2018). Importantly, these layers of context interact synergistically to create 

comprehensive and durable memory traces. Rich multisensory experiences that are embedded 

within meaningful external environments, supported by optimal internal neural states, and 

structured with temporal regularities tend to produce more vivid and resilient memories than 

simple unisensory episodes (Gershman & Daw, 2017). Conversely, unisensory experiences can 
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benefit from prior multisensory integration, implying that the brain retains cross-modal traces 

even in contexts where sensory input is limited at retrieval (Murray et al., 2005; Yu et al., 2021).  

In short, multisensory learning not only enhances memory formation but fundamentally 

alters how memories are organised and stored. It promotes the creation of contextually richer 

representations that span sensory modalities and semantic categories. Retrieval, in turn, is 

supported by the reactivation of both item-specific and context-specific features, including the 

original modality, order of presentation, and associated sensory cues. As such, episodic memory 

is shaped not just by content, but especially by the given context, the structure and state of the 

system in which the initial content is embedded in. Open questions, relate to (i) the exact 

mechanisms of Contextual Binding in Multisensory Episodic Memory and (ii) the role of 

contextual binding in light of different learning demands (implicit/explicit), stimulus contents 

(naturalistic/artificial), and temporal scales (e.g. sequences).  

1.1.1 Contextual Binding in Multisensory Episodic Memory: Models and Mechanisms  

Unlike semantic memory, which encodes abstract knowledge, episodic memory preserves the 

details of experiences, including the where, when, and how (Ekstrom & Yonelinas, 2020; M. 

W. Howard, 2017; Tulving, 2002). This precision arises from contextual binding, a core 

mechanism that links items to the perceptual, emotional, and temporal contexts in which they 

occur (Ranganath, 2010; Yonelinas et al., 2019). Successful retrieval depends on the 

reinstatement of these bindings, allowing memory systems to reconstruct past experiences 

(Diana et al., 2007; M. W. Howard, 2017; Ranganath, 2010). 

The BIC model provides a neural framework for understanding how discrete elements of 

experience are integrated into coherent memory traces (Diana et al., 2007; Eichenbaum, 2017; 

Hunsaker et al., 2013). According to this model, item identity is processed by the perirhinal 

cortex, spatial and environmental context by the parahippocampal cortex, and their integration 

by the hippocampus. This conjunctive coding enables flexible, relational memory 

representations. Complementing this, the CMR model posits that memory relies on a 

continually evolving internal context shaped by recent perceptual and cognitive experiences 

(M. W. Howard & Kahana, 2002; Polyn et al., 2009). Items are associated with this internal 

state during encoding, and reinstating it during retrieval facilitates access to the original 

memory trace. 

Traditional models emphasised spatial and semantic cues as primary scaffolds for encoding 

and recall (Chang et al., 2024; Packard et al., 2017). However, recent evidence highlights the 

importance of temporal structure, including the order and timing of events, as a core component 
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of contextual binding (Diamond & Levine, 2020; Heuer & Rolfs, 2021; Pu et al., 2022). 

Transitions in sensory input can serve as event boundaries, shaping how experiences are 

segmented and stored (Clewett et al., 2019; DuBrow & Davachi, 2013; Horner et al., 2016; Van 

De Ven et al., 2021). The hippocampus plays a central role in encoding these transitions through 

temporal binding and compression mechanisms (Ranganath & Hsieh, 2016). 

However, it remains unclear whether modality sequences act as contextual characteristics 

that are reinstated during retrieval or whether they primarily scaffold associative links at 

encoding (Bramão et al., 2022; DuBrow & Davachi, 2016; Gerver et al., 2020; Ritchey et al., 

2013). Growing neuroimaging evidence suggests that retrieval involves the reactivation of 

neural patterns that mirror those active during encoding, a process termed neural reinstatement 

or pattern completion (Bainbridge et al., 2021; Horner et al., 2015; Kuhl & Chun, 2014; Wing 

et al., 2015). EEG and fMRI studies show that this reinstatement is supported by oscillatory 

dynamics, particularly in the theta (4–7 Hz) and alpha (8–12 Hz) bands, and involves phase 

synchronisation and cross-frequency coupling across hippocampal and frontotemporal circuits 

(Friese et al., 2013; Fuentemilla, 2018; Kerrén et al., 2018). 

Multisensory integration amplifies these dynamics. It facilitates the formation of complex, 

associative networks that interlink sensory, spatial, temporal, and emotional elements into 

cohesive episodic structures (Senkowski & Engel, 2024; van Atteveldt et al., 2014). This 

interconnectedness enhances memory richness and accessibility, making them more resistant 

to interference (Alwashmi et al., 2024; Barutchu et al., 2019; X. Tang et al., 2016). Evidence 

from immersive contexts such as Virtual Reality (VR) supports this. Compared to 2D 

paradigms, VR enhances the binding and integration of multisensory information through 

increased engagement with spatial and contextual features (N. Cooper et al., 2021; Jeong et al., 

2024; Johnsdorf et al., 2023). Such environments recruit hippocampal networks more strongly, 

resulting in richer, more vivid episodic memories (Kerrén et al., 2025; Nikolaev et al., 2023; 

Ventura et al., 2019). 

Importantly, contextual binding operates across multiple dimensions: external context 

(e.g., environmental and sensory richness), internal context (e.g., preparatory neural 

oscillations), and temporal context (e.g., stimulus sequence and timing). These dimensions 

interact during encoding and are reinstated during retrieval, determining not only whether an 

event is remembered, but how, whether as an isolated item, a bound association, or a coherent 

episode. Crucially, the strength of contextual binding may influence whether a memory remains 

implicit or becomes available to conscious awareness. Importantly, contextual binding not only 

shapes the content and structure of memory traces but may also influence their accessibility. 
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Whether an experience is remembered implicitly or explicitly may depend on how strongly 

contextual features are encoded and reinstated. This leads to a key question: Under what 

conditions does passive exposure to multisensory input yield implicit knowledge, and when 

does it lead to explicit retrieval and awareness?  

1.1.2. Learning Type: From Implicit Exposure to Explicit Awareness Through Contextual 

Binding 

Episodic memory formation does not always rely on conscious intent (Cleeremans et al., 1998; 

Reber & Squire, 1994; Williams, 2005). Instead, learning can emerge along a continuum, from 

passive, unconscious acquisition to active, deliberate encoding, commonly referred to as 

implicit and explicit learning. Though these learning types are often studied separately, recent 

research shows that they may lie on a continuum, and that contextual factors can shape how 

and when implicit knowledge becomes explicitly accessible (Esser et al., 2022; Goujon et al., 

2014; Rose et al., 2010; Wessel et al., 2012). While traditionally treated as distinct (DeKeyser, 

2003; Seger, 1994), accumulating evidence suggests that these learning modes engage 

overlapping but functionally differentiated neural systems and can dynamically interact, 

depending on contextual factors (Sun et al., 2005; Willingham & Goedert-Eschmann, 1999; J. 

Yang & Li, 2012). 

 Implicit learning refers to the incidental acquisition of environmental regularities without 

conscious awareness (Forkstam & Petersson, 2005; Frensch & Rünger, 2003). In contrast, 

explicit learning is typically associated with focused attention and deliberate encoding 

strategies, often resulting in declarative memory traces (Eichenbaum, 1997; Kirkhart, 2001). 

However, explicit knowledge can also emerge during incidental learning, particularly when 

learners become aware of patterns or regularities during the task (Clos et al., 2018; Gabay et 

al., 2023; Weinberger & Green, 2022). Neuroimaging and electrophysiological studies 

demonstrate that implicit and explicit learning are supported by distinct but partially 

overlapping brain networks. These networks differ in their connectivity and regional 

involvement, but also share some core structures, reflecting the complex interplay between 

conscious and unconscious learning processes (Destrebecqz et al., 2005; Loonis et al., 2017; J. 

Yang & Li, 2012). Implicit learning engages a frontal–striatal network, particularly the striatum, 

and is associated with increased theta-band synchrony during early learning phases (Batterink 

et al., 2019; M. X. Cohen, 2011; Destrebecqz et al., 2005; J. Yang & Li, 2012). In contrast, 

explicit learning recruits a broader network including the insula, medial prefrontal cortex, and 

ventrolateral prefrontal cortex, with greater involvement of alpha/beta-band synchrony during 
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encoding (Loonis et al., 2017; Rameson et al., 2010; J. Yang & Li, 2012). These patterns suggest 

that implicit learning reflects automatic, low-resource acquisition, while explicit learning 

requires attention, working memory, and cognitive control. This distinction is also evident in 

oscillatory dynamics: while theta activity typically dominates during statistical learning and 

early-stage pattern acquisition (Colgin, 2013; Feng et al., 2015; Herweg et al., 2020), alpha and 

beta synchrony increase as learning becomes explicit and rule-based (Brincat & Miller, 2015; 

Buschman et al., 2012).  

Notably, the transition from implicit to explicit learning appears to be modulated by 

contextual features, including stimulus complexity, environmental richness, task structure, and 

cognitive load (Ayala & Henriques, 2021; Bond & Taylor, 2015; Goujon et al., 2015). 

Environmental richness increases attentional engagement and emotional salience, enhancing 

the chances that implicitly learned regularities reach awareness (Chun & Jiang, 1999; Duncan 

et al., 2025; Zhao et al., 2013). Temporal structure and sensory modality order can act as 

contextual scaffolds, helping to organise information into episodic representations that support 

explicit retrieval (Diamond & Levine, 2020; Sadeh & Moscovitch, 2024; Stern et al., 2020). 

Even neural context, such as the pre-stimulus alpha state, can influence whether upcoming 

information is encoded implicitly or explicitly by modulating attentional preparation and 

sensory gating (Fell et al., 2011; Ostrowski & Rose, 2024; Zazio et al., 2022). Furthermore, 

cognitive load can modulate the interplay between implicit and explicit learning. Under high 

load, individuals may default to implicit strategies (Schnotz & Kürschner, 2007; Wierzchoń & 

Derda, 2019). However, particular task demands, such as semantic conflict or divided attention, 

can trigger explicit shifts, reflected in increased alpha activity and engagement of prefrontal 

control systems (Ji et al., 2017; Qu et al., 2021). So indeed, the transformation from implicit 

exposure to explicit memory is particularly sensitive to contextual features. 

Importantly, these systems do not function in isolation. Dual-process models propose that 

implicit and explicit systems operate in parallel and can influence one another depending on 

task demands, attentional state, and contextual cues (Evans, 2008; Sun et al., 2005; Willingham 

& Goedert-Eschmann, 1999). Explicit awareness may facilitate or disrupt implicit learning, 

depending on the timing and nature of task demands (Kerz et al., 2017; Song et al., 2007). 

Conversely, implicit learning may lay the foundation for later explicit access, particularly when 

the learning context supports prediction, structure, and attentional engagement (Weinberger & 

Green, 2022). A key mechanism linking these systems is contextual binding, the process by 

which perceptual, temporal, and emotional features are encoded alongside item information to 

form a unified memory trace (Jiménez et al., 2006; Weinberger & Green, 2022). Whether an 
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implicitly learned association becomes accessible for explicit recall may depend on how richly 

it is embedded within a contextual framework (Goujon et al., 2015).  

In the context of multisensory learning, this dynamic relationship becomes especially 

important. Many multisensory associations, such as audiovisual sequences, are first learned 

implicitly through passive exposure. However, when contextual features such as environmental 

richness or modality sequence are present, these associations are more likely to become 

explicitly accessible at retrieval (D. M. Smith et al., 2022; Stern et al., 2020; Zhang et al., 2018). 

For example, semantically congruent audiovisual stimuli can accelerate unisensory retrieval, 

suggesting that multisensory context at encoding supports explicit memory performance, even 

when only one modality is tested later (Murray et al., 2004; Yu et al., 2021). Thus, the transition 

from implicit exposure to explicit memory is not fixed, but context-dependent, shaped by 

sensory richness, temporal structure, neural preparation, and task demands (Mulligan, 2011; 

Parker et al., 2007). These findings underscore that contextual binding is not only a mechanism 

of memory organisation but also a determinant of memory accessibility. Whether an experience 

remains unconscious or gets available for conscious recall may depend on how strongly it is 

embedded within, and reinstated by, its contextual features. 

1.1.3 Stimulus Type: Naturalistic vs. Artificial Inputs in Contextual Binding 

The nature of the stimuli used during learning, whether naturalistic (e.g., faces, scenes, 

narratives) or artificial (e.g., abstract shapes, meaningless sounds, or unrelated word lists), 

profoundly influences how memory traces are formed and organised (Jääskeläinen et al., 2021; 

Virk et al., 2024). This distinction reflects not only the perceptual and semantic richness of the 

input but also its ability to engage in contextual binding mechanisms across sensory, spatial, 

temporal, and emotional dimensions (Pooja et al., 2024; Robertson, 2003; Yonelinas et al., 

2019). Naturalistic stimuli more closely resemble everyday experiences and tend to evoke 

stronger emotional responses, activate pre-existing semantic schemas, and facilitate the 

formation of coherent event representations embedded in spatiotemporal contexts (Jääskeläinen 

et al., 2021; Nanni-Zepeda et al., 2024; Saarimäki, 2021). Conversely, artificial stimuli provide 

experimental precision by minimising confounding variables but generally lack the multimodal 

complexity and semantic depth characteristic of real-world memory encoding (Mudrik et al., 

2024; Parsons, 2015; Waskom et al., 2019). 

These differences in stimulus type are reflected in the neural dynamics of encoding and 

retrieval. Neuroimaging and electrophysiological studies have demonstrated that naturalistic 

stimuli provoke stronger and more widespread oscillatory responses, including enhanced theta–
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gamma coupling and alpha suppression, especially in hippocampal–prefrontal–parietal circuits 

involved in associative binding and contextual integration (Griffiths et al., 2021; Karakaş, 2020; 

Kota et al., 2020; Zhu et al., 2020). These oscillatory patterns are believed to underpin 

mechanisms that support segmenting continuous experience and organising complex 

multimodal inputs into cohesive memory traces. In fMRI studies, the encoding of naturalistic 

content correlates with increased activity in a distributed network, including the hippocampus, 

parahippocampal place area (PPA), retrosplenial cortex (RSC), and ventromedial prefrontal 

cortex (vmPFC), regions involved in spatial navigation, schema-based encoding, and episodic 

simulation (Barnett et al., 2024; Hebscher et al., 2021; Khosla et al., 2021). During retrieval, 

these regions often show content-specific reinstatement, providing a neural basis for the 

vividness and structural coherence of naturalistic memories (Nyberg et al., 2000; Staudigl & 

Hanslmayr, 2019; Wing et al., 2015; Xiao et al., 2017). Conversely, artificial stimuli tend to 

engage domain-general cognitive control processes, such as those mediated by the lateral 

prefrontal cortex, and rely on effortful, strategy-based encoding (Hodgson et al., 2024; 

Panichello & Buschman, 2021). Although these designs allow precise manipulation of task 

parameters, they may underrepresent the distributed and integrative processes characterising 

episodic memory in natural settings. Importantly, electrophysiological evidence indicates that 

mechanisms like hippocampal theta synchronisation, alpha suppression, and theta–gamma 

coupling are more robust and better predict later memory success when participants encode 

naturalistic content (Chanaz et al., 2023; Kragel et al., 2020; Lega et al., 2016; Murray et al., 

2016).  

The use of naturalistic versus artificial stimuli is therefore not merely a methodological 

choice but a factor that fundamentally alters the dynamics of memory formation and retrieval. 

Stimulus type determines not only which brain regions and oscillatory mechanisms are recruited 

but also how richly and flexibly information is embedded within a broader contextual 

framework. Consequently, the ecological validity of memory studies and their relevance to 

everyday cognitive functioning depend critically on whether the employed stimuli support the 

multidimensional binding processes that underlie episodic memory. 

1.1.4 Sequences: Temporal Structure as Contextual Framework  

Temporal structure is a fundamental dimension of episodic memory that supports the 

integration of what, where, and when into coherent representations of past experiences 

(Eichenbaum et al., 2012; C. Liu et al., 2022; Torres-Morales & Cansino, 2024). This scaffold 

becomes particularly intricate when events unfold across multiple sensory modalities, as is 
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frequently the case in real-world environments. In such multisensory contexts, the temporal 

order of incoming information, whether auditory, visual, or crossmodal, serves not only as a 

passive timeline but as an active contextual framework that enhances encoding, chunking, and 

later retrieval. 

Sequential learning mechanisms have long been recognised for their role in organising 

information into temporally structured memory traces (Farrell, 2012; M. D. Howard et al., 

2022). Within episodic memory, these mechanisms enable the association of temporally 

adjacent elements, facilitating the formation of coherent sequences that reflect the temporal 

dynamics of experience (DuBrow & Davachi, 2016; Heusser et al., 2018; Sols et al., 2017). 

When sequences span across modalities, such as hearing a sound followed by seeing a related 

image, temporal structure becomes a binding feature that links otherwise discrete sensory inputs 

(Kayser & Logothetis, 2007). Behavioural studies suggest that such crossmodal sequences 

enhance memory formation, particularly when sensory features are semantically congruent and 

temporally predictable, as they promote chunking and facilitate the construction of meaningful 

associative units (Akyürek et al., 2017; Fonollosa et al., 2015; Wu et al., 2023). From a 

contextual binding perspective, the order of modality presentation itself may constitute a salient 

feature of the episodic trace. For instance, experiencing an auditory-visual (AV) sequence 

versus a visual-auditory (VA) sequence, even with identical content, may lead to distinct 

temporal and contextual imprints. While traditional memory research has focused extensively 

on temporal order effects within a single sensory modality, the question of how modality order 

is encoded, and whether it is reinstated during retrieval, remains largely unexplored. 

Neurophysiological studies provide converging evidence that oscillatory dynamics play a 

key role in the encoding and retrieval of sequential information. Theta oscillations (4–7 Hz), 

particularly in hippocampal and frontotemporal circuits, are associated with the temporal 

organization of events and are enhanced during sequential learning in both unimodal and 

multisensory contexts (Benchenane et al., 2010; Gruber et al., 2018; Siapas et al., 2005; Su et 

al., 2024). These rhythms facilitate the temporal binding of information across time and 

modality. Moreover, theta–gamma coupling is proposed to provide a temporal coding scheme 

that supports the segmentation of continuous input into discrete memory units (Heusser et al., 

2016; Ursino et al., 2023; Ursino & Pirazzini, 2024). Simultaneously, alpha (8–12 Hz) and beta 

(13–30 Hz) desynchronization during sequential encoding reflect anticipatory attention and the 

processing of temporal regularities, consistent with the principles of predictive coding (Bastos 

et al., 2020; Bauer et al., 2014; Capotosto et al., 2017; Strube et al., 2021). 
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Functional neuroimaging complements this electrophysiological perspective by 

demonstrating that the encoding of temporally structured, multisensory information engages a 

distributed network of brain regions. The medial temporal lobe, and particularly the 

hippocampus, supports the integration of content with its temporal context, while prefrontal 

regions contribute to the strategic organization and maintenance of sequences in working 

memory (DuBrow & Davachi, 2014; Eichenbaum et al., 2012; Lehn et al., 2009; Libby et al., 

2014). Multisensory integration areas, such as the superior temporal sulcus (STS) and 

intraparietal sulcus (IPS), are involved in aligning temporally congruent features across 

modalities (Beauchamp et al., 2010; Calvert et al., 2001; Straube et al., 2018). 

Together, these results suggest that temporal structure in multisensory learning is not a 

passive timeline, but an active representation of context, one that supports encoding, retrieval, 

and the reactivation of episodic details. These findings align with the view that contextual 

binding is a multi-dimensional process, incorporating temporal, sensory, and neural states into 

the memory trace. While unimodal research has explored temporal context reinstatement 

(DuBrow & Davachi, 2016), the role of modality order reinstatement in multisensory memory 

remains elusive: Is the order of sensory modalities encoded as part of the contextual 

representation and later reinstated during retrieval?  

1.2. Reactivating the Past: Neural Signature of Context Reinstatement  

A central mechanism by which episodic memories are retrieved is neural reinstatement, the 

reactivation of brain activity patterns that resemble those present during the original encoding 

episode (Kragel et al., 2021; Rau et al., 2025; Staresina et al., 2012). This reinstatement process 

enables the brain to reconstruct not only the content of a memory but also its associated 

contextual features, such as spatial location, sensory modality, emotional tone, and temporal 

structure (Hennings et al., 2020; Manning et al., 2011; Schechtman et al., 2023). Reinstatement 

has thus been widely regarded as a neurobiological basis for pattern completion, wherein partial 

cues at retrieval trigger the reconstruction of a more complete memory representation (Danker 

et al., 2011; Norman & O’Reilly, 2003; Ritchey et al., 2013). This notion is consistent with 

theories of hippocampal indexing and content-addressable memory systems, which propose that 

episodic retrieval relies on the reactivation of patterns originally formed during encoding 

(Heinbockel et al., 2024; Horner et al., 2015; Staresina et al., 2012, 2016; Tompary et al., 2016).  

Oscillatory dynamics have emerged as a key mechanism supporting reinstatement. Low-

frequency rhythms, particularly in the theta (4–7 Hz) and alpha (8–12 Hz) bands, play a critical 

role in coordinating the retrieval of temporally structured and contextually rich information 
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across widespread neural networks (Menesse & Torres, 2024). Theta oscillations have been 

implicated in the temporal organisation of memory and the reactivation of sequential elements, 

reflecting interactions between the hippocampus and prefrontal cortex that support retrieval 

structure (Heinbockel et al., 2022; Kerrén et al., 2018; Schreiner et al., 2018; Shahbaba et al., 

2022). Alpha desynchronization, by contrast, has been linked to attentional orienting during 

memory retrieval, facilitating access to relevant memory traces while inhibiting interference 

from irrelevant information (Erickson et al., 2019; Gould et al., 2011; Poch et al., 2014). These 

oscillatory mechanisms enable dynamic routing of information during recall and are thought to 

enhance the precision and efficiency of the reinstatement process. 

Multivariate pattern analysis (MVPA) of EEG and fMRI data has further shown that 

reinstated neural patterns can be used to decode specific features of the original memory 

(Johnson et al., 2009; Rissman & Wagner, 2012). Such patterns can reflect specific perceptual 

features, such as visual stimulus category or location, as well as higher-order contextual 

dimensions, including the temporal order of events or the sensory modality involved (Ashton 

et al., 2022; Bone et al., 2020; Lifanov-Carr et al., 2024; Peelen & Downing, 2023). This 

suggests that reinstatement is not a unitary process but operates at multiple representational 

levels, engaging both early sensory regions and higher-order associative networks (Pacheco 

Estefan et al., 2019; Rau et al., 2025). For instance, content-specific reinstatement has been 

observed in early visual areas, while broader contextual features are reactivated in parietal and 

medial temporal structures, including the angular gyrus, precuneus, and hippocampus 

(Baldassano et al., 2017; Clarke et al., 2022; Hebscher et al., 2019; Sabo & Schneider, 2022). 

Importantly, reinstatement does not always reflect a perfect replay of encoding activity. Instead, 

memory retrieval is increasingly understood as a reconstructive process shaped by task 

demands, attentional focus, and prior knowledge (Linde-Domingo et al., 2019; Xiao et al., 

2017). Reinstated activity patterns may be transformed relative to their original state, supporting 

the flexible use of memory for current goals (Brainerd et al., 2002; Lohnas et al., 2018; Xue, 

2022). This constructive view of memory aligns with predictive coding frameworks, in which 

top-down signals generated during retrieval interact with stored memory representations to 

generate a most likely reconstruction of past events (Barron et al., 2020; M. Tang et al., 2023). 

Thus, the process of reinstating neural patterns involves not only reactivating what has been 

encoded, but dynamically reassembling contextual features to support episodic remembering. 
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1.3. Enhancing Multisensory Memory: Enrichment, Entrainment and Sequence Structure 

While cognitive neuroscience has made significant progress in identifying neural correlates of 

memory encoding and retrieval, much of this work has remained correlational, often relying on 

occurring variations in neural or behavioural data. To truly understand how memory is shaped 

by context and how it can be optimised for learning, experimental approaches that 

systematically manipulate contextual features are essential. Such methods enable the direct 

investigation of mechanisms underlying contextual binding and establish causal relationships 

between specific factors and memory performance. 

Research in cognitive neuroscience and education has long emphasised the role of 

contextual reinstatement in memory performance (Bramão et al., 2017; Manning et al., 2011; 

Staudigl et al., 2015). Environments rich in spatial, perceptual, and affective features can serve 

as effective contextual cues, becoming integrated into the memory trace and later facilitating 

retrieval (Johansson & Johansson, 2014; Lifanov-Carr et al., 2024). Multisensory richness has 

been shown to enhance attentional engagement, emotional involvement, and memory encoding 

depth, particularly when environments provide realistic, spatially coherent, and perceptually 

immersive experiences (Krokos et al., 2019; Parsons, 2015; Repetto et al., 2016).  

VR provides a valuable experimental tool for creating such environments, enabling 

researchers to present controllable, naturalistic learning contexts that simulate real-world 

experiences while maintaining experimental precision (Bohil et al., 2011; Parsons, 2015). 

Crucially, VR enables embodied interaction, spatial navigation, and crossmodal sensory 

convergence (Bhowmik, 2024; Biocca et al., 2001). These are all factors known to support 

deeper encoding through increased engagement of perceptual and mnemonic systems (Krokos 

et al., 2019). These behavioural effects are consistent with evidence from research on 

environmental enrichment, which shows that enriched settings can enhance neuroplasticity and 

hippocampal neurogenesis, increase dendritic complexity, and promote the expression of 

neurotrophic factors related to learning and memory (Kempermann, 2019; Young et al., 1999). 

Moreover, enriched environments influence multiple systems of behavioural control, including 

sensory processing, motivational regulation, and motor activity, and can reduce conditioned 

fear and facilitate adaptive learning (Grigoryan, 2023). This empirical foundation motivates the 

enriched environment hypothesis developed later in this thesis, which proposes that sensory and 

contextual richness systematically improves memory performance by enhancing contextual 

binding mechanisms. 
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As contextual binding is a core mechanism of episodic memory, it could be modulated, 

enhanced or impaired by changes in environmental stimulation (Petrucci et al., 2025; Vedder 

et al., 2015), preparatory brain states (Hebscher & Voss, 2020; Medvedeva et al., 2019), and 

the temporal structure of experience (Waldhauser et al., 2016). Each of these domains 

corresponds to a different layer of context: external, internal, and temporal. Understanding how 

these layers can be optimised offers powerful leverage for enhancing real-world learning and 

memory performance. The brain's oscillatory dynamics reflect and regulate attentional, 

perceptual, and mnemonic functions. Theta (3–7 Hz) and alpha (8–12 Hz) rhythms are 

especially important in episodic memory, associated with temporal integration and attentional 

gating, respectively (Benchenane et al., 2011; Cruz et al., 2025; van Ede, 2018). Pre-stimulus 

oscillatory states, the neural rhythms present before an event begins, can bias encoding success 

(Guderian et al., 2009; Ostrowski & Rose, 2024; Scholz et al., 2017; Sweeney-Reed et al., 

2016). Higher alpha power is linked to enhanced top-down filtering (Klimesch et al., 2010; 

Magosso & Borra, 2024; Scholz et al., 2021), while theta supports episodic binding during 

stimulus processing (Griffiths et al., 2021; Herweg et al., 2020; Köster et al., 2018; Nyhus & 

Curran, 2010). 

Temporal structure is a defining feature of episodic memory. The order in which stimuli 

appear, especially across sensory modalities (e.g., AV vs. VA), may itself become encoded as 

a contextual feature (Baldassano et al., 2017; Davachi & DuBrow, 2015). Although much 

research has focused on event order within a single modality, the temporal order of multisensory 

input remains underexplored as a context cue. The process of contextual binding, which 

involves linking items with their associated features such as location, time, or modality, is an 

essential mechanism in associative and episodic memory (Ranganath, 2010; Yonelinas et al., 

2019). This binding process is thought to rely on interactions between the hippocampus, which 

supports integration across temporal and spatial gaps, and the prefrontal cortex, which 

contributes strategic and organisational processes (Eichenbaum, 2017; Place et al., 2016; 

Preston & Eichenbaum, 2013; Staresina & Davachi, 2009). Recognising that contextual binding 

is modifiable has important implications. In educational contexts, enriched sensory 

environments (Clemenson & Stark, 2015; H. Wang et al., 2020) or oscillatory stimulation could 

improve learning and retention (ten Oever et al., 2020). In clinical populations such as ageing 

adults or patients with memory disorders, targeted interventions may support associative 

binding by enhancing specific contextual features during learning (Hwang et al., 2024; H.-L. 

Yang et al., 2018). More broadly, this research highlights the importance of designing memory 



16 

 

studies and memory-enhancing interventions that move beyond unimodal, static paradigms and 

instead reflect the complex, dynamic, and multisensory nature of real-world experiences. 

Together, these three empirical aspects - enriched sensory environments, rhythmic 

entrainment, and modality sequence structure - highlight how contextual binding is not fixed 

but dynamic. They demonstrate that memory can be enhanced through the synchronisation of 

brain state, environmental richness, and temporal structure, each contributing to more robust 

encoding and accessible retrieval. This framework provides a new view for understanding how 

and when episodic memories form, emphasizing the importance of studying contextual binding 

across levels, not only within items, but across neural states and perceptual timelines. These 

findings lay the groundwork for the central research questions of this thesis: How do external, 

internal, and temporal context features interact to shape multisensory episodic memory? 

1.4. Research scope and aim 

Despite decades of research on episodic memory, fundamental questions remain about how 

memories are formed and retrieved in the multisensory, temporally structured, and context-rich 

environments that characterise real-world experiences. So far, most experimental paradigms in 

memory research have relied on static, unimodal stimuli presented under tightly controlled 

laboratory conditions, offering critical but limited insights into underlying mechanisms. These 

simplified designs often overlook how context, both external and internal, as well as temporal 

factors, actively shape the structure of memory traces and how memory operates in the dynamic 

environments of everyday life. This thesis addresses three gaps in the literature. First, context 

is often treated as an extraneous background variable rather than a mechanistic component of 

memory encoding and retrieval. Although theories such as encoding specificity and context-

dependent memory acknowledge contextual effects, they typically frame context as a static cue 

for recall rather than as an integral, dynamic feature of the memory trace itself. This 

underestimates the roles that environmental richness, internal brain states, and temporal 

structure play in shaping memory formation during encoding and memory access at retrieval. 

Second, while multisensory memory research has shown that learning involving multiple 

sensory modalities enhances memory performance, few studies have integrated these 

behavioural effects with their neural underpinnings. There is a lack of frameworks that 

explicitly link external sensory context, internal oscillatory dynamics, and temporal stimulus 

structure as mutually reinforcing dimensions of contextual binding. Without this integration, 

our understanding of how memory emerges from the interaction of brain, body, and 

environment remains incomplete. Third, memory research continues to be primarily conducted 
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in artificial, decontextualized settings, although real-world memories are multisensory, 

spatially situated, and embedded in time. The potential of enriched, immersive environments, 

such as VR, to enhance memory via increased contextual engagement is underexplored, 

especially in combination with neural or temporal manipulations. 

The primary aim of this thesis is to uncover mechanisms of contextual binding in 

multisensory associative memory. Specifically, it examines how three core dimensions of 

context — external, internal, and temporal — impact the processes of memory formation and 

retrieval. External context pertains to the sensory and environmental richness of the learning 

environment, such as immersive virtual reality versus conventional 2D screen-based settings. 

Internal context refers to the preparatory neural oscillatory state prior to encoding, exemplified 

by alpha and theta entrainment. Temporal context refers to the structural sequence of modality 

presentation, such as the auditory–visual versus visual–auditory order. Investigating these 

dimensions across three empirical studies, the research employs immersive technologies, EEG 

time-frequency analyses, and multivariate pattern classification techniques. 

The first study focused on whether immersive virtual reality environments enhance explicit 

memory for incidental multisensory associations compared to traditional screen-based settings. 

This approach tests the hypothesis that a richly immersive environment facilitates the 

transformation of implicit regularities into explicit memory by strengthening contextual binding 

mechanisms. The second study examines how pre-stimulus sensory entrainment at alpha, theta, 

or arrhythmic frequencies modulates the internal neural state prior to encoding. By 

manipulating oscillatory activity, the study aims to determine whether alpha- or theta-band 

oscillations support crossmodal associative encoding, possibly through attentional gating or 

temporal structure. The third study investigates whether the temporal order of crossmodal 

stimuli, such as auditory-visual versus visual-auditory, serves as an implicit contextual cue that 

is encoded and reinstated during recognition. Across these investigations, neural reinstatement 

serves as a key marker of contextual binding, reflecting how the brain retrieves not only the 

content of an event but also the where, when, and sensory or neural contexts in which it was 

encoded. Together, these studies aim to advance our understanding of the dynamic interplay 

between external environment, internal neural states, and structural temporal features in shaping 

episodic memories within naturalistic settings. 
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2. Experimental studies 

2.1. Study I: VR environments enhance the shift from implicit to explicit learning 

2.1.1. Background 

The transition from implicit to explicit memory is a fundamental but underexplored aspect of 

episodic learning, especially in multisensory, naturalistic environments. Most memory studies 

employ unimodal stimuli and artificial laboratory settings, which may underrepresent the 

mechanisms that govern memory formation in everyday life. The environmental context, 

including its multisensory richness, spatial structure, and affective properties, may play a 

crucial role in promoting explicit awareness of associative regularities during incidental 

learning (Goujon et al., 2014; S. M. Smith & Vela, 2001). Drawing on theories of contextual 

binding, predictive coding, and the enriched environment hypothesis, this study tested whether 

encoding in an immersive, multisensory virtual reality (VR) environment facilitates the 

emergence of explicit memory compared to a traditional 2D screen setting. Prior literature 

suggests that environmental richness enhances attention, motivation, and memory performance, 

particularly for episodic and associative memory (Clemenson & Stark, 2015; Krokos et al., 

2019; Makowski et al., 2017). However, it remains unclear whether such enrichment affects the 

transition from implicit to explicit knowledge, especially in tasks where learning is not goal-

directed.  

2.1.2. Methods 

A total of 102 participants were recruited and assigned to either an immersive VR group or one 

of two 2D screen-based groups (non-enriched; PC-short and PC-long). The study employed a 

between-subjects design with the learning environment (VR vs. a 2D screen) served as the main 

manipulation. Participants engaged in an incidental sequential association learning task, during 

which four sound–image pairs were presented in a fixed, sequential order across multiple 

repeated blocks. Importantly, participants were not informed about the associative nature of the 

task; their only instruction was to attend to the stimuli, allowing for the investigation of 

naturalistic encoding processes. Memory performance was assessed after the learning phase 

through several measures, including a completion task in which participants identified the 

correct sound–image pairs, a free recall task to evaluate spontaneous retrieval, and confidence 

ratings to distinguish explicit from implicit responses. To further capture participants’ 
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subjective experiences, stimulus ratings, such as pleasantness and realism, were collected, 

providing insights into perceived environmental richness and immersion. 

2.1.3. Results 

The results demonstrated that although the total number of learned sequence pairs did not differ 

significantly between groups, the quality of memory, specifically, the degree of explicit access, 

was significantly enhanced in the VR condition. Participants in the VR environment recalled a 

greater proportion of pairs with high confidence in both the completion task and the free recall, 

particularly when compared to the 2D PC-long condition. This selective enhancement of 

explicit memory suggests that the immersive, perceptually enriched VR context facilitated 

deeper encoding and stronger conscious access to learned associations. Importantly, these 

effects could not be attributed to differences in stimulus exposure or subjective stimulus 

salience, as there were no significant differences in overall stimulus ratings between conditions. 

Furthermore, ANCOVA analyses confirmed that the observed interaction between environment 

and memory type remained robust when controlling for stimulus ratings. These findings 

highlight that the environmental richness of VR can improve the accessibility and awareness of 

incidentally learned multisensory associations, an effect with important implications for 

understanding how contextual embedding supports explicit memory formation. 

2.1.4. Conclusion  

The study demonstrates that environmental enrichment, operationalised via immersive virtual 

reality, enhances the emergence of explicit memory in an incidental multisensory sequential-

association learning task. Importantly, these effects occurred without explicit memorisation 

instructions, suggesting that enriched environments may facilitate spontaneous awareness of 

regularities through increased attentional engagement, emotional salience, and context binding. 

The findings support the view that external context is not a passive backdrop, but an active 

component of the memory trace. They also challenge accounts that attribute learning 

improvements solely to stimulus fluency or exposure repetition. Instead, enrichment may 

promote the transition from implicit to explicit learning by enhancing the salience of prediction 

errors or increasing cognitive resources available for binding across modalities. By anchoring 

memory formation in realistic, multisensory environments, this study contributes to a more 

ecologically valid understanding of how episodic memories emerge in everyday life. It also 

provides the first layer of support for the broader thesis claim: that external, internal, and 
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temporal contexts each play a critical role in contextual binding within multisensory episodic 

memory. 

 

Figure 1. Task and memory performance Study I. (A) Left shows the task for the 2D with alternating 

visual squares and auditory tones in short (260 trials) and long (520 trials) versions. Right shows the VR 

task with immersive landscapes and tones. (B) Completion task performance by Learning-Type 

(implicit, explicit) and Condition (VR, 2D-short, 2D-long); lines indicate group means with SEM. (C) 

Proportion of learned associations (%) across all applications, with SEM error bars.  

2.2. Study II: Pre-Stimulus Entrainment Dissociates the Roles of Oscillations in Crossmodal 

Associative Memory Formation 

2.2.1. Background 

While the external environment shapes memory encoding, the brain’s internal neural state, 

particularly oscillatory activity, plays a crucial role. Alpha (8–12 Hz) and theta (3–7 Hz) 

rhythms have been consistently linked to episodic memory, with theta supporting associative 

binding and temporal sequencing, and alpha indexing attentional filtering and preparation to 

encode (Herweg et al., 2020; Klimesch et al., 2010; Waldhauser et al., 2012). Recent evidence 

suggests that oscillatory dynamics prior to stimulus onset can bias encoding outcomes, 
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especially in crossmodal tasks (Fell et al., 2011; Guderian et al., 2009; Otten et al., 2010). 

However, most findings are correlational. To test causality, sensory entrainment provides a non-

invasive method for modulating endogenous rhythms through rhythmic visual stimulation. We 

hypothesised that visual flicker would successfully entrain neural oscillations and that both 

theta and alpha entrainment would improve memory performance compared to arrhythmic 

controls. We further expected differential effects between theta and alpha conditions, and 

overall enhancement relative to a no-entrainment baseline.  

2.2.2. Methods 

A total of 150 participants were randomly assigned to one of four between-subjects entrainment 

conditions: Theta (5 Hz), Alpha (9 Hz), arrhythmic control (phase-scrambled stimulation), or a 

no-entrainment (NE). Participants performed a Subsequent Memory Effects (SME) task, in 

which simultaneously presented auditory–visual stimulus pairs were encoded. Each trial was 

preceded by a 2-second visual flicker stimulus designed to entrain brain oscillations at the 

assigned frequency. Entrainment was presented via centrally flickering naturalistic images. 

EEG was recorded throughout the session, including both the encoding and recognition phases, 

to assess entrainment success and to analyse pre-stimulus spectral power differences across 

conditions. After encoding, participants completed a brief intermission task to prevent recency 

effects and to reorient attention. Memory performance was then assessed using an old/new 

recognition task with previously studied and novel audiovisual pairs. Behavioural outcomes 

were analysed using recognition accuracy and signal detection measures (d′). Bayesian 

statistical methods were employed to examine differences in memory performance and pre-

stimulus brain activity across entrainment conditions. 

2.2.3. Results 

Time–frequency analyses confirmed successful frequency-specific entrainment during the pre-

stimulus interval. Participants in the theta condition exhibited significantly increased power in 

the 3–7 Hz range throughout the late entrainment period, while the alpha condition showed 

elevated power in the 6–10 Hz range across the entire pre-stimulus window. These effects were 

absent post-stimulus and were spatially centered over occipital and parieto-occipital electrodes, 

indicating frequency-specific modulation of neural activity by rhythmic visual stimulation. 

Comparisons with both the control and NE groups confirmed that entrainment selectively 

enhanced power at the targeted frequencies. Behaviourally, the alpha entrainment group 

demonstrated significantly better memory performance, as indexed by higher d′ scores and hit 
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rates, compared to the control group. This effect was not accompanied by an increase in false 

alarms, supporting the interpretation that alpha entrainment enhanced associative memory 

encoding. In contrast, theta entrainment did not differ significantly from the control or alpha 

conditions, with Bayes factors indicating weak support for the null hypothesis. Ratings of 

attention and fatigue changed across the experiment but did not differ between conditions, 

suggesting that differences in subjective task engagement did not drive the memory effects. 

 

 

Figure 2. Effects of neural entrainment on recognition memory. (A) Left shows mean oscillatory power 

changes (±1 Hz, 5 Hz and 9 Hz bands) relative to baseline for each participant; black error bars indicate 

SEM. Right displays average power time courses across the trial period for each group, with SEM 

shading. All data are from occipital electrodes (O1, O2, Oz). Vertical lines mark stimulus onset and 

presentation windows. (B) Mean sensitivity index (d′) with SEM across the three entrainment 

conditions. (C) Trial rates of hits and false alarms across individuals for each group, with SEM error 

bars. 

2.2.4. Conclusion  

This study demonstrates that pre-stimulus alpha entrainment enhances crossmodal associative 

memory, likely by modulating attentional preparation and sensory gating mechanisms prior to 

stimulus presentation. In contrast, theta entrainment did not improve performance, suggesting 
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that theta-related memory benefits may rely more on online, stimulus-bound dynamics than on 

preparatory brain states. These findings support the growing view that pre-stimulus oscillatory 

dynamics shape encoding quality (Ostrowski & Rose, 2024; Zazio et al., 2022) and can be 

modulated causally through rhythmic sensory input (Köster et al., 2019; D. Wang, 2024). They 

also emphasise the importance of timing specificity in entrainment studies: while alpha may act 

as a preparatory gatekeeper, theta may support binding during or after stimulus presentation. 

The results provide converging neural and behavioural evidence for the role of internal brain 

states as a layer of contextual binding in episodic memory. They suggest that preparatory alpha 

activity facilitates the binding of crossmodal associations, particularly under conditions of low 

semantic congruency. By using entrainment to manipulate internal context at encoding, this 

study complements the findings of Study 1 on external context. It sets the stage for Study 3, 

which investigates how temporal structure, in particular, the order of sensory modalities, is 

encoded and reinstated as a context feature during retrieval. 

2.3. Study III: The order of multisensory associative sequences is reinstated as context-feature 

during recognition 

2.3.1. Background 

Temporal structure is a core component of episodic memory, supporting the binding of events 

into coherent sequences and enabling the brain to reconstruct not only what happened, but also 

in what order (Clewett & Davachi, 2017). While extensive research has examined the temporal 

context in unimodal memory tasks, the role of modality sequence order, i.e. the specific order 

in which multisensory stimuli are presented (e.g., auditory-visual vs. visual-auditory), remains 

underexplored. Multisensory episodic memory typically involves asynchronous and sequential 

input. Modality order may thus act as a temporal context feature, shaping how the brain encodes 

and later reconstructs multisensory experiences (Bramão et al., 2017; DuBrow & Davachi, 

2014; Kim & Lee, 2023). However, it is unclear whether this order is stored as part of the 

memory trace and whether it is reinstated during retrieval, a key mechanism of pattern 

completion in contextual binding models. To address this gap, this study investigated whether 

the sequence of sensory modalities during encoding is neuronally reinstated at recognition, even 

when perceptual cues about the order are absent. By using EEG and multivariate pattern 

analysis (MVPA), this study tested whether modality sequence functions as a retrievable 

contextual tag, supporting the broader thesis aim that temporal structure contributes to 

contextual binding in multisensory memory. 
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2.3.2. Methods 

Thirty-two participants were tested in a subsequent memory paradigm, in which they encoded 

audiovisual stimulus pairs presented sequentially in one of two fixed modality orders: auditory–

visual (AV) or visual–auditory (VA). This temporal sequence served as the critical 

experimental manipulation. During the recognition phase, all stimulus pairs were presented 

simultaneously to eliminate perceptual cues about their original order, and participants 

completed an old/new recognition task. EEG data were recorded continuously during both 

encoding and recognition. Time–frequency decomposition was applied to examine oscillatory 

dynamics across the frequency spectrum of 1 to 40 Hz. MVPA classifiers were trained to 

distinguish between AV and VA encoding trials based on EEG patterns and subsequently tested 

on EEG data during recognition to assess neural reinstatement of the original modality order. 

2.3.3. Results 

Behavioural analysis showed that recognition accuracy did not significantly differ between the 

AV and VA sequences, ruling out potential performance confounds related to sequence order. 

MVPA analysis of EEG data revealed that the encoding order (AV vs. VA) could be 

successfully decoded from neural activity during recognition, particularly within the theta (3–

7 Hz) and low beta (13–21 Hz) bands. Decoding accuracy exceeded chance levels in a post-

stimulus window from approximately 500 to 1000 ms, suggesting reinstatement of the original 

modality sequence during retrieval. Spatially, decoding effects were most pronounced over 

fronto-temporal and parietal electrodes, consistent with regions implicated in episodic retrieval 

and crossmodal integration. These findings demonstrate that the temporal structure of 

multisensory encoding episodes is preserved in the neural signal and can be reinstated during 

recognition, even when the sensory input lacks sequential information. 

2.3.4. Conclusion  

This study provides the first direct evidence that the order of sensory modalities during 

encoding is neurally reinstated during recognition, even in the absence of perceptual cues to 

that order. The findings support the claim that modality sequence acts as a contextual feature, 

embedded within the memory trace and accessible via neural reactivation mechanisms. From a 

theoretical perspective, the results align with models of temporal context coding (e.g., CMR) 

and support the idea that contextual reinstatement includes not only spatial or semantic features 

but also perceptual-temporal structure (Heald et al., 2023). The involvement of theta and beta 
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oscillations suggests that these rhythms play a role in reconstructing temporal and structural 

aspects of memory, extending prior work on theta–gamma coupling in episodic binding. 

Critically, the reinstatement of modality order occurred in a task where sequence was not 

relevant for performance, highlighting the automaticity of contextual encoding and retrieval. 

This supports the broader thesis claim that episodic memory is richly contextual, even for 

features that are not explicitly task-relevant. By demonstrating that temporal structure in 

multisensory encoding leaves retrievable neural signatures, Study 3 adds a third temporal 

dimension to the contextual binding framework developed throughout this thesis. Together with 

the findings from enriched environments (external context) and neural entrainment (internal 

context), this study strengthens the view that episodic memory depends on multi-layered, 

dynamic context integration. 

 

Figure 3. Decoding modality order from neural activity during recognition. During encoding, AV and 

VA pairs were presented sequentially, but during recognition, pairs were presented simultaneously (red 

frame). MVPA successfully decoded the original modality order (AV vs. VA) from neural activity, 

indicating reinstatement of temporal context. Bottom panels show time-resolved topographies of 

decoding accuracy (t-values) in gamma (32–40 Hz) and high beta (21–32 Hz) bands. Significant effects 

occurred between 400–2000 ms, mainly in centro-posterior and centro-parietal regions. 
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3. General Discussion 

Episodic memory enables the reconstruction of past experiences, integrating not only the 

“what,” but also the “where” and “when” of events (Ngo et al., 2019; Tulving, 2002; Yonelinas 

et al., 2019). This reconstruction critically depends on the binding of contextual features during 

encoding and their reinstatement during retrieval (Gilmore et al., 2021; Heinbockel et al., 2024; 

Staudigl & Hanslmayr, 2013; Uncapher et al., 2006). However, memory research has often 

relied on unimodal and abstract stimuli, limiting our understanding of how contextual binding 

operates in complex, multisensory environments (S. S. Cohen & Parra, 2016; Hendriks et al., 

2024; Pecher & Zeelenberg, 2022). The present studies addressed this limitation by examining 

how external, internal, and temporal contextual factors interact with memory formation and 

retrieval across multiple levels of analysis. 

Study 1 investigated the external context by comparing memory encoding in immersive 

VR to traditional desktop environments. Despite similar overall learning outcomes, immersive 

VR led to more explicit and confident memory retrieval, suggesting that enriched spatial and 

sensory contexts act as external scaffolds that support strategic retrieval, even under incidental 

learning conditions (Kisker et al., 2021b; Krokos et al., 2019). This finding is supported by 

theories that propose contextual richness enhances encoding through elevated emotional 

engagement, attentional depth, and self-relevance, potentially via the stronger recruitment of 

the default mode network and memory-related regions (Bréchet et al., 2019; Cadet & Chainay, 

2020). 

Study 2 focused on internal context by manipulating pre-encoding brain states via rhythmic 

visual stimulation. Entrainment in the alpha band (9 Hz) enhanced associative memory 

performance, aligning with the view that alpha oscillations facilitate attentional filtering and 

preparatory inhibition (Foxe & Snyder, 2011; Klimesch et al., 2011; Poch et al., 2018; 

Waldhauser et al., 2012). The effect was frequency-specific, as theta-band entrainment, despite 

modulating neural power, did not result in behavioural improvements. These findings suggest 

that oscillatory power enhancement prior to stimulus onset can enhance the brain's preparation 

for contextual binding, consistent with predictive coding and selective attention frameworks 

(Addante et al., 2011; Arnal & Giraud, 2012; Schneider & Rose, 2016; Zareian et al., 2020). 

Study 3 explored temporal structure by demonstrating that sequences across modalities, 

although not explicitly relevant to the task, were spontaneously reinstated during retrieval. 

Multivariate decoding of EEG patterns showed that participants reinstated modality order 

shortly after recognition cues, supporting the idea that temporal context is embedded within the 

memory trace and reactivated even without conscious effort. This finding supports temporal 
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context models (M. W. Howard & Kahana, 2002; Lohnas et al., 2023; Polyn et al., 2009) and 

extends reinstatement theories by showing that abstract structural information can guide 

memory retrieval in the absence of explicit cues. 

Together, these studies converge on a multidimensional framework of contextual binding 

in multisensory episodic memory. Rather than operating in isolation, external environments, 

internal neural states, and temporal regularities interact to shape the dynamics of encoding and 

retrieval. This framework extends traditional memory models by integrating ecological, neural, 

and temporal layers into a unified account. It also emphasises that episodic memory is not a 

passive record of events, but a constructive process shaped by attentional, oscillatory, and 

structural scaffolds.  

3.1. Integrating Contextual Binding Across Layers  

Episodic memory is fundamentally a context-dependent construct, relying on the integration of 

diverse sensory, temporal, and internal cues into a coherent, retrievable trace (Staudigl & 

Hanslmayr, 2013; Yonelinas et al., 2019). Contextual binding enables the segmentation, 

encoding, and retrieval of experiences in a way that supports flexible cognition and adaptive 

behaviour (Agafonov et al., 2023; Bramão et al., 2017; Yonelinas et al., 2019). Extending 

classical models such as the BIC theory (Diana et al., 2007; Ranganath, 2010) and the CMR 

model (Polyn et al., 2009), this framework proposes that contextual features operate along 

partially dissociable but interacting axes. These axes encompass external environments, internal 

neural states, and temporal structure, jointly defining the conditions under which episodic 

memories are formed and later reconstructed. 

The role of environmental context in episodic memory has been established, with enriched 

perceptual environments functioning as more than passive backgrounds (Z. Liu et al., 2024; J. 

L. Park & Donaldson, 2019). Immersive VR settings, for instance, have been shown to enhance 

explicit memory expression compared to conventional 2D displays, despite equivalent exposure 

and cognitive demands (Kisker et al., 2021a; Schöne et al., 2023). The mnemonic advantage of 

VR is attributed to a suite of factors: increased presence, attentional engagement, motivational 

and affective relevance, and enhanced multisensory integration (Beitner et al., 2023; Hurter et 

al., 2024; Monaro et al., 2024; Schöne et al., 2023). These immersive qualities facilitate the 

integration of sensorimotor and spatial cues, resulting in holistic scene representations that 

enhance both object and relational memory (Bréchet et al., 2019; Kisker et al., 2021b; Ventura 

et al., 2019). Noteably, the context itself becomes encoded as an element of the episodic trace, 

facilitating richer associative representations, consistent with models such as CMR (Polyn et 
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al., 2009). Environmental reinstatement at retrieval provides a direct benefit by reinvoking the 

internal context present at encoding, demonstrating that memory performance depends on the 

integration of contextual features into the representation of the episode. 

Beyond environmental factors, internal neural states, particularly those indexed by pre-

stimulus oscillations, emerge as determinants of encoding efficacy and memory organisation. 

Oscillatory dynamics in the theta (3–7 Hz) and alpha (8–12 Hz) frequency bands have 

repeatedly been linked to successful encoding and associative binding (Cruzat et al., 2021; 

Ostrowski & Rose, 2024). Increased pre-stimulus theta power correlates with enhanced 

contextual binding and source memory, presumably reflecting a preparatory neural state 

(Addante et al., 2011). Pre-stimulus alpha activity, in turn, has been implicated in attentional 

filtering and sensory gating, facilitating the establishment of conditions favourable to encoding 

complex, multisensory information (Foxe & Snyder, 2011; Jensen & Mazaheri, 2010; Strunk 

& Duarte, 2019). Modulation of these oscillatory states, such as via alpha entrainment, can 

causally enhance associative encoding, underscoring their functional contribution (Schneider 

& Rose, 2016; Michael et al., 2023; Hanslmayr et al., 2019). Notably, while alpha oscillations 

play a preparatory role before stimulus onset, theta rhythms appear most crucial during the 

active integration of incoming information (Buzsáki & Moser, 2013; Herweg et al., 2020). 

Memory enhancements achieved through theta band entrainment typically arise when 

stimulation coincides with stimulus presentation, likely reflecting an increasing capacity for 

network binding at those critical moments (Hanslmayr et al., 2019; Köster et al., 2018). 

Collectively, these observations establish brain state oscillations as dynamically modulatable 

features that shape the probability and richness of contextual binding. 

While external and internal contexts influence how well memory traces are formed, 

temporal structure determines how events are organised and recalled. Temporal sequencing of 

sensory events represents a still underappreciated, but fundamental dimension of episodic 

memory. While classical models emphasise modality-independent order codes (Depoorter & 

Vandierendonck, 2009; Vandierendonck, 2016), converging evidence demonstrates that the 

specific order of sensory modalities (temporal context) can be encoded and later reinstated as 

an integral component of the memory trace. Recognition of audiovisual sequences 

distinguished by modality order (auditory–visual versus visual–auditory), even in the absence 

of perceptual cues at retrieval, highlights the embedding of modality sequence into episodic 

representation. This form of temporal binding aligns with theories of temporal context 

reinstatement, whereby dynamic states present at encoding are recapitulated at retrieval to 

facilitate memory access (DuBrow & Davachi, 2016; M. W. Howard & Kahana, 2002). Further, 
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the neural reinstatement of modality order, particularly within the theta and low beta frequency 

ranges, implicates oscillatory network coordination in the retrieval of sequence information 

(Michelmann et al., 2016; Sols et al., 2017; Yaffe et al., 2014, 2017). Neuroimaging findings 

robustly demonstrate hippocampal and cortical replay of temporal sequences, directly 

supporting the subjective phenomenon of “jumping back in time” during episodic memory 

retrieval (Thavabalasingam et al., 2019; Vaz et al., 2020). Importantly, these replay mechanisms 

preserve modality-specific temporal structures, which function as integral contextual 

characteristics (Michelmann et al., 2016). Such modality-dependent temporal tags appear 

essential for discriminating and reconstructing complex, overlapping memories, challenging 

models that conceptualise temporal order as abstracted solely from sensory modality (Folkerts 

et al., 2018; Foudil et al., 2021). Instead, these findings underscore that, in the domain of 

episodic memory, the hippocampus and cortex collaborate to reinstate both the content and the 

temporal context of experiences. This highlights the importance of a modality-specific temporal 

scaffold for accurate memory reflection and pattern completion in dynamic environments. 

These three contextual dimensions (external, internal, and temporal) do not act in isolation. 

Instead, they dynamically interact to define the quality and durability of multisensory episodic 

memories. A rich external setting may heighten internal preparation. Rhythmic entrainment 

may sharpen attention to temporal sequences, and structured temporal input may enhance the 

coherence of multisensory binding. The convergence of these factors reflects a systems-level 

model of episodic memory that emphasises context as an active and integrative component of 

the memory trace. Episodic memory is not merely the result of encoding isolated items but 

emerges from the structured interplay of contextual features that shape how experiences are 

organised and accessed.  

3.2. Neural Mechanisms of Reinstatement and Implications for Episodic Memory  

Current perspectives on episodic memory emphasise its reconstructive nature, wherein retrieval 

reflects the dynamic reinstatement of neural states that were present during encoding 

(Heinbockel et al., 2024; Horner et al., 2015; Staresina et al., 2012; Yaffe et al., 2014). This 

reinstatement process is central to the binding of contextual information, encompassing 

environmental, temporal, and neural states, into flexible and retrievable episodic 

representations. Importantly, converging evidence suggests that reinstatement acts as a core 

mechanism of episodic memory, operating across multiple phases and at varying levels of 

abstraction.  
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Traditionally, research has focused on the phenomenon of reinstatement during retrieval 

(Pacheco Estefan et al., 2019; Wing et al., 2015; Xiao et al., 2017; Yaffe et al., 2014). However, 

emerging neurocognitive models advance a more nuanced perspective, proposing that 

reinstatement processes may be initiated prior to the conscious act of recall and may extend 

dynamically across distinct memory phases (Gordon et al., 2014; Tompary et al., 2016; Yaffe 

et al., 2014). Crucially, temporal context information, such as the sequential order of sensory 

modalities, is decodable from neural activity early in the recognition process, sometimes 

preceding deliberate retrieval efforts. This temporal specificity suggests that contextual 

reinstatement is not solely a strategic, top-down process, but can also reflect anticipatory or 

automatic mechanisms, consistent with models of predictive coding and the gradual 

reactivation of memory traces (DuBrow & Davachi, 2016; Folkerts et al., 2018). As such, it 

becomes essential to distinguish between various forms of reinstatement, pre-stimulus 

(preparatory reactivation of context before a cue), early online reactivation (matching sensory 

input with stored context), and classic retrieval-phase reinstatement (deliberate, strategic 

recall). Notably, early decoding of modality order during recognition suggests that the 

reinstatement of context may occur during the initial sensory analysis, independent of explicit 

retrieval intentions. This challenges the view that reinstatement is limited to strategic 

recollection, highlighting partial automatic contextual reactivation. A critical theoretical 

consideration involves the content of reinstatement.  

Whereas much of the literature has focused on item-specific reactivation (such as objects 

or words; Pacheco Estefan et al., 2019; Rau et al., 2025), recent evidence demonstrates the 

reinstatement of complex, structural contextual features (Clarke et al., 2022; Manning et al., 

2011), including the order of modality presentation. These findings are essential because item 

and context reinstatement implicate overlapping but functionally dissociable brain networks 

and fulfil distinct roles in episodic memory. Item-based reinstatement predominantly engages 

posterior neocortical areas, such as the lateral occipital cortex, processing object identity and 

semantic content (Bencze et al., 2024; Pacheco Estefan et al., 2019). By contrast, the 

reinstatement of context, encompassing scene features, modality, or temporal order, relies more 

heavily on parahippocampal and hippocampal regions (Hayes et al., 2007; L. R. Howard et al., 

2011; Staresina et al., 2012). The decoding of modality order from neural dynamics during 

recognition underscores the hippocampus’s role in integrating relational and structural features 

within episodic traces (R. A. Cooper & Ritchey, 2020; Ranganath, 2010). The retrieval of such 

contextual features, even when not explicitly relevant to the task, highlights the automaticity of 
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contextual binding and suggests that contextual information may be encoded and reinstated by 

default. 

The reactivation of modality order closely aligns with models of temporal context drift and 

“jump-back-in-time” processes in episodic memory (Folkerts et al., 2018; M. W. Howard & 

Kahana, 2002; Lohnas & Healey, 2021). These frameworks propose that the brain continuously 

encodes a slowly evolving temporal context, with retrieval cues capable of reinstating both the 

content and the contextual state in which the information was embedded (M. W. Howard, 2017; 

Polyn & Kahana, 2008). Evidence for the reinstatement of structural temporal features, such as 

modality sequence, extends these theories, suggesting a broader neural capacity for reactivating 

abstract contextual information. Notably, such reinstatement of non-task-relevant structural 

features underscores the automaticity and potential need of contextual binding. This 

observation challenges classic dual-process models, which restrict contextual reinstatement to 

strategic, recollection-dependent processes, in favour of a graded model in which both 

familiarity and recollection can involve variable degrees of contextual retrieval (Addante et al., 

2024; Kuhl & Chun, 2014).  

Reinstatement dynamics further differ in temporal profile depending on the nature of the 

contextual feature. The earlier reinstatement of modality order in Study 3 contrasts with item-

based reactivation, which typically emerges later in the trial and may rely more heavily on 

conscious retrieval strategies (Rau et al., 2025; Xiao et al., 2017). This timing distinction 

highlights the need to characterise when, during the trial, different features are reactivated. Pre-

stimulus reinstatement, online encoding reactivation, and post-cue retrieval dynamics may each 

serve complementary roles in memory reconstruction, with early context reinstatement 

providing a scaffold for later item-specific search or decision processes (Bramão et al., 2017; 

Manning et al., 2011; Xue, 2022). The temporal structure of reinstatement observed in Study 3 

was also supported by specific frequency bands, particularly theta and low beta oscillations. 

These frequencies have been implicated in temporal sequence replay, cross-modal integration, 

and context reinstatement (Sols et al., 2017; Vaz et al., 2020; Yaffe et al., 2014). The presence 

of such oscillatory reinstatement supports the idea that memory is not merely a static 

reactivation of stored traces but a temporally patterned reconstruction, dynamically aligned with 

the unfolding of contextual cues. 

Collectively, these findings refine the understanding of episodic memory as a temporally 

distributed, context-sensitive, and dynamically constructive process. Reinstatement emerges as 

a multifaceted mechanism, extending from preparatory neural states to explicit retrieval, 

capable to flexibly reactivate both, items, and their contextual structure highlighting the 
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importance of cross-level (behavioural, oscillatory, neural) investigations to unravel the 

systems-level architecture supporting episodic memory. 

3.3. The Role of Oscillatory Entrainment in Memory Encoding 

Oscillatory brain dynamics play a fundamental role in shaping how information is encoded into 

episodic memory (Hanslmayr et al., 2009, 2016; Minarik et al., 2018; Nyhus & Curran, 2010; 

Staudigl & Hanslmayr, 2013). Study 2 examined the causal impact of pre-stimulus oscillatory 

states on memory formation by using rhythmic visual stimulation to entrain neural activity at 

alpha and theta frequencies. While prior work has relied mainly on correlational evidence 

linking oscillatory power to subsequent memory performance, this approach allowed for the 

direct manipulation of endogenous brain rhythms prior to encoding, offering critical insights 

into the temporal dynamics and functional role of internal context. Rhythmic sensory 

stimulation, also known as neural entrainment, has emerged as a powerful method for 

modulating brain oscillations and assessing their functional contributions to cognition (Haegens 

& Zion Golumbic, 2018; Pomper et al., 2023). By aligning neural excitability phases to 

predictable external rhythms, entrainment can enhance perception, attentional filtering, and 

memory (Hanslmayr et al., 2019; Michael et al., 2023; Roberts et al., 2018). Stimulation at 

alpha (8–12 Hz) and theta (4-7 Hz) frequencies has been shown to modulate large-scale network 

activity, particularly in parietal and sensory cortices, facilitating cognitive preparation for 

incoming stimuli (Alagapan et al., 2019; Ma et al., 2025). 

The results revealed that only alpha-band entrainment significantly enhanced associative 

memory. Participants exposed to alpha rhythmic stimulation showed increased recognition 

sensitivity (d′), primarily driven by elevated hit rates. This effect was not accompanied by 

changes in false alarm rates, indicating an enhancement in memory strength rather than altered 

response bias (Criss, 2010; Higham et al., 2009). These findings align with the alpha inhibition 

hypothesis, which posits that alpha oscillations reflect active functional inhibition, supporting 

attentional gating and the suppression of irrelevant input (Hakim et al., 2020; Poch et al., 2018). 

Pre-stimulus alpha power has been repeatedly linked to successful memory performance, 

particularly in contexts requiring crossmodal integration or attentional anticipation (Burke et 

al., 2015; Fell et al., 2011; Ostrowski & Rose, 2024). By synchronizing cortical excitability 

phases, entrainment may facilitate optimal engagement of encoding networks, including 

parietal and hippocampal structures (Dave et al., 2022; Raud et al., 2023). These findings 

suggest that alpha entrainment enhances preparatory states, thereby increasing preparation for 

associative binding at the moment of stimulus arrival. In contrast, theta-band entrainment did 
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not yield behavioural benefits despite successful modulation of oscillatory power. This null 

effect highlights the frequency specificity and temporal sensitivity of oscillatory contributions 

to memory. While theta oscillations are critical for associative encoding and flexible memory 

updating (Herweg et al., 2020; Kota et al., 2020), their functional role may be more pronounced 

during stimulus presentation rather than in the pre-stimulus interval. Theta effects often depend 

on phase synchrony across hippocampal-cortical circuits and tight temporal alignment with 

stimulus onset conditions, which cannot be fully met in the pre-stimulus entrainment design 

(Hanslmayr et al., 2019; Köster et al., 2018). 

Neural entrainment in this context extends beyond modulating spectral power as it also 

impacts the temporal architecture of neural excitability, influencing the brain’s ability to 

prepare for and encode incoming stimuli. These results align with predictive coding 

frameworks, which propose that preparatory oscillatory states support sensory selection and 

attentional filtering (Arnal & Giraud, 2012; Calderone et al., 2014; Jensen, 2002; Lakatos et al., 

2019). Whereas alpha and beta oscillations facilitate sustained attentional focus and top-down 

inhibition (Clayton et al., 2015; C. Wang et al., 2016), theta oscillations support sequential 

binding and temporal integration (Griffiths et al., 2021; Heusser et al., 2016; Nyhus & Curran, 

2010)). The dissociation observed in Study 2 reinforces that distinct frequencies contribute 

differently to encoding. Alpha may facilitate preparatory attentional processes. At the same 

time, theta supports the dynamic integration of information during stimulus processing. This 

suggests that oscillatory influences on memory are not uniform but instead operate through 

frequency-specific and temporally defined mechanisms. 

Beyond their theoretical significance, these findings have applied relevance. Sensory 

entrainment offers a non-invasive method for enhancing cognitive preparation and memory 

performance. The ability of alpha entrainment to boost associative encoding may be leveraged 

in educational or clinical settings, particularly in populations with deficits in attentional control 

or memory function. Future research should explore synergistic effects of entrainment applied 

both before and during stimulus presentation, as well as investigate individual differences in 

entrainment responsiveness. In sum, these findings establish a causal link between internal 

neural states and memory formation, demonstrating that pre-stimulus alpha entrainment 

enhances associative encoding by shaping the brain’s preparatory landscape. The results 

contribute to a systems-level understanding of contextual binding, where internal oscillatory 

context interacts with external and temporal features to determine the quality of episodic 

memory representations. 
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3.4. External Context and Motivation: Lessons from Enriched Environments 

Perceptual rich environments do more than supply sensory detail. They shape the cognitive and 

emotional scaffolding of memory encoding (Makowski et al., 2017; Ritchey et al., 2013; 

Tambini et al., 2017). Encoding in immersive VR environments leads not to an increase in the 

pure amount of learned information. However, there is a qualitative shift in memory expression 

as participants exhibit more explicit knowledge, greater confidence, and increased strategic 

accessibility of memory content, even under incidental learning conditions. This divergence in 

memory quality underscores the transformative role of external context in shaping memory 

format, facilitating a transition from implicit familiarity to explicit recollection. Several 

mechanisms may underlie this effect. Immersive VR reliably induces stronger emotional 

responses than traditional 2D desktop settings, and emotional arousal is known to enhance the 

vividness and accessibility of episodic memory (Beitner et al., 2023; Kisker et al., 2021b). This 

observation aligns with the Arousal-Biased Competition (ABC) theory, which proposes that 

emotional arousal amplifies the processing of salient stimuli while suppressing the processing 

of irrelevant input (Mather & Sutherland, 2011; Sakaki et al., 2014; Warren et al., 2016). 

Elevated arousal in VR likely increases the salience of contextual cues, enhancing their 

encoding and later reactivation. Moreover, the subjective sense of presence and bodily self-

location within the virtual scene deepens the self-relevance of encoded events, a factor known 

to facilitate autobiographical memory (Kilteni et al., 2012; S. A. Smith & Mulligan, 2021). 

Beyond emotion, immersive environments also boost intrinsic motivation and attentional 

engagement, which are catalysts of memory consolidation (Lüddecke & Felnhofer, 2022). VR 

has been shown to enhance attentional depth, cognitive involvement, and satisfaction during 

learning tasks (Allcoat & Mühlenen, 2018; Portuguez-Castro & Santos Garduño, 2024). These 

features likely promote deeper semantic and associative processing, consistent with the 

Attentional Boost Effect (ABE), whereby task-relevant events transiently enhance encoding of 

concurrent stimuli (Mulligan et al., 2023; Swallow et al., 2009, 2022). Remarkably, even in 

incidental learning paradigms, immersion in a contextually rich environment leads to greater 

explicit retrieval. This suggests that enriched environments lower the threshold for strategic 

retrieval by supporting automatic contextual binding and deep-level encoding. Recent work has 

shown that distinct immersive contexts can spontaneously trigger explicit memory without 

deliberate effort, thereby challenging dual-process models that strictly separate automatic and 

strategic retrieval (Helbing et al., 2020; Shin et al., 2021). These behavioural findings are 

complemented by neuroimaging evidence, as reinstating the encoding context reactivates the 
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associated memory traces, as shown by increased hippocampal and parietal activation during 

retrieval (Bramão et al., 2017; Essoe et al., 2022; Tanaka et al., 2014; Wing et al., 2015). 

Immersive VR, in particular, can strongly engages the default mode network (DMN), including 

the hippocampus, posterior parietal cortex, and ventromedial prefrontal cortex (Seinfeld et al., 

2021; Wong et al., 2014). These regions are implicated in scene construction, self-referential 

processing, and schema-based encoding (Hassabis & Maguire, 2007; Smallwood et al., 2021; 

Wen et al., 2020). The presence of bodily cues further strengthens these activations by linking 

memory encoding to self-location and self-motion, anchoring experiences in first-person 

perspective (Bayramova et al., 2021; Iriye et al., 2024; Penaud et al., 2023). The engagement 

of spatial, sensorimotor, and emotional systems supports the creation of multimodal scene 

representations, consistent with enriched environment theories in both animal and human 

learning (Bréchet et al., 2019; Peney & Skarratt, 2024; Ventura et al., 2019). 

Taken together, immersive VR environments serve not merely as sensory background but 

as powerful external scaffolds for contextual binding. They offer dense arrays of perceptual, 

emotional, and motivational cues that embed experiences into richly detailed and retrievable 

memory traces. These findings support the theoretical view that the external context operates 

as an active component in episodic memory construction, shaping what is remembered, how 

vividly, and under what conditions it can be retrieved. From an applied perspective, these results 

carry implications for education, rehabilitation, and clinical interventions. In educational 

settings, immersive environments may foster durable learning by enhancing attentional 

engagement and emotional salience. In clinical populations, such as individuals with amnesia 

or mild cognitive impairment, enriched contexts may support memory reactivation via 

contextual reinstatement, offering new paths for therapeutic design. In conclusion, contextual 

richness, like internal oscillatory states and temporal structure, plays a central role in organising 

and retrieving episodic experiences.  

3.5. Methodological Contributions  

The present work makes significant methodological contributions to the study of episodic 

memory by integrating innovative approaches that enhance ecological validity, experimental 

control, and mechanistic understanding. A key strength is the use of immersive VR 

environments in Study 1, which facilitates the creation of rich, naturalistic contexts that better 

approximate real-world memory experiences. This approach advances beyond traditional 

laboratory paradigms by enabling the investigation of memory within dynamic, multisensory, 

and naturalistic settings, allowing for more applicable insights into everyday memory 
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processes. The use of VR also highlights the potential for multisensory, immersive learning 

environments, such as VR-based education, to enhance memory encoding and retrieval, with 

significant implications for real-world learning and training. Furthermore, the application of 

neural entrainment design prior to stimulus presentation represents a novel method for causally 

testing the role of oscillatory neural rhythms in memory formation. By selectively modulating 

brain states before encoding, this approach sheds light on the mechanistic influence of neural 

oscillations on attention and memory, addressing questions about the causal dynamics 

underlying successful binding and subsequent retrieval. The consistent paradigm utilised across 

two out of three studies, combining behavioural tasks, EEG recordings, and pattern 

classification, enables direct comparison of effects across different levels of context (neural and 

temporal), thereby strengthening the interpretability and integration of findings. The use of 

MVPA to decode modality-specific reinstatement during retrieval is an insightful 

methodological approach. This technique enables the precise tracking of neural signatures 

associated with the reactivation of sensory and contextual features, providing compelling 

evidence for the neural mechanisms underlying the reconstruction of episodic memory. Such 

analyses enhance the field’s capacity to link neural oscillations with specific memory processes, 

thereby bridging the gap between neural dynamics and experiential retrieval. As research 

advances, it will be essential to enhance ecological validity by integrating mobile EEG with 

augmented or mixed reality to capture memory processes in semi-naturalistic real-world 

settings. These include areas such as education, clinical interventions, and technology-enhanced 

learning. 

3.6. Limitations 

While the findings of this research provide valuable insights into the mechanisms of contextual 

binding in multisensory episodic memory, potential limitations should be acknowledged. The 

use of between-subject designs in all three studies, although necessary for controlling 

environmental variables and stimulation conditions, inherently reduces sensitivity to individual 

differences and diminishes statistical power compared to within-subject approaches (Montoya, 

2023; Mullet & Chasseigne, 2018). This may limit the ability to detect subtle, but meaningful, 

variations in responsiveness to contextual cues or neural entrainment processes. Future studies 

could incorporate within-subject designs, especially in neural modulation paradigms, to better 

capture individual variability and identify responder profiles. Although EEG offered excellent 

temporal resolution to assess oscillatory dynamics and reinstatement, it has limited spatial 

localisation capabilities, particularly concerning deep brain structures such as the hippocampus 
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and parahippocampal cortex, which are known to play critical roles in contextual binding and 

episodic memory retrieval (Copara et al., 2014; Hayes et al., 2007; Pacheco Estefan et al., 2019; 

Staudigl & Hanslmayr, 2013; Yonelinas et al., 2019; Yoo et al., 2021). Without direct measures 

from these regions, interpretations regarding their involvement remain indirect. Integrating 

multimodal imaging techniques, such as fMRI or MEG, could provide a more comprehensive 

understanding of the neural circuits engaged in these processes. Additionally, the fixed 

stimulation frequencies of 5 Hz for theta and 9 Hz for alpha may not optimally align with each 

participant’s intrinsic oscillatory frequencies, which are known to vary substantially across 

individuals (Duecker et al., 2024; Gulbinaite et al., 2017; Zaehle et al., 2010). This variability 

could have impacted the efficacy of entrainment, particularly for theta stimulation, potentially 

resulting in null effects in some cases. Future research should consider employing frequency-

tuning protocols based on each individual's resting-state EEG to maximise resonance and 

entrainment success. Moreover, all three studies relied on recognition tasks to assess memory, 

which, although methodologically advantageous in terms of control and reduced demands, may 

underestimate the reconstructive and effortful aspects of episodic retrieval (Cabeza et al., 1997; 

Chen et al., 2017; Malmberg, 2008). Recognition tasks tend to capture familiarity and 

recognition processes but may overlook the richness, vividness, and phenomenological 

qualities characteristic of accurate episodic recall (Cabeza et al., 2003; Ozubko et al., 2021). 

Employing free or cued recall paradigms could provide a deeper understanding of how context 

influences the vividness and detail of memories, offering a more ecologically valid perspective 

on episodic retrieval (Kahana, 1996; Lohnas & Kahana, 2014; Wilson & Criss, 2017).  

Overall, while the methodological strategies employed facilitated precise investigation and 

yielded important results, these limitations highlight ways for refinement. Future research 

integrating more personalized neurostimulation protocols, multimodal neuroimaging, diverse 

memory assessments, and within-subject designs can enhance sensitivity, neural specificity, 

and ecological validity, thereby advancing our understanding of the neural and cognitive 

mechanisms underlying contextual memory in real-world settings. Addressing these limitations 

will not only increase experimental sensitivity but also bridge the gap between mechanistic 

neuroscience and the complexity of real-world memory, enabling more robust models of 

contextual binding in dynamic environments.  

3.7. Future Directions and Applications 

Building on our findings, future investigations should explore how the combination of 

immersive VR environments and neural entrainment protocols can elucidate their additive or 
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interactive effects on memory processes. While the current studies examined these factors 

separately, employing a factorial design would allow researchers to assess whether immersive, 

multisensory contexts amplify the effects of preparatory neural states or whether bottom-up 

salience in enriched environments can override or modulate the impact of oscillatory 

modulations. Such work could clarify whether these mechanisms operate synergistically or 

competitively during encoding, shedding light on how external and internal levels of context 

interact to influence the formation of episodic memory. A key research direction is to extend 

this line of inquiry into the long-term consolidation of memory. Considering the critical role of 

oscillations during sleep, combining VR-based encoding with sleep studies or multi-day 

designs could reveal how enriched environments and neural entrainment influence offline 

reactivation and the stabilisation of episodic memories. Techniques such as targeted memory 

reactivation (TMR) can be employed to cue enriched or entrained episodes during sleep, testing 

whether preserved or transformed contextual features support durable long-term storage 

(Abdellahi et al., 2023; Hu et al., 2020; Lewis & Bendor, 2019). 

  Another promising direction involves individualising oscillatory stimulation protocols 

by tailoring frequencies to each participant’s intrinsic alpha or theta peaks, derived from resting-

state EEG. Such personalised approaches could enhance entrainment efficacy, especially for 

populations with altered neural rhythms, such as older adults or individuals with neurocognitive 

impairments, potentially leading to more robust and consistent cognitive enhancements. 

Extending these methods to more ecologically valid, semantically meaningful stimuli, such as 

speech or music, could further illuminate how high-level integration and semantic schemas 

bolster contextual binding. When stimuli reflect real-world event structures, effects related to 

modality sequence and sequence reinstatement might be more pronounced, providing insights 

applicable to everyday memory. 

 The transferability potential of these approaches in educational and clinical settings is 

substantial. Combining immersive VR with neuroadaptive entrainment could improve learning 

and memory for complex or abstract material, offering tailored interventions for populations 

with attention deficits or memory impairments. In clinical contexts, such strategies could 

support neural plasticity and compensatory encoding mechanisms in conditions like mild 

cognitive impairment, attention-deficit/hyperactivity disorder, or age-related decline (Boller et 

al., 2021; Corrigan et al., 2023; Wais et al., 2021). Longitudinal studies examining how 

modulating context through environmental manipulation, stimulation, or task design influences 

memory trajectories would be valuable. Additionally, integrating portable VR and EEG devices 

allow for testing memory processes in naturalistic environments such as classrooms, training 
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simulations, or everyday situations (Mathewson et al., 2024; J. L. Park & Donaldson, 2019; J. 

Xu & Zhong, 2018). This approach promises increased naturalistic and real-time monitoring of 

neural–environment interactions, with the potential for closed-loop systems that adapt learning 

conditions dynamically based on neural markers of engagement, attention, or fatigue. 

3.8. Conclusion  

Episodic memory extends beyond merely encoding sensory information. It is influenced by the 

contextual structures that support experience. This body of work demonstrates that three 

interconnected layers of context dynamically influence episodic memory formation and 

retrieval: external (environmental richness), internal (oscillatory brain states), and temporal 

(structure of stimulus sequences). Across these dimensions, contextual binding not only 

determines what is remembered but also how vividly memories are retrieved. 

Rich, immersive environments enhance episodic memory not just by increasing the amount 

of material learned but by transforming representations to be more explicit and strategically 

accessible. External supports, such as emotional arousal, attentional engagement, and embodied 

spatial cues, help embed experiences within more accessible mnemonic structures, thereby 

broadening ecological accounts of memory and contextual binding theories, like the CMR 

model, to naturalistic, multisensory settings. Neural oscillations also influence encoding 

success. For example, the entrainment of pre-stimulus alpha oscillations encourages 

preparatory neural states that facilitate attentional gating and input selection, resulting in 

stronger associative binding, which aligns with the role of alpha rhythms in managing cortical 

excitability and information prioritisation. Conversely, theta entrainment mainly affects 

oscillatory power without improving memory performance, emphasising the importance of 

accurate phase alignment between oscillatory activity and cognitive processes during key 

encoding periods. Moreover, temporal structure is crucial in episodic memory, shown by the 

spontaneous reinstatement of modality-specific sequence patterns during retrieval, regardless 

of task relevance, highlighting the automatic integration of temporal regularities into the 

memory trace. Decoding these patterns from EEG signals reveals that the brain reconstructs not 

only content but also its temporal context, supporting the idea that episodic memory is 

inherently sequential and dynamically reassembled based on features encoded during learning.  

Collectively, these findings propose a multidimensional framework of contextual binding, 

where episodic memories are constructed and reactivated through the coordinated interplay of 

environmental richness, neural state preparation, and temporal organisation. This perspective 

emphasises that memory retrieval is inherently constructive, shaped by internal neural states, 
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such as oscillatory dynamics and preparatory activity, and the structural scaffolds established 

during encoding, including sensory, spatial, and temporal cues. Rather than peripheral, 

contextual information forms the architecture that admit structure, salience, and the ability to 

retrieve sensory content. By combining ecologically valid virtual environments, causal neural 

modulation, and temporally precise decoding, the present results provide a framework for 

studying memory in real-world settings. Future research can build on this foundation to develop 

context-sensitive interventions for education, cognitive training, and memory rehabilitation, 

ultimately advancing strategies to support adaptive remembering across the lifespan. 
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Appendix A: Study I 

Enriched environments enhance the development of explicit memory in an incidental learning 

task. Jaap*, C., Maack*, M. C., Taesler, P., Steinicke, F., & Rose, M. (2022). Scientific 

Reports, 12(1), 18717. 
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Appendix B: Study II 

Disentangling the Functional Roles of Pre-Stimulus Oscillations in Crossmodal Associative 

Memory Formation via Sensory Entrainment. Maack*, M. C., Ostrowski*, J., & Rose, 

M. C. (2025). bioRxiv, 2025-06. 
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Appendix C: Study III 

The order of multisensory associative sequences is reinstated as context feature during 

successful recognition. Maack, M. C., Ostrowski, J., & Rose, M. (2025). Scientific 

Reports, 15(1), 1-20. 
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Zusammenfassung auf Deutsch 

Wie gelingt es dem menschlichen Gehirn, aus multisensorischen Erfahrungen kohärente 

episodische Erinnerungen zu bilden? Während klassische Gedächtnismodelle vorrangig 

semantische und räumliche Informationen hervorheben, rückt die neuere Forschung 

zunehmend kontextuelle Merkmale in den Fokus – darunter Umweltfaktoren, internale 

neuronale Zustände und zeitliche Strukturen. Diese Dissertation untersucht, wie solche 

Kontextmerkmale in multisensorische Assoziationen eingebunden werden und inwiefern sie 

bei der späteren Erinnerung reaktiviert werden können. 

Diese Arbeit umfasst drei empirische Studien, die sich um die zentrale Fragestellung 

gruppieren lassen, wie kontextuelle Bindung die multisensorische Gedächtnisbildung und -

wiedergabe unterstützt. In der ersten Studie lernten Teilnehmende audiovisuelle Assoziationen 

entweder in einer natürlichen virtuellen Umgebung oder in einem minimalistisch gestalteten 

Computer Experiment. Die behavioralen Ergebnisse zeigen, dass eine reizreiche 

Lernumgebung die Wiedererkennungsleistung verbessert, vermutlich durch eine stärkere 

perzeptuelle Kohärenz und semantische Einbettung. Die zweite Studie untersuchte die Rolle 

prä-stimulusbezogener Gehirnzustände bei der Gedächtniskodierung. Mittels rhythmischer 

visueller Stimulation wurden vor der Enkodierung Alpha- und Theta-Oszillationen gezielt 

moduliert. EEG-Daten zeigten, dass insbesondere eine erhöhte Alpha-Oszillationen mit einer 

verbesserten Gedächtnisleistung einherging. Dies weist daraufhin, dass internale Zustände das 

Gehirn für erfolgreiche Enkodierung vorbereiten können. In der dritten Studie lernten 

Teilnehmende audiovisuelle Reize in zwei festgelegten Modalitätsreihenfolgen (auditorisch-

visuell oder visuell-auditorisch), wobei die Abfragephase eine simultane Präsentation 

verwendete. Multivariate Pattern Analysen der EEG-Daten zeigten, dass die ursprüngliche 

Modalitätsreihenfolge während des Abrufs neurononal reaktiviert wurde. Dies spricht dafür, 

dass selbst die zeitliche Struktur multisensorischer Episoden als kontextuelles Merkmal mit in 

die Gedächtnisspur aufgenommen wird. 

Zusammengefasst zeigen die Studien, dass kontextuelle Bindung ein dynamischer, 

multidimensionaler Prozess ist, in dem externe Umweltmerkmale, internale neuronale Zustände 

und zeitliche Ordnungen flexibel in episodische Gedächtnisrepräsentationen integriert werden. 

Die drei Studien liefern komplementäre Evidenz für die kontextabhängige Organisation 

multisensorischer Erinnerungen und eröffnen neue Ansätze für die Optimierung von Lern- und 

Gedächtnisprozessen in alltagsnahen, pädagogischen und klinischen Kontexten.  
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Zusammenfassung auf Englisch 

How do humans form coherent episodic memories from multisensory experiences? While 

traditional models have emphasised semantic and spatial information, growing evidence 

suggests that contextual features, which include environmental richness, internal neural states, 

and temporal structure, play a crucial role in how memories are encoded, stored, and retrieved. 

This dissertation examines how such contextual information becomes embedded in 

multisensory associative memory and influences its reactivation during retrieval. 

The thesis includes three empirical studies that, although initially independent in design, 

converge on the central question of how contextual binding supports multisensory memory. In 

the first study, participants learned audiovisual associations in either a naturalistic virtual 

environment or a minimalist, artificial setting. Behavioural results showed improved 

recognition performance in the enriched condition, suggesting that environmental richness can 

strengthen encoding by enhancing perceptual coherence and semantic depth. The second study 

investigated the role of pre-stimulus oscillatory states in memory formation. Using rhythmic 

visual stimulation to entrain alpha and theta oscillations before encoding, this EEG study found 

that increased alpha power facilitated recognition performance, highlighting the importance of 

internal brain states in preparing the system for encoding. In the third study, participants 

encoded audiovisual stimulus pairs presented in either auditory–visual or visual–auditory order 

and later retrieved them under simultaneous presentation. Multivariate pattern analysis of EEG 

data during recognition revealed reinstatement of the original modality order, suggesting that 

the temporal structure itself had been integrated into the memory trace and was accessible 

during retrieval. 

Taken together, these findings suggest that contextual binding is a flexible and dynamic 

process that combines external, internal, and temporal cues into episodic memory 

representations. Although the studies were not originally designed under a common theoretical 

framework, they collectively support the view that memory is shaped by the interaction between 

environmental input, neural preparatory states, and temporal regularities, providing new 

insights into the mechanisms of episodic memory, and highlighting potential options for 

improving memory performance in educational and clinical contexts. 
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