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Abstract 

Mental events are central to everyday cognition, be it our continuous perception of the 

world, recalling autobiographical memories, or imagining the future. Little is known about 

the fine-grained temporal dynamics of these processes. Given the apparent predominance 

of scene imagery across cognition, in this thesis I used magnetoencephalography to 

investigate whether and how activity in the hippocampus and ventromedial prefrontal 

cortex (vmPFC) supports the mental construction of scenes and the events to which they 

give rise.  

In the first experiment, participants gradually imagined scenes and also closely 

matched non-scene arrays; this allowed me to assess whether any brain regions showed 

preferential responses to scene imagery. The anterior hippocampus and vmPFC were 

particularly engaged by the construction of scene imagery, with the vmPFC driving 

hippocampal activity. In the second experiment, I found that certain objects – those that 

were space-defining – preferentially engaged the vmPFC and superior temporal gyrus 

during scene construction, providing insight into how objects affect the creation of scene 

representations. The third experiment involved boundary extension during scene 

perception, permitting me to examine how single scenes might be prepared for inclusion 

into events. I observed changes in evoked responses just 12.5-58 ms after scene onset 

over fronto-temporal sensors, with again the vmPFC exerting a driving influence on other 

brain regions, including the hippocampus. In the final experiment, participants watched 

brief movies of events built from a series of scenes or non-scene patterns. A difference 

in evoked responses between the two event types emerged during the first frame of the 

movies, the primary source of which was shown to be the hippocampus.  

The enduring theme of the results across experiments was scene-specific 

engagement of the hippocampus and vmPFC, with the latter being the driving influence. 

Overall, this thesis provides insights into the neural dynamics of how scenes are built, 

made ready for inclusion into unfolding mental episodes, and then linked to produce our 

seamless experience of the world.   
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Impact statement 

Most of us perceive the world as a series of visual scenes that are punctuated by eye blinks 

and saccades. We only have to open our eyes to recognise the prominence of scenes in 

our daily experience of the world. Somehow, these scenes become linked together, such 

that we have a sense of a seamless unfolding of life and events. This can be likened to 

how the individual frames of a movie are imperceptible, and appear to us as though a 

continuous flow of experience.   

Scene imagery and mental events are central to cognition – they support our 

ability to recall our personal past, and to simulate and plan for the future, underwriting 

our capacity for autonomy. The importance of these cognitive processes is starkly laid 

bare by patients who lose such abilities.  They are often stuck in the present, with even 

their day- and sleep-dreaming compromised.  Two brain regions have been particularly 

implicated in supporting scene and event processing – the hippocampus and the 

ventromedial prefrontal cortex. These areas are often compromised by neurological and 

psychiatric conditions, including dementia.  If we can understand the exact roles played 

by these regions, how they interact, and the neural mechanisms involved in scene and 

event processing, then in the future we may be able to devise more principled 

interventions to manage or alleviate memory and associated cognitive impairments, and 

to test the efficacy of treatment regimens. 

Such an understanding could also have impacts beyond the clinical domain.   Even 

within the healthy population, there are marked individual differences in the ability to 

imagine scenes, recall the past and imagine the future, but we do not know why.  

Elucidating the mechanisms involved in these processes could help to explain why this 

variability occurs, informing in turn efforts to improve, for example, memory.  Similarly, 

a fundmantal grasp of how memory and future planning works could influence 

educationalists in how they tailor and maximise efforts to help students reach their full 

potential.   

The work in this thesis contributes to establishing foundational knowledge about 

the brain’s ability to mentally construct scene imagery and event representations. This is 

because there are not many magnetoencephalography (MEG) studies of these cognitive 

processes, resulting in a dearth of knowledge about the neural dynamics involved.   I have 
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demonstrated here the value of using MEG to study complex processes like imagination 

of scenes and construction of evolving events. Clearly, much more remains to be 

understood. I hope this work will serve as a stepping stone for further discoveries about 

the neural basis of cognitive functions that are so central to our everyday mental life. 
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1 General introduction 

1.1 An introduction to scene imagery 

Our lived experience of the world comprises a series of scenes that are perceived between 

the interruptions imposed by eye blinks and saccades. Each time we blink, the scene 

before us disappears; when we open our eyes again a new scene appears. This is 

undeniably how most of us experience the world – in the form of one scene after another 

(Figure 1).  

 
Figure 1.  Our experience of the world is a succession of scenes perceived each time we 
open our eyes.  

 

I define a scene as a naturalistic three-dimensional spatially-coherent 

representation of the world, typically populated by objects, and viewed from an egocentric 

perspective (Maguire and Mullally, 2013; Dalton et al., 2018). Whether they are from our 

ongoing experience, two-dimensional (2D) representations (such as photographs) or 
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three-dimensional (3D) places, scenes are contexts you could potentially step into (e.g. a 

forest) or operate within (e.g. a scene of the desk area in front of you). This stands in 

contrast to single isolated objects or landmarks against a blank background – these are 

not scenes and, in fact, are typically deployed in experiments as control conditions to 

compare against scenes (Hassabis et al., 2007a; Barry et al., 2019a).  

With strong parallels in terms of how the individual frames of a movie appear to 

us to be continuous (Tan, 2018), somehow these separate scenes become linked together, 

such that we have a sense of a seamless unfolding of life and events (Cutting, 2005; 

Magliano and Zacks, 2011). This prominence of scenes extends beyond our “online” 

perception of the world, and resonates throughout cognition. For example, we re-

experience these unfolding events as autobiographical memories of past episodes, we 

simulate future events, and we imagine navigating routes through our environment (Clark 

et al., 2019).  

The central questions I seek to address in this thesis are: how do we construct 

these individual scenes, and how do these sets of single scenes become unfolding 

events? 

Forming mental representations of events is fundamental to everyday life. Our 

experience is a series of ongoing contiguous events that allow us to construct a coherent 

autobiography, imbue our lives with a sense of continuity and provide the capacity to 

recall experiences even when the original events occurred many decades ago. This faculty 

contributes to our sense of self and is crucial to survival. As well as mentally travelling 

back to the past, we are able to project ourselves forwards into the future, where we can 

imagine plausible, self-relevant experiences, anticipating and rehearsing the consequences 
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of planned behaviours in a highly adaptive manner (Tulving, 1985, 2002; Schacter et al., 

2012). This is also true of spatial navigation, whereby we can estimate our position in the 

environment, find our way home, and plan alternative routes when our circumstances 

change (O’Keefe and Dostrovsky, 1971; Teng and Squire, 1999; Rosenbaum et al., 2000). 

Most people can also spontaneously engage in mental imagery when envisioning a scene 

or event they have not experienced in real life. This natural emergence of scene imagery 

is clearly evident when we read stories (Speer et al., 2009), and helps us to better grasp 

the unfolding plots being described. In fact, for young children who have difficulty with 

reading comprehension, an effective intervention is to encourage greater use of scene 

imagery (e.g. Murdaugh et al., 2016).  And, of course, the ability to visually imagine is also 

thought to play a key role in the creativity and problem-solving that so enriches and 

progresses human societies (Moulton and Kosslyn, 2011; Dietrich and Haider, 2015; 

Zedelius and Schooler, 2016).  

However, before proceeding any further, it is necessary to ask whether the use of 

scene imagery is as prevalent as I have suggested above, particularly during the operation 

of crucial cognitive functions such as autobiographical memory recall, imagining the 

future, and spatial navigation. One way to probe this is to examine the explicit strategies 

people use when engaging in tasks that exercise these functions. There is surprisingly little 

systematic work in this domain, especially in relation to the use of specifically scene 

imagery (Andrews-Hanna et al., 2010).  To address this issue, I was one of the researchers 

involved in a large study called MEMO (https://www.fil.ion.ucl.ac.uk/memo/) where 

217 participants performed numerous cognitive tasks, including those assessing scene 

imagination, autobiographical memory recall, future thinking, and spatial navigation. In a 

separate session, once all the tasks had been completed, participants were provided with 
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a large number of strategies tailored to each task, with careful control such that 

participants were not inadvertently led to select any particular option (Clark et al., 2020). 

Participants recalled autobiographical memories from early childhood up to the last 12 

months (Levine et al., 2002). Future thinking involved imagining and describing plausible 

future scenes relevant to the participant him/herself (e.g. an event next weekend; 

Hassabis et al., 2007b). Navigation was tested after viewing movies of navigation through 

an unfamiliar town, and involved tasks examining recognition memory for scenes, making 

proximity judgments between landmarks, placing photographs from routes in the correct 

order, and drawing a sketch map of the town (Woollett and Maguire, 2010). We found 

that the use of visual scene imagery was by far the most prevalent strategy during all of 

these tasks. This was true for each sub-task individually, in the case of the 

autobiographical memory and navigation tasks, as well as when sub-task data were 

combined (Figure 2).  

 
Figure 2.  The prevalence of visual scene imagery. Displayed is the percentage count of each 
top strategy type reported by participants during tasks that assessed (A) autobiographical memory 
(including memories of multiple ages), (B) future thinking, and (C) navigation (a combination of 
several navigation sub-tasks). Deployment of scene imagery strategies (green) was compared with 
non-scene visual imagery (teal) and verbal strategies (red). ***p < 0.001. Adapted with permission 
from Clark et al. (2020).   



Building mental experiences: From scenes to events                                                              16 

 
This thorough interrogation of explicit strategy use in a large sample of 

participants clearly demonstrates that scene mental imagery dominates when people 

engage in recalling the past, imagining the future, and spatial navigation.  This was also 

true in the case of learning and recalling pairs of high imagery words. In contrast, scene 

imagery was employed far less for tasks where visual imagery was less useful, such as the 

encoding and retrieval of abstract (very low imagery) word pairs, where verbal strategies 

instead predominated (Clark et al., 2020). Interestingly, when we examined task 

performance alone, we found that the ability to construct mental images of scenes fully 

mediated performance on tasks assessing autobiographical memory recall and the ability 

to imagine the future (Clark et al., 2019).  

Together, these data serve to underline that people do indeed think in scenes a 

great deal of the time, and across numerous cognitive functions. How this might be 

implemented in the brain is the question I consider next.  

In this chapter I will focus on those brain areas that are most germane to my 

specific research questions, rather than describing the functions of every brain area that 

has been implicated in scene and event processing. Similarly, even for those regions of 

particular interest, I will consider extant theories as they relate to the specific focus of this 

thesis, as opposed to exhaustively reviewing the numerous theoretical accounts of the 

functioning of a brain region. In addition, while low-level visual scene features – such as 

spatial frequency, contrast, luminance, and textures – are important fields of study 

(Berman et al., 2017; Groen et al., 2017; Dima et al., 2018; Epstein and Baker, 2019), they 

are beyond the scope of my investigations, which instead concentrated on higher level 

aspects of scene and event processing. 
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There are many aspects of event processing that could be considered. In particular 

“event segmentation”, which refers to the chunking of events into meaningful segments, 

has received increasing attention in recent years. It has been argued that the spontaneous 

segmentation of continuous experience is supported by hippocampal-cortical processing 

at time points where discontinuity is detected during an episode, resulting in boundaries 

being marked. While this aspect of events is not central to my experiments, this literature 

is comprehensively considered elsewhere (Zacks et al., 2007; Richmond and Zacks, 2017; 

Brunec et al., 2018b), and will be discussed further in Chapter 7.  

1.2 Evidence from functional magnetic resonance imaging 

(fMRI) 

Most functional neuroimaging studies of scene and event processing have involved the 

use of fMRI, and that is what I consider in this section.  I describe the smaller number of 

directly relevant electroencephalography (EEG) and magnetoencephalography (MEG) 

studies later in the chapter.  

The use of fMRI has consistently revealed a wide set of brain areas associated 

with autobiographical memory recall (e.g. Maguire, 2001; McDermott et al., 2009; Bonnici 

et al., 2012), imagining the future (e.g. Hassabis et al., 2007a; Schacter et al., 2012), and 

spatial navigation (e.g. Bohbot et al., 2004; Wolbers and Büchel, 2005; Spiers and Maguire, 

2006; Svoboda et al., 2006; Wolbers et al., 2007; Spreng et al., 2009; Doeller et al., 2010; 

Rodriguez, 2010; Beaty et al., 2018; Herweg and Kahana, 2018). This includes the 

ventromedial prefrontal cortex (vmPFC), lateral and polar temporal cortex, posterior 

parahippocampal cortex (PHC), hippocampus, retrosplenial cortex (RSC), and posterior 

parietal cortex (see Figure 3). However, it is now also clear that many of these brain 
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regions are also engaged when people view or imagine single scenes in the absence of an 

event or spatial navigation (Hassabis et al., 2007a; Epstein, 2008; Zeidman et al., 2015b; 

Çukur et al., 2016; Dalton et al., 2018; Robin et al., 2018; Robin and Olsen, 2019). This 

suggests that scene imagery may be fundamental to how the brain processes unfolding 

events (Zeidman and Maguire, 2016) consistent with the prevalence of visual scene 

imagery across event cognition that I alluded to earlier (Clark et al., 2019, 2020). 

 

 
Figure 3. Brain regions commonly engaged during autobiographical memory recall, 
imagining the future, and spatial navigation. Key brain areas include the ventromedial 
prefrontal cortex (vmPFC), lateral and polar temporal cortices, posterior parahippocampal cortex 
(PHC), hippocampus, retrosplenial cortex (RSC), and posterior parietal cortex.  

 

Visual scene stimuli have been deployed extensively in fMRI perceptual, 

associative, recognition, recall and imagination studies (e.g. Lee et al., 2005; Epstein and 

Higgins, 2007; Barense et al., 2010; Aly et al., 2013; Harel et al., 2013; van Kesteren et al., 
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2013; Horner et al., 2015; Zeidman et al., 2015b; Zeidman and Maguire, 2016; Javadi et 

al., 2017; Dalton et al., 2018; Patai et al., 2019; Robin and Olsen, 2019b; Chang et al., 

2019; Epstein and Baker, 2019; Faivre et al., 2019; Grande et al., 2019; Berens et al., 2020). 

My consideration of the fMRI literature is guided here by three questions. First, during 

tasks designed to evoke scene imagery, do the brain regions engaged show a preference 

for scene representations? Second, if a preferential response to scenes is established, how 

are scenes built? How, for example, do properties of the objects that populate scenes 

contribute to the scene construction process? Third, how might single scenes be prepared 

for inclusion into unfolding mental events? 

I note that the PHC and RSC in particular have long been identified as “scene-

selective” brain regions which seem to be more engaged by scene stimuli than single 

isolated objects or faces (Epstein and Kanwisher, 1998; Epstein and Higgins, 2007; 

Epstein 2008; Park and Chun 2009; Vann et al., 2009; Summerfield et al., 2010; Epstein 

and Baker, 2019; Berens et al., 2020). However, the specific aspects of scenes to which 

these regions respond have been debated (Ranganath and Ritchey, 2012). For example, 

an examination of certain properties of single objects, when scenes were not involved, 

has also implicated these regions (Mullally and Maguire, 2011; Auger et al., 2012), a point 

I will return to later.  

The hippocampus (Figure 4), situated medially in each temporal lobe, has 

historically been the subject of intense study in the domains of spatial (O’Keefe and 

Dostrovsky, 1971; O’Keefe and Nadel, 1978) and autobiographical (Scoville and Milner, 

1957; Clark and Maguire, 2016) memory. However, in the last decade in particular, the 

remit of the hippocampus has been shown to extend beyond space and memory to also 

include scene processing (Lee et al., 2005; Hassabis and Maguire, 2007; Maguire and 
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Mullally, 2013; McCormick et al., 2017; Epstein and Baker, 2019). Furthermore, 

functional differentiation down the long axis of the hippocampus has attracted 

considerable interest, where the anterior-posterior split is typically defined at the uncal 

apex (Poppenk et al., 2013), although the exact roles played by each portion in humans 

remains unclear (Poppenk et al., 2013; Strange et al., 2014; Ritchey et al., 2015; Zeidman 

and Maguire, 2016; Brunec et al., 2018a).  

 

 
Figure 4.  The hippocampus. A 3D rendering of the hippocampus shows the location of the 
anterior hippocampus and the posterior hippocampus. The uncus (purple) can be considered the 
border between these sub-regions. The other colours represent different hippocampal sub-fields. 
Adapted with permission from Dalton et al. (2019).  

 

In relation to scenes, fMRI studies have demonstrated an anterior-posterior 

hippocampal distinction between imagination and visual perception (Zeidman et al., 

2015a, 2015b; Hodgetts et al., 2016, 2017). In particular, Zeidman et al. (2015b) found 

that the anterior medial portion of the hippocampus was engaged in common during both 

the perception of scenes – an “online” scene construction process whilst viewing an 

externally presented scene – and the active imagination of scenes – an “offline” process 
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where representations of scenes were internally generated (Zeidman et al., 2015b). 

Connectivity of the anterior hippocampus was strongest and more widespread during 

imagination. The posterior hippocampus was engaged specifically during visual scene 

perception. In this thesis, I focus on the anterior hippocampus given its involvement in 

constructing mental scene representations (Hassabis et al., 2007b; Graham et al., 2010; 

Zeidman et al., 2015a, 2015b; Hodgetts et al., 2016; Zeidman and Maguire, 2016).  

1.2.1 Preferential brain responses when building single scenes  

While fMRI studies have pinpointed the anterior hippocampus as being engaged during 

scene perception and imagination, including when compared to simpler stimuli such as 

single objects (Henderson et al., 2008; Barense et al., 2010; MacEvoy and Epstein, 2011; 

Zeidman et al., 2015b; Hodgetts et al., 2016, 2017; Brandman and Peelen, 2017; Dalton 

et al., 2018; Chang et al., 2019; Pitcher et al., 2019; Josephs and Konkle, 2020), it remains 

unclear whether scenes, rather than other types of multi-feature stimuli, preferentially 

engage this region.  One account, the scene construction theory, posits that scenes are 

preferentially processed by the hippocampus (Hassabis and Maguire, 2007; Maguire and 

Mullally, 2013). By contrast, another perspective, the relational theory, argues that it is the 

associating of multiple elements that requires hippocampal input, irrespective of whether 

scenes are the outcome of such processing (Cohen and Eichenbaum, 1993; Lee et al., 

2005; Eichenbaum, 2006; Aly et al., 2013; Eichenbaum and Cohen, 2014; Erez et al., 2016; 

also see Yonelinas et al., 2019 for a related view).  

Several fMRI studies have explicitly addressed this issue. McCormick et al. (2021) 

compared the viewing of naturalistic scenes with scrambled versions of the same scenes.  

The scrambled images possessed the same spatial frequency and colour scheme as the 
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original scenes, but their phase was randomised such that any meaning was removed from 

the image. With task requirements and image complexity matched across both image 

types, they found that the anterior hippocampus was more engaged by scenes compared 

to the scrambled images.  Other brain areas showed a similar scene preference, including 

the vmPFC, lateral temporal cortex, PHC and parietal regions.  

Summerfield at al. (2010) adopted a different approach to addressing the issue of 

preferential responses to scene processing. They “slowed-down” the scene construction 

process through the use of auditorily presented phrases describing single objects in a serial 

manner. Participants were required to integrate these objects together in their imagination 

to form a scene.  This was compared to another condition where participants heard a 

series of short “jargon” phrases, one after the other. These phrases comprised word 

combinations designed to elicit minimal imagery and mnemonic associations. This 

condition controlled for basic auditory stimulation, language, attention, working memory, 

difficulty, and effort.  When the two tasks were compared, the anterior hippocampus, 

vmPFC and other areas including lateral temporal cortex, PHC, RSC and parietal regions, 

were more engaged by the scene construction process.  

While the McCormick et al. (2021) and Summerfield et al. (2010) studies provide 

some support for the hippocampus and other areas showing a scene preference, in order 

to compare the scene construction and relational theories more precisely, an even closer 

matching of tasks is required. Dalton et al. (2018) devised just such an fMRI paradigm.  

Participants gradually built scene imagery from three successive auditorily-presented 

object descriptions and an imagined 3D space. This was contrasted with constructing 

mental images of non-scene arrays that were composed of three objects and an imagined 

2D space. The scene and array stimuli were, therefore, highly matched in terms of content 
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and the associative (relational) and constructive processes they evoked, with the resultant 

representations differing only in terms of whether or not they evoked a scene. Moreover, 

the objects in each triplet were not contextually related. Two other conditions involved 

imagination of either a 2D or 3D space alone (devoid of objects).   

 Relational theory would predict similar processing of the scenes and arrays, since 

both stimuli are representations of the same number of elements (objects) bound together 

within space. However, Dalton et al. (2018) found that the anterior medial hippocampus 

was engaged preferentially during the construction of scenes relative to arrays, consistent 

with previous findings (Zeidman et al., 2015b; Hodgetts et al., 2016; Zeidman and 

Maguire, 2016) and the scene construction theory (Hassabis and Maguire, 2007; Maguire 

and Mullally, 2013). Of note, when the imagined 3D and 2D spaces alone were examined, 

neither was associated with increased hippocampal activity (see Zeidman et al., 2012 for 

a similar result). It was also evident that different regions within the hippocampal region 

were engaged by the construction of arrays – the posterior hippocampus and the 

entorhinal cortex. It has been suggested that the posterior hippocampus may govern the 

construction of more abstracted visuospatial imagery (Constantinescu et al., 2016), and 

may explain why patients with hippocampal damage retain the capacity for associative 

processing on some tasks (e.g. Mayes et al., 2004; Kumaran et al., 2007; and for a review 

see Clark and Maguire, 2016). These distinct portions of the hippocampal region were 

implicated despite the close matching of stimuli, suggesting that scene and array 

representations tap into separable mental construction processes, served by different 

circuitry within the hippocampus.  This speaks against the view that scenes are merely 

exemplars of associative processing. The anterior hippocampus, in particular, appears to 
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be especially attuned to the construction of scenes, rather than to multi-component 

representations in general.  

The role of the hippocampus in supporting verbal paired associates provides 

further potential evidence for preferential scene processing in the anterior hippocampus. 

Typically, patients with bilateral hippocampal damage are impaired at recalling previously 

presented word pairs. This could be because the hippocampus is responsible for binding 

information together, as argued by the relational theory.  However, it has been noted (e.g. 

Clark and Maguire, 2016; Clark et al., 2018) that standard verbal paired associates tests 

typically use highly imageable concrete words, often a mixture of object words (e.g. cat) 

and scene words (e.g. forest). Consequently the use of imagery and item binding are 

conflated.  

 Clark et al. (2018) sought to separate these task features using fMRI where healthy 

participants had to encode word pairs.  The pairs could contain highly imageable scene 

words, highly imageable object words, or very low imagery abstract words (e.g. opinion). 

An increase in anterior hippocampal activity was observed during the encoding of highly 

imageable word pairs. Moreover, the anterior hippocampus was more engaged for pairs 

of scene words compared to pairs of object words, illustrating the importance of not only 

visual imagery, but of scenes specifically, in hippocampal processing. Abstract word pairs 

did not provoke any increase in hippocampal activity, even when subsequent memory for 

the word pairs was matched to the scene and object word pairs. This suggests that 

associative binding alone, in the absence of high imagery, may not preferentially recruit 

the hippocampus. Overall, it seems that the relational theory cannot easily account for 

these findings and those of Dalton et al.’s (2018) scenes and non-scene arrays, and instead 

the findings accord better with the scene construction theory. 
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Another prominent hippocampal theory has relevance here – the cognitive map 

theory (O’Keefe and Nadel, 1978) and its later developments (e.g. Byrne et al., 2007). 

According to this account, the hippocampus specifically supports flexible, allocentric 

(independent of the observer’s perspective) representations of spatial relationships. 

Within this perspective, scenes are regarded as spatial contexts, and it is this spatial 

component that is held to drive hippocampal responses to scenes. However our 

experience of scenes is fundamentally egocentric (person-centred).  Moreover, as noted 

previously in the Dalton et al. (2018) study, neither 3D nor 2D space alone was associated 

with increased hippocampal activity, echoing a previous finding where the depiction of a 

3D space alone (again, without objects) did not recruit the hippocampus (Zeidman et al., 

2012). Space per se therefore seems insufficient to engage the hippocampus.  I will consider 

the cognitive map theory and space further in Section 1.4. However, from the pertinent 

fMRI literature, it seems that representations that combine objects specifically in the 

context of a 3D space, i.e. scenes, consistently engage the anterior hippocampus, rather 

than associative or spatial processing per se.  

Having noted the brain areas that seem to show preferential responses during 

scene construction, an issue I will return to in Chapter 3, I next consider whether 

particular properties of objects might influence the scene construction process.  

1.2.2 Properties of objects in scenes 

Although there is a large body of literature on higher-order object properties that appear 

to modulate responses in scene-selective cortex (for a review, see Epstein and Baker, 

2019), one object attribute discovered by Mullally and Maguire (2011) holds particular 

relevance for constructing scenes.  Participants reported that certain objects, when viewed 
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or imagined in isolation (and therefore in the absence of a scene), evoked a strong sense 

of 3D space surrounding them – objects the authors described as space-defining (SD). In 

other words, these objects appeared to anchor themselves in the surrounding space. 

Conversely, space-ambiguous (SA) objects do not impose themselves on the surrounding 

space in the same way (for examples, see Figure 5). Instead, many participants 

spontaneously described SA objects as “floating” in space, emphasising the detachment 

of these objects from an explicit sense of surrounding space (Mullally and Maguire, 2011).  

As I have already noted, the PHC is typically regarded as a “scene-selective” brain 

region.  However, Mullally and Maguire (2011) found that PHC was engaged to a greater 

extent when imagining or viewing isolated SD objects, relative to SA objects, despite the 

absence of a scene context. Object size and contextual associations did not account for 

the PHC-mediated SD effect. This preferential response of the PHC to single SD objects 

aligns with findings from several subsequent studies (Kravitz et al., 2011; Harel et al., 

2013). The PHC has also been shown to be particularly sensitive to the spatial frequency 

of scenes (Kauffmann et al., 2015).  In addition, it is even engaged by the simple depiction 

of a 3D space using simple high spatial frequency dot field stimuli, devoid of both a scene 

layout and objects (Zeidman et al., 2012).  Altogether these findings suggest that the PHC 

may not be responsive to scenes per se, but perhaps to the presence of 3D space, which is 

of course contained in scenes. 

Mullally and Maguire (2011) also found that SD objects tended to be less portable, 

maintaining a permanent location. Notably, however, a considerable number of SA 

objects also had reasonably high permanence, suggesting that, while certainly related to 

SD, permanence is not the sole basis of the SD effect.  Indeed, object permanence has 
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been linked to the RSC rather than the PHC (Auger et al., 2012, 2015, 2017; Auger and 

Maguire, 2013, 2018; Troiani et al., 2014).  

 

 
Figure 5.  Examples of space-defining (SD) and space-ambiguous (SA) objects. SD objects 
evoke a strong sense of 3D space surrounding them when viewed or imagined in isolation, while 
SA objects do not. The examples illustrate how objects in either category can be large (e.g. traffic 
light and hay bale), heavy (e.g. picnic bench and car tyre), portable (e.g. yoga mat and laundry 
basket), or small (e.g. mushroom and padlock).  

 

In a subsequent behavioural study, Mullally and Maguire (2013) found that SD 

objects may enjoy a privileged role in building scenes. Participants were instructed to 

gradually construct and deconstruct scenes in their imagination element-by-element using 

SD, SA, and background items (such as floors, ceilings). The order of object choices in 

both of these tasks indicated the significance of each type of item in the formation of 

scenes. During scene construction, participants showed a strong preference for SD 

objects, even when comparatively larger and more permanent SA objects were available. 
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When asked to deconstruct scenes, participants retained significantly more SD than SA 

objects, with the last object remaining most likely to be an SD object (Figure 6).  

 

 
Figure 6. Preference for SD objects when constructing and deconstructing scenes.  (A) 
The higher mean “significance” score attained by SD objects reflects this category of item was 
selected earlier in the scene construction process. The mean significance score of SD objects was 
significantly greater than that of both SA objects and background items.  (B) SD objects were 
significantly more likely to be selected as the first item when constructing scenes than both SA 
objects and background items.  (C) A significantly larger percentage of SD objects were retained 
when deconstructing scenes, compared to SA objects and background items. The “core” scene 
was the scene that remained after removing items the participant considered dispensable. (D) 
Participants were then instructed to remove the core items one at a time until only one was left. 
Displayed is the percentage of SD, SA, and background items retained as the final item. A clear 
preference was shown for SD objects over both SA objects and background items. ***p < 0.001. 
Reproduced with permission from Mullally and Maguire (2013).  
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These findings seem to place SD objects at the heart of constructing scenes. 

Mullally and Maguire (2011) assessed objects in isolation during fMRI.  Understanding 

how SD objects influence the brain areas engaged while scenes are being built remains 

unknown – an issue I return to in Chapter 4.  

1.2.3 Preparing scenes for inclusion in events 

Until now I have focussed on single scenes. However, our daily experience is not 

characterised by a series of self-contained scenes. Despite the ambiguity of our visual 

input – caused by physical occlusions and eye blinks – our impression is that of a stable, 

continuous stream of scene-like imagery. What might facilitate the transition from one 

scene to the next, taking us a step closer to an unfolding event?  

An important feature of perception, and arguably crucial to survival, is the ability 

to predict what lies beyond the immediate view (Gregory, 1980; Friston, 2010). This has 

clear relevance across cognition, particularly in relation to future thinking and decision-

making. Without this faculty, a coherent integration of different views of our 

surroundings would be lacking, the ability to plan our actions would be compromised, 

and so our behaviour would be limited to the influence of what is immediately in front 

of us.   

Our ability to imagine what might be just beyond the view in a scene is 

exemplified by a cognitive phenomenon known as boundary extension (BE). This 

describes an implicit, anticipatory form of scene construction where, upon viewing a 

scene, we construct a mental representation of the scene that extends beyond its observed 

borders (Intraub and Richardson, 1989). The result of this extrapolation is that when the 
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scene is no longer in view, people incorrectly recall more of the scene than was originally 

displayed. Importantly, this anticipatory error only occurs in response to scenes, and not 

to single isolated objects (Gottesman and Intraub, 2002). BE has been widely replicated 

in a range of populations, using many different scene stimuli (Intraub and Richardson, 

1989; Intraub et al., 1992, 1996; Seamon et al., 2002; Chadwick et al., 2013; Czigler et al., 

2013; Spanò et al., 2017). Interestingly, it is not limited to the visual modality, with BE  

also being observed when tested haptically (Intraub et al., 2015).  

 BE is thought to comprise two phases (Figure 7). In the first phase, when we view 

a novel scene for the first time, there is an automatic extrapolation beyond the boundaries 

of the scene, whereby an extended mental representation of the scene is constructed. This 

phase is the initial “BE effect” (Figure 7, left panel). This implicitly-constructed 

representation is maintained, even when the scene is no longer present. After a delay, a 

second phase occurs at retrieval, where the “BE error” is made (Figure 7, right panel). 

When presented with the exact same picture, and asked whether it is closer-up, the same 

(the correct answer) or farther away, people often erroneously say the second picture is 

closer-up than the first.  This is because people tend to perceive the second picture as 

possessing less background when compared to their extended internal representation of 

the scene. The BE effect is greatest for scene views that are close-cropped with less 

background, since this provokes the need and opportunity for greater extension (Intraub 

et al., 1992; see also Intraub, 2020 for a further explanation of BE in response to 

Bainbridge and Baker, 2020). BE may help to smooth the transitions between the 

individual scenes that we perceive, perhaps contributing to our sense of a continuous 

unfolding of life and events (Hubbard et al., 2010).  
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Figure 7.  Illustration of the boundary extension (BE) phenomenon when identical scenes 
are presented at study and test. When we view a scene (phase 1, left panel), we automatically 
extrapolate beyond the original view, called the “BE effect”, forming an extended mental 
representation of the scene, retained in memory even after the scene is no longer present (delay 
period, centre panel). The white dashed rectangle indicates the boundaries of original stimulus. 
When the exact same scene picture is presented at test, the extended mental representation is 
compared to the test picture, leading to the perception that this second scene is “closer-up” than 
the first, even though they are identical (phase 2, right panel). This is the “BE error”.  

 

To the best of my knowledge, there are only two fMRI studies that have 

investigated BE. The studies differ in a fundamental way. Park et al. (2007) examined the 

neural response to the second (test) scene, and found that the PHC and RSC were 

sensitive to the BE error (Park et al., 2007). By contrast, Chadwick et al. (2013) focussed 

on the initial point of scene extrapolation (the BE effect) during presentation of the study 

picture. They used a classic BE paradigm known as the rapid serial visual presentation 

(RSVP) task (Intraub et al., 1996; Intraub and Dickinson, 2008; Mullally et al., 2012b), 

where a photograph of a scene is presented for a very brief period (250 ms), followed by 

a brief interval where a visual noise mask is shown (see Figure 7). The same scene picture 
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is shown a second time, at which point the participant judges whether the test image is 

the same as the first (the correct answer), closer-up, or farther away (incorrect answers). 

The BE effect was associated with an increase in activity in the PHC and the 

hippocampus, indicating these regions supported the active extrapolation of scenes. 

Moreover, the hippocampus was found to drive activity in early visual cortices – regions 

traditionally thought of as upstream during visual perception. These findings suggest a 

central role for the hippocampus in the automatic construction of unseen scenes 

(Chadwick et al., 2013). I will consider BE further in Section 1.3, and return to it again in 

Chapter 5.  

fMRI studies have been invaluable in revealing the wide set of brain regions that 

are involved in scene processing.  The anterior hippocampus emerges as an area of 

interest because it seems to be particularly attuned to scene representations. SD objects 

appear to be influential in constructing scenes, while BE may facilitate the transitions 

between the multiple scenes that comprise unfolding events. Complementary insights can 

be gleaned from neuropsychological studies of scene and event processing, which I 

consider next. 

1.3 Evidence from neuropsychology 

Of all the scene-responsive brain areas revealed by fMRI, two in particular wreak havoc 

when damaged (McCormick et al., 2018a; Aly, 2020). The first is the hippocampus, which 

I have already noted is often divided into its anterior and posterior portions (Figure 4).  

This is, however, a complex region that can be further subdivided. As will become clear, 

my focus is not on these specific hippocampal subfields, but I acknowledge the growing 

body of evidence showing that each subfield has a unique pattern of connectivity, and 
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may therefore play a distinct role in cognition (Wisse et al., 2012; Zeidman et al., 2015a; 

Dalton et al., 2017, 2019; Olsen et al., 2019).  

The second area I will focus on is the vmPFC.  While this region is consistently 

activated during fMRI studies of event processing (Maguire, 2001; Svoboda et al., 2006; 

McDermott et al., 2009; Spreng et al., 2009; Roy et al., 2012; D’Argembeau, 2013; Benoit 

et al., 2014; Bonnici and Maguire, 2018; Lieberman et al., 2019), its engagement during 

scene processing is often overshadowed by the PHC, RSC, and latterly the hippocampus. 

Yet the vmPFC has been implicated in tasks involving scenes, including during 

imagination (Hassabis et al., 2007a; Bertossi et al., 2016a; McCormick et al., 2018a; Barry 

et al., 2019a, 2019b; McCormick et al., 2020).  The vmPFC is located medially in the 

prefrontal cortex and, just like the hippocampus, is not a homogeneous structure. It 

comprises subdivisions that are cytoarchitecturally distinct, specifically Brodmann areas 

10, 14, 25, as well as parts of 32, 11, 12 and 13 (Catani et al., 2012; McCormick et al., 

2018a; also see Figure 8), which likely play distinct functional roles (Bush et al., 2000; 

Northoff and Bermpohl, 2004; Amodio and Frith, 2006; Schoenbaum et al., 2011; see 

Roy et al., 2012 for a review).  
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Figure 8. The ventromedial prefrontal cortex. Illustration of the parcellation of the 
ventromedial (left panel) and orbital (right panel) surfaces into Brodmann areas. The 
Brodmann areas 10, 11, 12, 13, 14, 25, 32 together form the region of interest used in my 
experiments.  

 

Of particular interest here, the vmPFC is known to have strong anatomical links 

with the anterior hippocampus (Catani et al., 2012, 2013; Adnan et al., 2016). They are 

connected via three main reciprocal pathways – the fornix, the cingulum bundle, and the 

uncinate fasciculus (Concha et al., 2005; Catani et al., 2013; see Figure 9). The fornix 

connects the hippocampi in the two hemispheres, and projects from the hippocampus 

and entorhinal cortex to the vmPFC. The cingulum bundle is an extensive network of 

white matter tracts and includes connections between the anterior hippocampus, PHC, 

and vmPFC. Finally, the uncinate fasciculus connects anterior temporal lobe structures 

with the frontal cortex, including the hippocampus and vmPFC. A fourth pathway, via 

mammillothalamic and anterior thalamic projections, provides indirect connections 

between the hippocampus and vmPFC.  

Many neurological and psychiatric pathologies impinge upon the hippocampus 

and vmPFC, including dementia and schizophrenia. I will focus on the deficits associated 

with non-progressive focal bilateral damage to these areas, rather than diffuse conditions. 
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These more selective lesions facilitate clearer inferences about the functions of these two 

regions. Naturally, no brain region operates in isolation, and I acknowledge that functions 

like scene and event processing are supported by many brain regions, meaning that 

damage to one brain area will likely influence the function of others to which it is 

connected (see Hayes et al., 2012; Rudebeck et al., 2013; Henson et al., 2016; 

Argyropoulos et al., 2019; Miller et al., 2020).  

 

 
Figure 9.  The main white matter tracks connecting the hippocampus and vmPFC. There 
are three main pathways: the fornix (blue), the cingulum bundle (yellow), and the uncinate 
fasciculus (green). Reproduced with permission from Harnett et al. (2018).  
 

1.3.1 Effects of hippocampal damage 

Bilateral hippocampal damage (see Figure 10) has classically been linked to a deficit in 

forming new autobiographical memories of past experiences (Scoville and Milner, 1957; 

Squire, 1992), as well as the ability to vividly retrieve them from memory (Viskontas et 

al., 2000; Addis et al., 2007; Rosenbaum et al., 2008, 2009; St-Laurent et al., 2011). The 

most famous patient with hippocampal amnesia to illustrate these deficits was “HM” in 

the 1950’s (Scoville and Milner, 1957; Corkin et al., 1997). As noted previously, patients 

with hippocampal damage are also impaired at recalling word pairs. The tests used 
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typically involve imageable words, and Clark et al. (2020) have shown that this task 

involves the use of scene imagery and activates the hippocampus (Clark et al., 2018).  

Therefore, the patients may be impaired on word pair associate tasks because a difficulty 

in visualising scenes.  

This idea resonates beyond the inability to recall memories, because hippocampal-

damaged patients are also impaired at imagining plausible future scenarios (Klein and 

Loftus, 2002; Hassabis et al., 2007b; Addis and Schacter, 2012; Kurczek et al., 2015; but 

also see Squire et al., 2010). Interestingly, these patients also struggle to imagine single 

fictitious atemporal scenes (not rooted in the past or future).  This suggests their problem 

is not related to mental “time-travel” per se, but rather may be centred on a problem 

constructing scene imagery that underlies these cognitive abilities (Hassabis et al., 2007b). 

They are, however, still able to imagine single isolated objects (Hassabis et al., 2007b), so 

the deficit pertains specifically to scenes and not imagination more generally.  

This apparent scene-related deficit in the context of bilateral hippocampal damage 

is further evidenced by difficulties in discriminating between different scene views, even 

when all images are visible (Lee et al., 2005, 2013; Barense et al., 2010; also see Kim et al., 

2011 for a different perspective). This not only suggests an impairment related to scene 

perception, but may also reflect the need for intact hippocampi in order to form internal 

models of scenes, in order for scenes to be mentally rotated and compared to solve the 

task (Zeidman and Maguire, 2016). Importantly, patients can detect differences between 

single objects or faces. Furthermore, this difficulty relating to scene representations seems 

to concern specifically their construction – hippocampal-damaged patients can describe, 

from their semantic knowledge, elements that would be within a particular scene 

(Hassabis et al., 2007b; Maguire and Mullally, 2013; McCormick et al., 2018a), and 
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perform comparably to healthy controls when detecting semantic violations in scenes, 

but fail to detect constructive violations (McCormick et al., 2017).  

 

 
Figure 10.  Example of bilateral hippocampal damage. T2-weighted coronal MRI images of 
the hippocampi of a healthy control (top) and a patient with selective bilateral hippocampal 
damage (bottom) is shown, with the hippocampal region highlighted in green. Reproduced with 
permission from McCormick et al. (2016).  

 

Another aspect of cognition that hippocampal damage appears to affect is mind-

wandering. Patients with hippocampal lesions report the same frequency of mind-

wandering as control participants, but what they think about in their idle moments differs. 

McCormick et al. (2018c) showed that these patients thought more in semantic terms 

rather than the more episodic thinking of control participants. Moreover, the form of 

mind-wandering also diverged in a fundamental way – controls mind-wandered in terms 

of vivid scenes, resonating with reports of the prevalence of scene imagery observed by  

Clark et al. (2020). By contrast, patients were much less likely to use or experience scene 

imagery while day-dreaming. Interestingly, Spanò et al. (2020) recently reported that 

bilateral hippocampal damage resulted in vastly reduced frequency of sleep dreaming, and 
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the small number of dreams the patients had during the night were impoverished in terms 

of episodic content. This suggests the hippocampus may be needed for normal dreaming, 

which is typically episodic in nature.  

Bilateral hippocampal damage has also been shown to adversely affect visual 

perception in a range of tasks (e.g. Lee et al., 2005, 2012, 2013; Graham et al., 2010; 

Warren et al., 2012; Aly et al., 2013; Yonelinas, 2013; Epstein and Baker, 2019).  Of most 

relevance to this thesis, Mullally et al. (2012) found that patients had attenuated BE 

relative to controls in the RSVP task (Figure 11) – described earlier in Section 1.2.3.  They 

correctly identified significantly more study-target scene pairs as “the same”, while 

controls responded incorrectly with “closer-up” more often. Therefore, despite being 

amnesic, paradoxically the patients performed better on this memory test because they 

could not imagine what was beyond the view in scenes.   

To summarise, focal bilateral hippocampal lesions have been linked to a 

constellation of scene-related perceptual, imagination and mnemonic deficits. 

Considering this evidence, it seems reasonable to conclude that the impairments of 

hippocampal-damaged patients extend beyond memory. Instead, these patients seem to 

be limited to what they can see in front of their eyes and have a fundamental deficit in 

constructing scene imagery. This prevents them from imagining single scenes, potentially 

preparing scenes for inclusion into unfolding mental events, and then building events 

from sets of scene images during recall or future thinking.  On face value, lesions to 

another brain region, the vmPFC, seem to result in similar deficits, but as I outline next, 

there are, in fact, distinct differences between the resultant cognitive profiles.  
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Figure 11.  Attenuated BE in patients with hippocampal damage compared to healthy 
controls.   (A) The structure of trials for the RSVP task.  (B) The proportion of trials which 
patients (red) and controls (blue) rated as “closer-up”, “the same” (correct), or “farther away”. 
This is expressed as a percentage of responses in each category relative to the total number of 
responses. Controls made significantly more BE errors (closer-up) than patients, who conversely 
made significantly more correct responses (“the same”).  (C) Mean confidence ratings, on a scale 
of 1 “not sure”, 2 “fairly sure”, and 3 “very sure”. *p < 0.05. Error bars are ± 1 SEM. Reproduced 
with permission from Mullally et al. (2012). 

 

1.3.2 Effects of vmPFC damage 

Patients with bilateral damage to the vmPFC (see Figure 12) display deficits in 

autobiographical memory and imagining the future that appear similar to hippocampal-

lesioned patients (reviewed in McCormick et al., 2018a). Compared to healthy controls, 

vmPFC-damaged patients generate fewer autobiographical episodes (Kopelman et al., 

1999), and provide impoverished accounts of both past memories (Bertossi et al., 2016a, 

2016b, 2017) and simulated future experiences (Bertossi et al., 2016a) when tested with 

relatively unconstrained cues. However, unlike hippocampal-damaged patients, those 
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with vmPFC lesions are able to describe single snapshot scenes in as much detail as 

controls, whether drawn from real past events or fictitious future events, as long as they 

are heavily cued (Kurczek et al., 2015). This suggests their basic ability to generate scene 

imagery is intact, as long as they are directed to exactly what they are required to (re-) 

imagine. What vmPFC-damaged patients seem unable to do, however, is to go beyond a 

single scene and describe an event unfolding over a longer time scale (Bertossi et al., 

2016a).  Moreover, they are impaired at situating autobiographical memories on a timeline 

of their lives (Tranel and Jones, 2006). This highlights a potential key difference between 

the involvement of the hippocampus and vmPFC in generating scene imagery – while the 

former seems to be involved in the construction of individual scenes, the latter may 

initiate scene construction, as well as support the sequencing of scenes that comprise an 

unfolding mental event.  

 Another significant feature of autobiographical memory recall in vmPFC-

damaged patients is confabulation. This refers to the unintentional production of false 

autobiographical memories that a patient believes to be true – often termed “honest 

lying” (Moscovitch, 1989; Moscovitch and Melo, 1997). This may indicate a problem with 

selecting appropriate memory representations and inhibiting those that are not relevant 

(Moscovitch and Melo, 1997; Gilboa et al., 2006; Gilboa and Marlatte, 2017). In this 

regard, schemas emerge as a relevant constructs – adaptive knowledge structures that 

comprise information that is acquired over multiple episodes (Ghosh and Gilboa, 2013). 

In essence, schemas provide prior knowledge with which to evaluate incoming 

information, and may explain why patients with vmPFC damage are impaired when 

deciding between schema-relevant and schema-irrelevant information (Ghosh et al., 

2014).  It may also be the case that schemas provide the necessary structure around which 
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extended mental events are (re-)built. As vmPFC patients are unable to access such 

information, this might explain why they are impaired at extending beyond single scenes 

and situating memories correctly in time.  

 

 
Figure 12.  Example lesions of the vmPFC.  Location of brain lesions within the vmPFC in 
eight patients. The colour bar shows the number of overlapping lesions across patients, which 
encompass portions of Brodman areas 10, 11, 12, 13, 14, 25, 32. Reproduced with permission 
from Ciaramelli et al. (2012).  

 

vmPFC-damaged patients have other cognitive deficits that seem to coalesce 

around a reduced ability to initiate endogenous processing and introspection. For 

example, their mind-wandering – a form of spontaneous mental activity – is much 

reduced in frequency (Bertossi and Ciaramelli, 2016). These patients tend to make 

remarks instigated by features in the immediate external environment, rather than 

resulting from internally-generated thoughts and emotions (Bechara, 2004; Leopold et al., 

2012; Bertossi and Ciaramelli, 2016; McCormick et al., 2018a).  
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The vmPFC has also been implicated in BE, as revealed by a recent study that 

compared the performance of patients with vmPFC damage, healthy controls, and brain-

damaged control patients (De Luca et al., 2018). Patients with vmPFC damage performed 

like the previously-reported hippocampal-lesioned patients (Mullally et al., 2012b), 

displaying attenuated BE. Of note, the brain-damaged control patients performed like 

healthy controls, displaying the classic BE effect where they extended their mental 

representation of scenes beyond the view (Figure 13). This shows that disruption to 

normal BE is not the result of brain damage per se.  

These BE results suggest that the vmPFC and hippocampus are equally involved 

in rapid, implicit scene construction. In the same two studies, clues about the possible 

individual contributions of the hippocampus (Mullally et al., 2012b) and vmPFC (De Luca 

et al., 2018) in scene imagery emerged when patients were further probed with an explicit 

scene construction task.  They were shown a photograph of a scene and asked to imagine 

what lies beyond the view.  The hippocampal-damaged patients reported being unable to 

imagine what was beyond the view, but could provide appropriate semantic content for 

what was likely to be there. The patients with vmPFC lesions, on the other hand, struggled 

to produce scene content and were poor at predicting what objects might be typically 

found in the scene (De Luca et al., 2018).  This suggests a more general role for the 

vmPFC in constructing scenes, such as the selection of appropriate scene elements.  
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Figure 13.  BE in vmPFC-damaged patients, hippocampal-damaged patients, and control 
participants, including brain-damaged control patients. Patients with vmPFC or 
hippocampal damage showed attenuated BE. *p < 0.05. Adapted from De Luca et al. (2018).  

 

Damage to the vmPFC results in numerous other deficits beyond those I have 

considered here (see McCormick et al., 2018a for a full review). However, it is worth 

noting that the patients often display issues with moral decision-making (e.g. Levens et 

al., 2014), emotion regulation (e.g. Koenigs et al., 2007), social interactions and theory of 

mind (e.g. Beer et al., 2006). Overall, neuropsychological studies of vmPFC-damaged 

patients seem to indicate that they have difficulty focusing internally, have problems with 

monitoring, often suffer failures of initiation, and struggle with inhibition.  

1.4 A simple model of scene and event construction 

The fMRI and neuropsychological findings outlined above have been influential in 

informing a simple model of how the hippocampus and vmPFC may interact to mentally 

represent scenes and unfolding events (McCormick et al., 2018a; Ciaramelli et al., 2019). 

In this model, the vmPFC initiates the selection of relevant scene elements stored in the 

neocortex (e.g. objects typical of a residential street; Figure 14), inhibiting those irrelevant 

to the current scene (van Kesteren et al., 2010a, 2012; Ghosh et al., 2014). These elements 
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are then made available to the hippocampus that uses them to construct a spatially 

coherent scene snapshot from the event (Hassabis and Maguire, 2007; Mullally and 

Maguire, 2013a). Through continual feedback loops between vmPFC, neocortex and 

hippocampus, the vmPFC co-ordinates the generation and then linking of a stream of 

scenes that gives rise to a seamless evolving event.  

This model offers a simple explanation of how multiple individual scenes results 

in extended mental events despite the fact that we selectively attend to our complex 

environment, shifting our gaze, and regularly blinking (Cutting, 2005). It is helpful to 

reprise an analogy introduced at the start of this chapter; while a movie is composed of 

individual frames (scenes), when run sequentially, these frames give us the impression of 

being seamless and unfolding. I suggest that the brain might manage our scene and event 

construction in a similar manner.  

This model represents a departure from other accounts of hippocampal and 

memory processing. Crucially, scenes are central to this model, regarding them as the 

basic unit of events over and above other types of representation (Hassabis and Maguire, 

2007; Maguire and Mullally, 2013). This contrasts with the view that the hippocampus 

supports associative processing in general, which assigns scenes to a broader category of 

stimuli that requires the binding of multiple elements together, such as objects and space 

(Lee et al., 2005; Eichenbaum, 2006; Aly et al., 2013; Erez et al., 2016; Ekstrom and 

Ranganath, 2017; Yonelinas et al., 2019). The fMRI studies I outlined earlier provide 

evidence that the hippocampus and vmPFC are preferentially engaged by scene 

processing, yet this remains an active area of debate.  In Chapter 3 I sought to provide 

further empirical evidence to help adjudicate between these two perspectives.  
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Figure 14.  Schematic illustration of a model of scene and event construction.  This account 
places the vmPFC (yellow) as the co-ordinator of scene and, in turn, event construction.  (A) The 
vmPFC initiates the selection of relevant scene elements stored in neocortical areas, which are 
then (B) conveyed to the hippocampus (green), where they are constructed into a spatially-
coherent scene.  (C) Iterative feedback loops between the vmPFC, neocortex, and hippocampus 
help to produce and integrate the successive scenes that comprise an unfolding mental event 
(McCormick et al., 2018a; Ciaramelli et al., 2019).  

 

This simple model is also distinct from the cognitive map theory, which suggests 

the primary role of the hippocampus is to support allocentric spatial processing (O’Keefe 

and Dostrovsky, 1971; O’Keefe and Nadel, 1978; Byrne et al., 2007; Epstein et al., 2017; 

Spiers, 2020). Scene construction, by contrast, emphasises the egocentric perspective 

(Hassabis and Maguire, 2007; Maguire and Mullally, 2013; Clark and Maguire, 2016). 

Some patients with bilateral hippocampal damage were found to be able to navigate 
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effectively through environments learned long before the onset of amnesia, including 

describing possible detours. This was especially the case when the layout of environments 

was regular or major roads could be used (Teng and Squire, 1999; Rosenbaum et al., 

2000). Particularly striking is the fact that these patients were able to accurately complete 

other spatial tasks such as the estimation of distance and direction in these familiar 

settings, which rely on allocentric processing. Therefore, it appears that allocentric 

computations can be performed without a functioning hippocampus. This seems difficult 

to reconcile with the cognitive map theory. Notably, the patient reported by Maguire et 

al. (2006) was not able to visualise in advance where to turn off from one road to another 

whilst navigating egocentrically, nor was he able to imagine scenes (Hassabis et al., 2007b).  

1.5 Predictions and thesis overview 

The evidence assembled in this chapter and the simple scene and event construction 

model I outlined (McCormick et al., 2018a), motivated the predictions in this thesis. First, 

I predicted that the hippocampus and vmPFC would display preferential responses to 

scene processing. Second, I hypothesised that the vmPFC would initiate scene and event 

processing. As a consequence, the vmPFC should respond earlier than the hippocampus.  

Third, given the role of the vmPFC in orchestrating scene and event construction, it 

should drive hippocampal activity. These predictions call for a technique that is able to 

temporally resolve the activity of the hippocampus and vmPFC. The poor temporal 

resolution of fMRI makes it difficult to draw any conclusions about the relative timing of 

responses in different brain regions. By contrast, the millisecond temporal resolution 

afforded by MEG, combined with its reasonable spatial resolution and whole-brain 

coverage, makes it particularly useful to non-invasively study both the neural dynamics of 

scene and event construction, and the effective connectivity between brain regions. 
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Relative to EEG data, source reconstruction of MEG data is more feasible, permitting 

the measurement of direct neural activity and connectivity even in deep structures (e.g. 

Poch et al., 2011; Kaplan et al., 2012, 2017; Dalal et al., 2013; Staudigl and Hanslmayr, 

2013; Backus et al., 2016; Meyer et al., 2017). This point is discussed further in Chapter 

2.  

There are relatively few MEG and EEG studies on scene and event processing. 

To date, electrophysiological investigations have typically used movies as event stimuli to 

test the feasibility of MEG or EEG to reveal consistent patterns of neural activity across 

participants during movie viewing (Lankinen et al., 2014; Chang et al., 2015). More 

recently these scanning methods have been employed to examine the implicit tendency 

to segment our experiences (Silva et al., 2019). However, the underlying temporal 

dynamics of scenes and events remain essentially unaddressed questions.  

MEG and EEG studies that explore the hierarchical relationship between the 

hippocampus and vmPFC are especially scarce. The most directly relevant study is that 

of Barry et al. (2019a), who tasked participants with immediately imagining full scenes in 

response to single scene-evoking cue words, such as “forest”, whilst undergoing an MEG 

scan (also see Barry et al., 2019b). Changes in anterior hippocampal and vmPFC theta 

were evident in response to imagining scenes, with the vmPFC engaging significantly 

earlier than the hippocampus. Moreover, the vmPFC drove hippocampal activity (Figure 

15) during scene imagination when effective connectivity was assessed using dynamic 

causal modelling (DCM; Friston et al., 2003; Friston, 2009; Kiebel et al., 2009). Kaplan et 

al. (2017) also found neural activity in these two regions to be synchronous during the 

imagination of scenes. Several MEG studies have examined autobiographical memory 

recall (Fuentemilla et al., 2014, 2018; Jafarpour et al., 2014; Hebscher et al., 2019, 2020), 
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also noting theta power changes in the medial temporal lobe (MTL) and medial prefrontal 

cortex (Fuentemilla et al., 2014). Oscillatory activity within the theta range, in particular, 

is often pinpointed as the means for disparate brain regions to communicate during 

episodic memory processes involving hippocampal and prefrontal regions, in both MEG 

and EEG studies (Colgin, 2013; Fuentemilla et al., 2014; Garrido et al., 2015; Backus et 

al., 2016; Berens and Horner, 2017; Kaplan et al., 2017; Sans-Dublanc et al., 2017; Nicolás 

et al., 2021), with evidence for theta underlying associative processing in the brain 

(Herweg and Kahana, 2018; Herweg et al., 2020). While the findings outlined here broadly 

support the model I have described in Section 1.4, a key test concerns how scene and 

event construction are initiated.  

 

 
Figure 15.  Hippocampal-vmPFC interactions during the construction of novel scene 
imagery. (A) An early peak in vmPFC (orange) theta power preceded that of the hippocampus 
(blue) following the onset of the 3000 ms scene imagination period. Time periods where power 
changes significantly differed from baseline are indicated by a thickened line (p < 0.05 FWE).  (B) 
Results of the DCM analysis showing evidence for each of two competing models. Stronger 
evidence was found for the vmPFC driving hippocampal activity (orange bar). Adapted with 
permission from Barry et al. (2019a).  

 

Only one study has examined this issue, and specifically in relation to 

autobiographical memory retrieval – McCormick et al. (2020). They asked healthy 

participants to recall autobiographical memories, and found that the hippocampus and 
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vmPFC showed the greatest power changes across the whole brain. Interestingly, the 

response of the hippocampus lagged significantly behind that of the vmPFC during the 

very earliest phase of retrieval. Moreover, using DCM, the authors showed that the 

vmPFC drove hippocampal activity during recall initiation and the subsequent unfolding 

of the events in memory.  

The results of this handful of MEG studies lend preliminary support for the idea 

that the vmPFC initiates scene and event construction, and drives the hippocampus. In 

this thesis I sought to fill in the gaps in our knowledge that lie between the Barry et al. 

(2019a) study – where single scenes were mentally constructed – and McCormick et al. 

(2020) study – where complex, naturalistic personal events were mentally re-constructed. 

Therefore, after outlining the general methods I employed in conducting a series of MEG 

studies (Chapter 2), the thesis is structured as follows: 

Chapter 3: I begin by examining scene-preferential effects in the hippocampus 

and vmPFC, by adapting for MEG the paradigm originally used in 

fMRI by Dalton et al. (2018) to investigate how scene imagery is built. 

I compare this to the construction of non-scene arrays of objects that 

do not evoke scene representations. 

Chapter 4: I then sought to investigate whether objects previously shown to elicit 

a sense of surrounding 3D space (space-defining) affect the neural 

dynamics of scene construction. 
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Chapter 5: To address how a single scene may then be prepared for inclusion into 

an event, I next examined BE using MEG.  

Chapter 6: Finally, I directly examined how individual scenes might be linked 

together to form an evolving event. I did this by devising a novel 

paradigm to compare the construction of events built from scenes 

with that of events built from non-scene abstract patterns. Events 

were simple visual animations built from individual image frames, 

enabling me to look at the transition from a single scene to a linked 

event.  

I then draw together the results from all of these experimental chapters for a 

discussion in Chapter 7, considering in particular what can be learned about the 

involvement of the hippocampus and vmPFC, and their relationship, in constructing 

scenes and events, and how this relates to the cognitive model proposed and the 

predictions I made.  

1.6 Publications 

The following publications arose from the work in this thesis: 

 Monk AM, Dalton MA, Barnes GR, Maguire EA (2021) The role of 

hippocampal-ventromedial prefrontal cortex neural dynamics in building 

mental representations. J Cogn Neuro 33:89-103.  

 Monk AM, Barnes GR, Maguire EA. (2020) The effect of object type on 

building scene imagery – an MEG study. Front Hum Neurosci 14:592175. 
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 Monk AM, Patai EZ, Barnes GR, Intraub H, Maguire EA. Very early neuronal 

responses are associated with top-down scene processing (submitted). 

 Monk AM, Barry DN, Litvak V, Barnes GR, Maguire EA. Evoked response 

signatures during free viewing of animated movies distinguish unfolding 

events built from scenes and non-scenes (in preparation).  

During the course of my PhD I was also involved in the following publications, not 

described in detail in this thesis: 

 Clark IA, Monk AM, Maguire EA (2020) Characterising strategy use during 

the performance of hippocampal-dependent tasks. Front Psychol 11:2119. 

 Clark IA, Monk AM, Hotchin V, Pizzamiglio G, Liefgreen A, Callghan MF, 

Maguire EA (2020) Does hippocampal volume explain performance 

differences on hippocampal-dependent tasks? NeuroImage 221:117211.  

 Ciaramelli E, De Luca F, Monk AM, McCormick C, Maguire EA (2019) What 

"wins" in VMPFC: Scenes, situations, or schema? Neurosci Biobehav Rev 

100:208-210.  

 Clark IA, Hotchin V, Monk A, Pizzamiglio G, Liefgreen A, Maguire EA 

(2019) Identifying the cognitive processes underpinning hippocampal-

dependent tasks. J Exp Psychol Gen 148:1861-1881.  
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2 General methods 

2.1 Précis 

In this chapter I describe the methods used to collect and analyse the data. First, I explain 

the set-up that I employed across all my experiments for the collection of behavioural 

and neuroimaging data. I then discuss the basic principles of measuring brain responses 

using MEG, the neuroimaging technique that I used for all of my experiments. Following 

this, I describe the pre-processing steps involved in preparing the raw MEG data for 

analysis, the statistical methods I used to subsequently analyse the data, and the software 

toolboxes utilised to implement them. The core analytic methods I employed ranged from 

an examination of evoked responses at the sensor level to effective connectivity analyses 

at the source level.  

2.2 Participants 

All participants were aged between 18 and 35 years old, were right-handed, had either 

normal or corrected-to-normal vision, had no history of neurological or psychiatric 

disorders, and were fluent in English. Participants were a mixture of undergraduate and 

masters-level students, and non-students recruited from a range of sources: the UCL 

Institute of Cognitive Neuroscience’s participant database, the UCL Division of 

Psychology and Language Sciences SONA participant database, the Call for Participants 

volunteers pool (https://www.callforparticipants.com), recruitment via masters student 

programme emailing lists at UCL, Birkbeck University of London, and Queen Mary 

University of London, as well as Facebook posts. When students were recruited, an effort 
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was made to include people studying on non-psychology courses, who were more likely 

to be naïve to the aims of the experiments. Except for experiments reported in Chapters 

4 and 5, participants only took part in one experiment. For these two exceptions, the 

experiments were typically run on the same day; the shorter Chapter 4 experiment took 

place in the morning, and the Chapter 5 experiment in the afternoon, following a 2-hour 

break.  

Before being assigned an appointment, participants were screened on the telephone 

and completed a written screening questionnaire to ensure they were suitable for a scan 

in MEG.  They also read the participant information sheet and had the opportunity to 

ask questions. Participants had no history of surgery involving the insertion of metal 

implants or devices, no dental wires or metal dental fillings. On the day of their scan, they 

were instructed to wear non-magnetic clothing, wear no eye make-up or hair products 

and to remove all metal items (such as piercings). All participants gave written informed 

consent to participate in accordance with the University College London Research Ethics 

Committee (project ID: 1825/005). All data were acquired before the COVID-19 

pandemic.  

2.3 Overview of the experimental set-up  

All experiments were conducted at the Wellcome Centre for Human Neuroimaging, UCL 

Queen Square Institute of Neurology, University College London, UK. Each experiment 

involved a behavioural and a neuroimaging component. Depending on the experiment 

(as detailed in the experimental chapters that follow), the behavioural element included 

pre-scan training, and post-scan debriefing or testing. Behavioural sessions were 

conducted in a quiet room at the Centre designed for the purpose of experimental testing, 
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where participants sat in front of a desktop PC. The neuroimaging component was 

conducted using an MEG scanner. The MEG system is described later in Section 2.5.1.  

In each experiment, upon arrival, a participant gave written informed consent after 

re-reading the participant information sheet, and they had another opportunity to ask 

questions. The pre-scan training session was then completed on a desktop PC. Prior to 

entering the scanning environment, a participant was thoroughly screened, and asked to 

remove any metal items or make-up that could introduce artefacts to the MEG data. 

Inside the MEG scanner, a participant was in a seated position, with their head resting on 

the back of the MEG helmet. The set-up was consistent across all participants and 

experiments. Only the back-rest of the MEG chair was occasionally adjusted between 

participants, to ensure a comfortable posture. Cushions and foam pads were placed at a 

participant’s sides and under their legs for further comfort and to prevent excessive 

movement.  

Head position fiducial coils were attached to the three standard fiducial points on 

a participant’s face (nasion, left and right preauricular) to monitor head position 

continuously throughout acquisition. During scanning, the door to the magnetically 

shielded room, within which the scanner is located, was closed (see Section 2.5.2.1). A 

participant was monitored throughout the scanning session via a camera, and a 

microphone enabled communication between a participant and experimenter from 

outside the scanner. A participant was also provided with an emergency alarm bell, taped 

to the left arm rest to be within easy reach, which they could use at any point during 

scanning to indicate they wished to exit the scanner.  
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An MEG-compatible (containing no metal components) 5-way button-box was 

held in the right hand to make responses. The recording of responses and delivery of 

visual stimuli was made using the Cogent2000 toolbox for Matlab 

(http://www.vislab.ucl.ac.uk/cogent.php). Visual stimuli and task instructions were 

presented via a projector (60 Hz frequency) situated outside the scanner room, projecting 

onto a screen via a mirror. The distance between the screen and a participant’s eye was 

~60 cm. A photodiode was used to accurately record the onset of stimuli during 

experiments that involved visual presentations (Chapters 5 and 6).  I measured a jitter of 

approximately 36ms ± 0.3ms between the trigger codes sent from the stimulus PC to the 

MEG acquisition computer and the projector screen viewed by a participant, which was 

found to be consistent across trials in both relevant experiments. I accounted for this 

jitter during the pre-processing of the data. When required, auditory stimuli were 

delivered via an MEG-compatible Etymotic Ear-Tone stereo sound system (Etymotic 

Research Inc, Illinois; Chapters 3 and 4). Sound travelled via plastic tubes to inner-ear 

foam inserts. Sounds were played using the Cambridge Research Systems Audiofile 

(Cambridge Research Systems Ltd) via commands coded in a Matlab script.  

An Eyelink 1000 Plus (SR Research) eye tracking system with a sampling rate of 

2000 Hz was used during MEG scanning to monitor task compliance, measure 

oculomotor behaviour, and compare experimental conditions. The eye tracker camera 

was positioned on a table in front of a participant. The right eye was used for both 

calibration and data acquisition, to record eye tracking across the full screen. On 

occasions when participants were missing eye tracking data, typically as a result of 

insufficiently accurate calibration, the number of participant samples available for eye 

tracking analysis is reported in the specific experimental chapter.  
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After scanning, a participant was behaviourally tested, if this was part of the 

experimental protocol, and debriefed.  Each participant was paid £10 per hour to cover 

their travel and meal expenses.  

2.4 The origin of the MEG signal 

As the experimental questions I was interested in addressing required high temporal 

resolution, MEG was the method of choice to record brain responses in all my 

experiments.  Consequently, I next briefly explain the physiological and biophysical basis 

of the signal measured in MEG. I also mention how MEG compares to EEG and fMRI, 

and provide an overview of how inferences are made about brain function using MEG 

technology. For further detail on the basic theoretical concepts underpinning the MEG 

signal, and the resultant considerations for analyses, I refer the reader to Hansen et al. 

(2010).  

2.4.1 MEG signal generation 

The brain communicates information via neural electrical activity, which also generates 

magnetic fields. Both electrical current flows, and the magnetic fields they give rise to, 

reach the scalp surface where they can be measured non-invasively outside of the brain, 

by EEG and MEG respectively.  Post-synaptic (dendritic) activity in pyramidal cells of 

the cortex are thought to contribute the most to the measurable MEG (and EEG) signal, 

since these are oriented in parallel to one another and aligned perpendicularly to the 

cortical surface. The current flow along dendrites is dipolar and behaves much like 

electricity travelling along a wire, following the well-established right-hand rule of 

electromagnetism. Approximately 50,000 pyramidal neurons are required to be 
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synchronously active to generate neural activity measurable by MEG, depending on how 

these neurons are distributed within cortex, their relative alignment, and their orientation 

with respect to the pial surface (Figure 16). The sum of many dipolar pyramidal dendrites 

forms one “dipole”. Pyramidal cells are found mainly in layers II/III and V, with those 

in layer V being particularly large and therefore thought to contribute more to the MEG 

signal (Murakami and Okada, 2006).  

 

 
Figure 16.  The generation of electric and magnetic fields in the brain. (A) The cortical 
surface is highly folded, creating gyri and sulci. Visualisation of a rendered brain was performed 
using MRIcroGL (https://www.nitrc.org/projects/mricrogl). (B) Magnetic fields (blue arrows) 
of current dipoles (red arrows) are shown for a radial electrical current (gyrus; left-hand arrow), 
and a tangential electrical current (sulcus; right-hand arrow), in a perfectly spherical conductor (an 
approximation of the human head). Magnetic fields resulting from tangential dipoles are more 
detectable at the scalp. The magnetic field wraps around the current dipole, so this should be 
interpreted as a 3-dimensional ring. (C) A representation of a pyramidal cell assembly in the 
cerebral cortex needed to generate a detectable magnetic field, like the one illustrated in B. 
Approximately 50,000 synchronous dendritic currents are required for a detectable signal at MEG 
sensors.  
 

2.4.2 Comparison between MEG and other imaging techniques 

A change in the magnetic fields produced by neuronal current flow serves as a direct 

measure of “online” neuronal activity, allowing the tracking of responses at the 

millisecond level. This is notably in direct contrast to fMRI, where the latency of the 

haemodynamic response – the neural signature of fMRI – is slow (in the order of ~4 

seconds). The fMRI signal also typically reflects changes in oxygen consumption, and so 
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is not a direct measure of neural activity. MEG ostensibly offers a more direct insight into 

rapid cognitive processes in the timeframe in which they occur (i.e. sub-second), where 

the temporal resolution is only limited by the sampling rate set during acquisition. All of 

the MEG data in this thesis were acquired at a sampling frequency of 1200 Hz.  

When comparing MEG with EEG, it may initially appear there is little difference 

between them to warrant the use of one over the other. Although the origin of the signal 

measured by both technologies is relatively similar, magnetic fields are less distorted by 

the skull and scalp than electric fields. By the time the EEG signal reaches the scalp, it is 

severely smeared (Wolters et al., 2006). Therefore, although both technologies allow for 

non-invasive direct recordings of neural activity at a high temporal resolution, MEG 

provides better spatial resolution (~5-8 mm; Brookes et al., 2010) than EEG, allowing 

researchers to answer not only questions pertaining to the timing of an effect, but also its 

likely brain region of origin.  

This advantage in terms of spatial resolution has some caveats. Both MEG and 

EEG are sensitive to the folded nature of the brain (Figure 16A). Whether the signal is 

generated at the gyri (top of folds) or the sulci (inside folds) affects the ability of each 

modality to detect that signal. Given a spherical conductor (i.e. the approximate shape of 

the head), and the fact that a current flow generates a magnetic field clockwise around it, 

then current flow perpendicular to the scalp is more detectable by EEG, whereas current 

flow parallel to the scalp is more detectable by MEG (Figure 16B). Therefore, MEG is 

particularly good at detecting signals arising from sulci (mostly tangential dipoles), since 

pyramidal cells are aligned perpendicularly to the cortical surface, but is less effective at 

detecting signals arising from gyri (mostly radial dipoles). EEG is sensitive to both radial 

and tangential dipoles. However, the head is not a perfect sphere so, in reality, the radial 
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orientation is not well defined, meaning radially-oriented (gyral) sources are not invisible 

to MEG (Cuffin, 1990). Only a small area of cortex at gyral crests has truly poor 

resolvability (estimated to only be around 5%), therefore the radial dipoles that go 

undetected account for only a small proportion of potentially active cell assemblies 

(Hillebrand and Barnes, 2002).  

2.5 Instrumentation 

This section briefly describes the core components of the MEG system, including how 

the small magnetic signals generated by the brain are recorded, and the techniques that 

were employed to reduce the noise that would otherwise contaminate the measurements.  

2.5.1 The MEG scanner 

The MEG scanner used was a 275-sensor CTF Omega MEG system, housed in a 

magnetically shielded room (MSR; Figure 17A). The sensors, capable of detecting the 

small magnetic signals generated by the brain, are called Superconducting Quantum 

Interference Devices (SQUIDs), and are arranged in a helmet-like structure (also called a 

dewar; Figure 17B) as close to the scalp as possible. Liquid helium is used to keep 

SQUIDS cool, maintaining a temperature of approximately -270˚C, as they use a 

superconducting loop made of niobium.  The CTF MEG system contains axial (also 

called radial) gradiometers as flux transformers, magnetically coupled to each sensor 

(Figure 17C).  
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Figure 17.  The MEG system.  (A) The MEG scanner situated inside a magnetically shielded 
room, with a participant ready to be scanned in a seated position, looking at a screen displaying 
task stimuli. Courtesy of the National Institute of Mental Health, National Institutes of Health, 
Department of Health and Human Services (http://infocenter.nimh.nih.gov/il/public_il/image_details.cfm?id=80) 
and copyright free.  (B) Illustration of the MEG helmet-like structure, called the dewar. A large 
tank of liquid helium is used to lower the temperature of the SQUIDS to -270˚C, used to detect 
magnetic fields produced by neural activity. Reference sensors help to reduce ambient noise 
(adapted from König et al., 2016, and copyright free).  (C) An axial gradiometer flux transformer 
illustrated from the side. The two coils of the gradiometer greatly reduce noise from sources 
outside the brain, with a pick-up coil nearest to a participant’s head. This works by applying 
magnetic flux to cause oscillations in a SQUID (one sensor is shown on the right; adapted with 
permission from Andrä and Nowak, 2006). 
 

Gradiometers measure the gradient of magnetic flux between two coils (where 

one is positioned above the other), and are most sensitive to the magnetic fields 

perpendicular to the scalp surface. Due to their configuration, they considerably reduce 

environmental noise. The CTF system also contains an additional set of reference sensors 

that can be used to synthesise third-order gradiometers (see 2.5.2.1). These reference 

sensors measure interference and not neural activity. Data were digitised continuously at 

a sampling rate of 1200 Hz. I next explain how noise is minimised to obtain the most 

accurate MEG data possible.  
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2.5.2 Noise reduction during data acquisition 

SQUIDS are capable of detecting miniscule differences in magnetic fields generated by 

the brain, which typically lie in the range of 10-1000 femtoTesla (fT)1. Due to their 

sensitivity, however, SQUIDS also pick up magnetic fields in the surrounding 

environment. The earth’s magnetic field alone is around 50 microTesla (μT) and other 

signals in a typical urban environment can be as high as 1 μT, far larger than the brain 

signals of interest (Figure 18). In addition, magnetic fields generated by the heart, eyes 

and muscular activity can contaminate the MEG recording. Consequently, different 

methods have been developed to reduce the influence of these external environmental, 

and internal physiological artefacts.  

2.5.2.1 External magnetic fields 

The main methods used to reduce noise from the surrounding environment involve axial 

gradiometers, passive shielding, and the option of applying synthetic gradiometry.  

Axial gradiometers 

The data from the CTF MEG system used were recorded with axial gradiometer SQUIDS 

(Figure 17C). Two aligned sensor coils (magnetometers), axial with respect to a 

participant’s head, are wound in opposite directions so that the effect of distant magnetic 

fields is subtracted out, whilst retaining nearby magnetic fields measured at the scalp. The 

effect is a substantial reduction in ambient noise and better detection of magnetic fields 

at low frequencies emanating from the brain.    

                                                 

1 Tesla is a unit of magnetic induction. 1 fT = 10-15T; 1 μT = 10-6T 
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Passive shielding 

In order to reduce external magnetic fields, the MEG scanner is housed in a MSR. This 

provides what is referred to as passive shielding against magnetic noise from the external 

environment, reducing it to around 10-20 nanoTesla (nT). Devices that may generate a 

magnetic field (such as electrical equipment containing magnetic components, including 

the projector used to display stimuli) are kept outside the MSR. 

 

 
Figure 18.  Strengths of physiological and environmental magnetic fields. The relative sizes 
of magnetic fields measured with MEG, comparing the human brain with other biomagnetic and 
environmental sources of noise that can contaminate MEG measurements. Attenuation of noise 
not originating from the brain is critical during data acquisition. The scale of magnetic fields is in 
Tesla (T).  
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Synthetic gradiometers 

The CTF MEG system also provides the opportunity to create third-order synthetic 

gradiometers to reduce environmental interference, by using the signals from the 

reference sensors inside the MEG scanner to measure and subtract ambient magnetic 

noise. Although using this configuration is useful to improve the signal-to-noise ratio 

(SNR), it is not always necessary. All participants in this thesis were neurotypical, with no 

metal implants, and great care was taken during both recruitment and data acquisition to 

ensure each dataset was undisrupted by metal artefacts. This, too, is important in order 

to optimise the spatial reconstruction of the data by minimising the SNR. Furthermore, 

spatial specificity depends also on the accuracy of the forward modelling solution (i.e. 

models of the changes in magnetic fields due to a specific source of electrical activity). 

This is described in Section 2.7.1.  

One experiment in this thesis did not use synthetic gradiometry (Chapter 3). This 

was due to a technical failure during data acquisition that meant synthetic gradiometry 

was turned off, and this remained undetected until after the completion of analyses. All 

analyses in this experiment were concerned with changes in spectral power, therefore it 

was important to check the accuracy of the source reconstruction in the absence of this 

higher-order gradiometry. I selected one source reconstruction result (i.e. where synthetic 

gradiometry was not applied) and re-ran the analysis with synthetic gradiometry 

retrospectively applied.  Figure 19 clearly demonstrates the results were almost identical, 

including the detection of activity in deeper sources (such as the thalamus, in this 

example), suggesting the findings were robust.  
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Figure 19. Effect of third-order gradiometry on results of source reconstruction. 
Comparing the results of source reconstruction using linearly constrained minimum variance 
(LCMV) beamforming demonstrates the effect of applying synthetic third-order gradiometry 
(left) is minimal in this case.  

 

2.5.2.2 Physiological magnetic fields 

Artefacts can also arise from physiological sources.   

Muscular artefacts  

Muscle tension can be reduced during data acquisition, and its effects on neural signals 

can be easily removed before analysis if necessary. In particular, artefacts resulting from 

muscular tension and bodily movement (e.g. in the head, neck, upper body) can be 

minimised by ensuring a participant is comfortable during scanning and that they take 

regular breaks. As a result, in addition to the set-up described in Section 2.3 that served 

to make a participant feel comfortable throughout scanning, the duration of individual 

scanning blocks in each experiment was between 6 and 7 minutes. Longer than this would 

be uncomfortable and lead to tension, movement and fatigue. A participant was also 

instructed to maintain a fixed head position, continuing to rest their head on the back of 

inside of the MEG helmet structure (which contains the sensors; see Figure 17B), and 

this was checked at the start of each scanning block.  



Building mental experiences: From scenes to events                                                              65 

 
Head movement  

Small movements of a participant’s head were recorded during data acquisition using 

localisation coils, which provided continuous measurement of the head position (see the 

set-up description in Section 2.3).  Participants who moved more than 5mm at any one 

time were given further instructions about keeping still, and consistent movement of 

more than 6mm resulted in exclusion of data from subsequent analysis.  

Ocular artefacts  

Physiological artefacts can also arise from saccadic eye movements and blinking. The eye 

can be modelled as a magnetic dipole, therefore it can distort electrical fields coming from 

nearby brain regions, or might be erroneously attributed to brain activity. This is 

particularly problematic for frontal midline regions, such as the vmPFC. Of course, one 

cannot prevent a participant from moving their eyes completely, but a problem arises if 

the artefact is non-random; for example, if a participant always blinks at the onset of a 

stimulus for one condition, but not for the other condition to which it will be directly 

compared. In this case, and if low frequencies are of primary interest (as is the case in 

several of my experiments), eye movements could significantly contribute to any 

difference observed in the MEG signal. For this reason, tight control of eye movements 

is critical. However, what is the best strategy to achieve this?  

The majority of MEG studies simply remove trials, or sections of them, as an easy 

fix for this problem. However, this loss of data may not be feasible if only a small number 

of trials are available, or for paradigms where oculomotor behaviour is systematic in 

particular conditions. Indeed, the gross removal of eye movements altogether may serve 

to “over clean” the data such that the effect of interest is lost. It is important to remember 

that eye movements and fixations are an important, natural part of human cognition and 
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behaviour – this is particularly relevant to the processing of naturalistic stimuli, such as 

scenes, which are used throughout this thesis.  

Instead of discarding data in this way, paradigms that guide eye movements can 

control the distribution of fixations between conditions so that very similar fixation 

patterns are generated. The occurrence of eye movements, and their contamination of 

between-condition differences, can therefore be minimised in the first place. This is the 

approach I adopted to control eye movements and fixations. I also recorded eye data in 

real-time across the whole screen, using a high-quality eye tracker with a high sampling 

rate (2000 Hz; also see Section 2.3). This fine temporal resolution permits tracking of 

even small eye movements, which might otherwise be missed by using other methods, 

such as electrooculography. By combining temporally-resolved eye tracking and MEG, 

both could be recorded in real-time to determine whether eye movements and fixations 

could reasonably have had an influence on the MEG results.  

2.6 MEG data pre-processing 

To prepare raw MEG data for analysis, it must first be pre-processed. Here, I briefly 

describe the different pre-processing steps followed for each experiment, performed in 

Statistical Parametric Mapping version 12 (SPM12; Wellcome Centre for Human 

Neuroimaging, London, UK; https://www.fil.ion.ucl.ac.uk/spm). These steps include 

filtering, segmenting data into epochs, and the removal of possible artefacts. Baseline-

correction is also mentioned here, the use of which varied between experiments due to 

differences in study design, which are discussed further in the specific experimental 

chapters.  
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2.6.1 Filtering and epoching 

MEG data were filtered in several ways. First, a high-pass filter was applied in order to 

eliminate slow drifts in signals from the MEG sensors, followed by a stop-band filter of 

48-52 Hz to remove the power line interference, and finally a stop-band filter of 98-102 

Hz to remove its first harmonic.  

Data were then epoched according to which experimental conditions were of 

interest. A baseline period was additionally epoched to be subtracted from each condition 

in certain circumstances. Specific details on how data were epoched and baseline-

corrected are given in the each experimental chapter. General considerations that pertain 

to baseline-correction are, however, described in Section 2.6.2.  

2.6.1.1 A note on high-pass filtering choices 

Data were high-pass filtered at either 0.1 Hz or 1 Hz. In studies designed to examine 

event-related fields (ERFs), particular caution is needed when applying a high-pass filter. 

In cases where I used an ERF analysis approach (Section 2.7.2), a standard cut-off of 0.1 

Hz was used. Greater than this (i.e. towards 1 Hz) could be problematic, as this could 

alter the shape of the resulting averaged ERF waveform, especially if the ERF is expected 

to occur early on after stimulus onset, and the duration of the epoch analysed is 

particularly short. These circumstances were certainly true for ERF experiments in 

Chapters 5 and 6, where a rapid effect was predicted (and found) and epochs lasted 

between only 250 and 700 ms respectively. A more rigorous cut-off frequency of 1 Hz 

was used in Chapters 3 and 4, because the epochs were longer (3000 ms in both cases), 

and where oscillatory power was the focus.  
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2.6.2 Baseline-correction 

Baseline-correction is commonly applied to data before analysis as a means to remove 

bias introduced by drifts in the MEG signal. This is because there is effectively no “zero” 

level to the SQUIDS, and there is likely to be some low-frequency noise from both the 

sensors and the surrounding environment. This is normally achieved by subtracting the 

average of a specified pre-stimulus time period. This period should, of course, not contain 

any event-related activity, nor should it overlap with it, yet it should be close in time to 

the onset of the event. For different reasons, this may not always be feasible, and under 

some circumstances it is in fact undesirable.  

First, baseline-correction by subtraction may be unnecessary altogether, since the 

important step of high-pass filtering (discussed above in 2.6.1.1) removes slow drifts and 

low-frequency components (Gross et al., 2013). There is some debate as to whether 

baseline-correction is an adequate substitute for high-pass filtering (see Maess et al., 2016 

for a discussion on this topic). The efficacy of baseline-correction depends on the baseline 

period selected – it cannot be assumed there are no systematic differences between 

baselines for different conditions, and a duration of several hundred milliseconds would 

be required for a better, and more precise, estimate of its true mean. Therefore, baseline-

correction ought to be an additional step, if useful, following the standard approach of 

high-pass filtering.  

Second, rather than assuming baseline-correction is necessary (because it is a 

commonly used technique), a better approach would be to choose the baseline window 

according to the question being addressed by the study. For example, if a pre-stimulus 

baseline window of adequate length would be disruptive to the design, baseline-correction 



Building mental experiences: From scenes to events                                                              69 

 
may be unwise. Instead, low-frequency noise can be effectively minimised using a 

combination of high-pass filtering and practical steps employed during acquisition (see 

Section 2.5.2). Another option is for a form of baseline-correction to be implemented at 

a later stage of analysis – that is, rather than part of pre-processing, an appropriate baseline 

window could be subtracted from each condition at the single-subject level of analysis 

(also termed the first level). This was the approach used for experiments in Chapters 3 

and 6. Furthermore, in the absence of a “clean” non-overlapped baseline close (i.e. 

immediately preceding) to the event of interest, it is advisable to choose a period with a 

greater degree of separation from task-related activity. This was the case for experiments 

reported in Chapters 3, 4 and 6, where there was no common, activity-free, baseline 

interval available immediately prior to each epoch. The main reason for this was that these 

studies required the continuous presentation of sequential epochs. The precise 

application of a baseline is described in the individual experimental chapters.  

2.6.3 Artefact removal 

Prevention of artefacts is always better than the cure. So far, approaches used to minimise 

the occurrence of different artefacts at the outset have been addressed, and in particular, 

the arguments against complete elimination of eye movements. Post-acquisition, I also 

visually inspected the data and rejected artefactual epochs using the FieldTrip visual 

artefact rejection tool, implemented in SPM12. This manual approach allowed me to 

selectively discard particularly noisy trials from subsequent analyses. However, steps taken 

during acquisition ensured that the data collected were of a high quality, significantly 

reducing the necessity to discard data. The extent of trial rejection is detailed in the 

specific experimental chapters.  
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2.7 MEG data analyses 

Data were analysed with SPM12 and the FieldTrip toolbox (Donders Centre for 

Cognitive Neuroimaging, Nijmegen, the Netherlands; Oostenveld et al., 2011) within 

MATLAB R2018a (MathWorks, MA).  I introduce the analytic methods employed in this 

thesis, and some of the main theoretical considerations for their use. In broad terms, 

methods examined changes in oscillatory power across different frequency bands (source 

reconstruction), transient evoked responses in the time-domain (sensor level ERFs), and 

effective connectivity between source-localised regions (DCM).  

2.7.1 Source reconstruction 

One of the main features studied in MEG data are induced neural oscillations. Changes 

in oscillatory power can be measured in response to different experimental conditions, 

localised to specific brain regions, as well as being time-resolved. The frequencies of 

oscillatory neuronal activity relevant to cognitive processes range between 0 and 200 Hz: 

commonly referred to as delta (1-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), beta (13-30 Hz), 

and gamma (> 30 Hz). How is it possible to estimate the three-dimensional configuration 

of sources of this neural activity (i.e. its location, orientation, and time-course) when 

MEG sensors measure this activity from outside the brain?  

2.7.1.1 Source localisation and the inverse problem 

This transformation of data into source space is a major challenge for MEG. This is the 

so-called “inverse problem”. Even if the magnetic fields were measured at an infinite 

number of locations around the head, this would still be insufficient to uniquely estimate 

the distribution of current sources within the brain – it is a mathematically ill-posed 
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problem, with an infinite number of possible inverse solutions to any given forward 

model (Hämäläinen et al., 1993). Forward modelling refers to how changes in magnetic 

fields result from sources of electrical activity, and how this activity is propagated from 

the physiological source, through body tissues, before reaching the sensors where fields 

are observed. Unlike the inverse problem, the forward modelling problem is well-posed 

– electromagnetism is well-understood and there is only one solution for each current 

dipole.  

Due to the difficulty of solving the inverse problem, it has been assumed that 

source localisation of focal brain activity in MEG (and EEG) is inaccurate. However, the 

development of beamforming has significantly improved this capacity, making it possible 

to accurately estimate the neural sources of activity measured with MEG (Van Veen et 

al., 1997; Hillebrand and Barnes, 2005; Brookes et al., 2008). Beamforming is an 

“adaptive” spatial filtering approach that estimates activity at predefined brain regions. 

This involves scanning the entire brain (i.e. the source space), sequentially scanning each 

location so that they are treated independently, so that a statistical volumetric image is 

generated that shows the brain regions engaged in a particular task. “Adaptive” here 

means that spatial filters rely on both the forward solution and the magnetic field 

measurements, and this typically leads to higher resolution than non-adaptive variants.  

2.7.1.2 Linearly constrained minimum variance (LCMV) beamforming 

In this thesis, the LCMV beamformer was used for source reconstruction, performed 

using the DAiSS toolbox (https://github.com/SPM/DAiSS) implemented in SPM12. 

This type of beamformer uses filter weights that linearly map the MEG sensors to source 

space, which are built based on data from the experimental conditions. Power is estimated 
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at each source location, whilst simultaneously minimising interference of contributions 

from other sources (thereby minimising the problem of leakage) and external noise 

captured in the data covariance matrix. This is why techniques like this are referred to as 

spatial filters (Van Veen et al., 1997). Importantly, this results in enhanced detection 

sensitivity of the target source activity. A frequency range is specified (e.g. 4-8 Hz if one 

is interested in theta activity), and two conditions are compared, to determine the 

distribution of brain activity that best explains the observed change in magnetic fields 

between conditions in this frequency range.  

2.7.1.3 First-level analysis 

In experiments where source reconstruction was performed, co-registration to the 

Montreal Neurological Institute (MNI) space was based on nasion, left and right 

preauricular fiducials (head positions), using a 5 mm volumetric grid. The forward model 

was computed using a single-shell head model (Nolte, 2003).  

Here, a standard template brain was used for co-registration, but an alternative 

approach would have been to use individual structural MRIs. However, there is little 

evidence to suggest individual MRI images would provide any advantage in source 

localisation. In fact, these two approaches have been shown to produce very similar 

estimations of MEG activity (Holliday et al., 2003). Since brain anatomy varies greatly 

between participants, when functional images are combined for any group analysis, this 

will result in blurring (Thompson et al., 1996; Mazziotta et al., 2001). Therefore, any extra 

error introduced by using a standard template will have little impact on the source 

reconstruction. What is more important, instead, is to minimise the co-registration error, 

achieved by minimising participant head movement at acquisition.  
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At the first level, power in a particular frequency band was estimated to create 

one image per condition, per participant. The covariance matrix was estimated using a 

common spatial filter for all the conditions that would be later contrasted when 

performing group level statistics (the second level). This optimised the estimate and 

increased the reliability of the filters through which all trials would be subsequently 

projected. For some experiments, the time window of interest was particularly brief 

(<1000 ms; Chapters 5 and 6), which can adversely affect the beamformer estimation of 

source power. The LCMV beamformer is based on sensor measurements that are 

weighted, and these weightings are data-driven (Barnes and Hillebrand, 2003), based on 

the data covariance matrix specified. For accurate estimation of covariance, and therefore 

an accurate representation of source power, the window specified should ideally be 

longer, however the experimental design may impede this. This was true for Chapters 5 

and 6, where the effects under investigation necessitated short time-windows (250 ms and 

700 ms respectively). To mitigate this problem, the spatial filter was initially computed 

across a longer interval, encompassing time before and after the main (narrow) interval 

of interest. This has the advantage of a more stable covariance matrix. Whole brain power 

images per condition and per participant were subsequently generated only within the 

(narrow) window of interest.  

2.7.1.4 Spatial smoothing 

Images were smoothed using a 12 x 12 x 12 mm Gaussian kernel before being entered 

into the second-level statistical test. Although this affects spatial accuracy, smoothing is a 

necessary step since neuronal currents display local coherence, and it helps to mitigate 

anatomical variability between participants.  
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2.7.1.5 Second-level analysis 

At the second level, smoothed power images per participant were entered into a paired t-

test, and between-condition contrasts were performed to address the study hypotheses. 

In this thesis, the output of the beamformer was a change in power between experimental 

conditions, visualised by superimposing it onto an anatomical MRI template image.  

2.7.1.6 Region-of-interest (ROI) analyses 

The source reconstruction was then constrained to a set of a priori defined ROIs, to 

determine the peak locations of power differences between conditions in each ROI. 

These analyses were performed using separate bilateral masks covering each region. 

Masks were created using the AAL atlas in the WFU PickAtlas software 

(http://fmri.wfubmc.edu/software/pickatlas). Each ROI was defined as follows across all 

experiments (also see Figure 20): 

 Anterior hippocampus: defined from the first slice where the hippocampus 

can be observed in its most anterior extent until the final slice of the uncus 

(Poppenk et al., 2013; Zeidman and Maguire, 2016; Dalton et al., 2018).  

 Posterior hippocampus: defined from the first slice following the uncus 

until the final slice of observation in its most posterior extent (Poppenk et al., 

2013; Zeidman et al., 2015a; Dalton et al., 2018).  

 vmPFC: comprising Brodmann areas 10, 14, 25, and parts of areas 32, 11, 12 

and 13 (Catani et al., 2012; McCormick et al., 2018a). 

 PHC: defined as the posterior portion of the PHC, positioned posteriorally 

from the first slice of the posterior hippocampus (Mullally and Maguire, 

2011).  
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 RSC: comprising Brodmann areas 29–30 (Vann et al., 2009).  

 
Figure 20. Anatomical regions of interest. Sagittal views showing the anterior hippocampus 
(aHipp; green), posterior hippocampus (pHipp; blue), ventromedial prefrontal cortex (vmPFC; 
yellow), posterior parahippocampal cortex (PHC; pink), retrosplenial cortex (RSC; red).  
 

2.7.1.7 Statistical thresholding 

When running beamformers to examine oscillatory effects (Chapters 3-4), the following 

statistical thresholds were used.  

Based on strong a priori hypotheses from the extant literature about both the 

involvement of regions in the scene network (which, depending on the experimental 

paradigm, included the hippocampus, vmPFC, PHC, and RSC), and the relevance of theta 

and other low frequency oscillations, I applied a threshold of p < 0.001 (uncorrected for 

multiple comparisons) with a spatial extent threshold of >100 voxels for whole-brain 

analyses. This is held to provide a balance between protecting against false positives whilst 

enabling the detection of subtler signals.  

Considering each experiment was motivated by strong a priori hypotheses, in a 

second step, the search volume could then be restricted to the predicted regions by 

performing ROI analyses. This was performed in Chapters 3 and 4, for experiments 
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where source oscillatory power was the primary focus. Here, a more stringent family-wise 

error (FWE) corrected threshold of p < 0.05 was applied, with a spatial extent threshold 

of >10 voxels for each ROI.  

2.7.1.8 Estimation of deep neural sources 

Despite the very high temporal resolution enabling dynamic brain activity to be recorded, 

and the minimal signal attenuation or distortion by skull and scalp tissue, MEG is assumed 

to be insensitive to deep sources due to the negative effect depth of electrical activity has 

on the amplitude of magnetic fields. While it is inevitable that spatial resolution does 

decrease with increasing depth (Hillebrand and Barnes, 2002), MEG has been successfully 

used to measure activity in very deep sources, including the thalamus and brainstem (e.g. 

Parkkonen et al., 2009; Papadelis et al., 2012; Attal and Schwartz, 2013; Coffey et al., 

2016). Source reconstruction of the hippocampus, in particular, has been a topic of debate 

(Shigeto et al., 2002; Riggs et al., 2009; Mills et al., 2012; Ruzich et al., 2019). However, 

evidence has accumulated to convincingly establish that MEG can indeed localise activity 

in the hippocampus (Meyer et al., 2017; Pu et al., 2018; Ruzich et al., 2019), including 

during scene construction (Barry et al., 2019a), memory encoding (Crespo-García et al., 

2016), and autobiographical memory retrieval (McCormick et al., 2020). Separate 

intracranial EEG (iEEG), MEG and fMRI studies using the same virtual reality (VR) 

paradigm have also revealed similar hippocampal theta activity between modalities 

(Doeller et al., 2008; Kaplan et al., 2012; Bush et al., 2017). Particularly compelling are 

studies using concurrent MEG and iEEG, where the ground truth is available, which 

have demonstrated MEG can successfully detect hippocampal activity using 

beamforming (Crespo-García et al., 2016) and at the sensor level (Dalal et al., 2013). 

Evidently, the utility of MEG is not restricted to imaging shallow cortical structures, and 
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beamforming has proven to be a powerful technique to reconstruct sources regardless of 

depth. In fact, the ability to detect deep sources depends on many factors, including the 

interference of extraneous noise and the forward model applied.  

In addition to the modelling constraints outlined in this chapter, further 

constraints were imposed when making inferences about the source distribution of the 

data. Previous fMRI and neuropsychological data provided important evidence for the 

recruitment of specific brain regions in the cognitive processes being studied (as noted in 

Chapter 1). This is particularly powerful when comparable paradigms are used in fMRI 

and MEG, with corroborative findings. These sources of evidence form the basis of 

strong a priori predictions about ROIs, and lend greater credence to focal localisation of 

an effect from MEG data.  

2.7.1.9 Interpretation of spectral power changes 

Oscillatory activity can change in response to a task relative to a baseline period (during 

which time it is assumed that there is no task-related activity), or relative to a second task 

to better control certain properties such that a particular cognitive effect can be better 

characterised. The resultant change in activity may be expressed as increases or decreases 

in frequency power (i.e. the amplitude). Many spatial navigation studies have reported 

power increases (e.g. Ekstrom et al., 2005; Bohbot et al., 2017; Bush et al., 2017; Kaplan 

et al., 2017; Aghajan et al., 2017), seemingly reflecting increases in synchronised activity 

in a particular frequency band. However, there is accumulating evidence of power 

decreases when engaging in tasks related to memory, which suggests that power 

attenuation is also a source of rich information, and an important index of neuronal 

activity during episodic memory processes (for reviews, see Hanslmayr et al., 2012 and 
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Herweg et al., 2020). Although the mechanistic role of power decreases is not entirely 

clear, there is sufficient evidence to suggest these decreases have an active role in memory 

encoding (Hanslmayr et al., 2012), the immediate construction of scenes (Barry et al., 

2019a, 2019b), and autobiographical memory recall (McCormick et al., 2020) using MEG.   

How does the electrophysiological signal of MEG relate to the haemodynamic signal 

of fMRI – do they reflect the same underlying neurophysiological processes? Both signals 

originate from post-synaptic (dendritic) currents, however, it is not clear how close the 

correspondence is between these neuroimaging techniques, especially considering the 

large differences in resolution (both spatial and temporal). Nevertheless, power decreases 

in frequencies below 30 Hz during memory encoding have been inversely associated with 

the fMRI BOLD signal (Fellner et al., 2016), and related to enhanced subsequent memory 

recall (see Herweg et al., 2020). Similarly, iEEG studies consistently find decreases in theta 

during episodic memory tasks (e.g. Fellner et al., 2019; Solomon et al., 2019).   

To summarise, decreases in localised oscillatory power observed during scene-related 

processing would, therefore, likely be indicative of increased neural engagement in those 

brain regions. This effect relates to low frequencies (<30 Hz), which were the focus of 

this thesis. It remains unclear, however, why some studies have also reported increases. 

Consequently, at the outset of each study I had an open mind about whether changes in 

oscillatory power would be expressed as increases or decreases, and report all findings in 

subsequent chapters. This is also a topic of discussion I return to in Chapter 7.  
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2.7.2 Sensor-space ERFs 

The neural dynamics underlying higher-level cognitive processes can be characterised not 

only by oscillatory activity, but also by time-locked evoked responses, which I consider 

next. For a detailed account of evoked responses, see Luck (2014).  

In order to observe oscillatory theta activity, at least 5-7 cycles would be needed, 

requiring an experimental time-window of at least 1000 ms. As outlined in the previous 

section, these brain responses are measurable when averaging over numerous trials of the 

same task for a particular frequency band. This contains information about the amplitude 

of the signal, but not its phase (i.e. the precise timing of the maxima and minima of the 

oscillations), making it only time-locked. In contrast, neural responses that are both time-

locked and phase-locked to the onset of a stimulus – also known as evoked responses – 

are transient effects, normally expressed as deflections of the signed (positive or negative) 

signal. These can be thought of as the power of the average across similar epochs (as 

opposed to the average power, as observed in induced, oscillatory responses) and are 

measurable across a wide frequency band. This time-domain analysis can be performed 

with or without source localisation (see Section 2.7.2.2).  

Ideally, for a measurable ERF, a large number of epochs per participant are 

needed. This is quite straightforward for studies using simple stimuli that be repeated 

multiple times, such as auditory tones. However, this is considerably more difficult when 

studying short-lived effects that decay over consecutive trials; a good example of this 

would be the BE phenomenon (described in Chapter 1 and examined in Chapter 5). Some 

study designs also do not allow for large trial numbers due to constraints on the stimuli, 

and in order for scanning sessions to remain manageable in length for the participant. 
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Chapter 6 illustrates these latter challenges. Consequently, a smaller number of trials 

contributed to the ERF in several of my experiments, but despite this being 

disadvantageous to detecting an effect, clear and significant ERFs were nevertheless 

identified in both studies. Furthermore, to compensate for the smaller number of trials, 

data were collected from ≥15 participants, all of whom were highly attentive, engaged in 

the tasks, kept very still, and for whom eye movements were tightly controlled. This 

ensured a high SNR, optimal for ERFs.  

ERF measurements are aptly suited to investigating cognitive effects that are 

dependent on very rapid processing – for example, implicit or covert processing not 

detectable by slow, behavioural measures, such as reaction times. This is particularly true 

for the two aforementioned experiments, both designed to examine transient changes in 

power within time intervals too brief (700 ms or less) to be expressed as oscillatory 

responses.  

In this thesis, I sought to determine the timing and channel locations of 

statistically significant differences in evoked activity between pairs of conditions. This 

approach was used to (a) characterise the time scale of the likely rapid process of BE (an 

implicit form of scene construction; Chapter 5), and to (b) examine the fine temporal 

dynamics of events built from scenes relative to those built from non-scenes (Chapter 6).  

2.7.2.1 ERF analysis 

Following basic filtering step (see 2.6.1), before ERFs could be calculated, data were low-

pass filtered using a two-pass Butterworth filter and a frequency cut-off that was specified 

according to the study’s requirements; in each case, a wide frequency band was selected. 



Building mental experiences: From scenes to events                                                              81 

 
I acknowledge this filter causes a small degree of temporal blurring in either direction, 

although the effect is minimal (~10 ms). Data were then visually inspected and baseline-

corrected, as described in earlier sections. To ensure the observed difference between 

conditions was not already present in the pre-stimulus signal, which would suggest the 

presence of a confound rather than a stimulus-related effect, a pre-stimulus period of -

100 to 0 relative to stimulus onset was included in the plotted ERFs. The amplitudes of 

the group-level effects during stimuli were later shown to not be similar in magnitude to 

differences in this pre-stimulus interval.  

The robust average was then calculated to obtain the ERF per participant per 

condition. This averaging method down-weights outliers when computing the average 

and helps to suppress high-frequency artefacts to minimise trial rejection, particularly 

helpful when only a small number of trials are available (Wager et al., 2005), as was the 

case for the ERF experiments in Chapters 5 and 6.  

ERFs were analysed using the FieldTrip toolbox (Oostenveld et al., 2011) 

implemented in Matlab R2018a. To statistically compare the evoked activity between any 

two conditions, I used a non-parametric cluster-based permutation test, correcting for 

multiple comparisons across all MEG channels and time samples across the specified 

time window (Maris and Oostenveld, 2007). This test controls for the Type I error rate 

by identifying clusters of significant differences over time and sensors, rather than 

performing separate tests for each sample of time and space. I report only effects that 

survived this correction (FWE, p < 0.05). Cluster-level statistics are the sum of t-values 

within each cluster, and this was calculated by taking the maximum cluster-level statistic 

(positive and negative separately), over thousands of random permutations of the 

observed data. The number of permutations varied between 5000 and 10,000, depending 
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on the length of the time-window, since the more permutations the more computationally 

intensive. The obtained p-value represents the probability under the null hypothesis (no 

difference between a pair of conditions) of observing a maximum greater or smaller than 

the observed cluster-level statistics.  

In summary, this approach allowed me to assess whether there were significant 

temporal clusters of differential activity between any two conditions. The statistical test 

can be visualised as a topographic distribution of the difference between conditions, 

providing a broad indication of the location of the effect (see Figure 21 for the 

distribution of MEG sensors as they correspond to broad brain regions).  

 

 
Figure 21.  Distribution of MEG sensors over the head. The locations of sensors are displayed 
corresponding to temporal (yellow), frontal (blue), parietal (pink), and occipital (green) brain 
regions, visualised using the CTF151 helmet layout.  
 

2.7.2.2 Source localisation of evoked responses 

Having established a significant effect at the sensor level, a post-hoc analysis can be 

performed to reconstruct the sources of evoked activity, constrained using the temporal 
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information derived from the ERF. For example, if a significant difference is observed 

between conditions in a cluster between 100 and 200 ms, this is the time-window 

subsequently tested at the source level using beamforming. This can be performed in 

addition to the topographic visualisation of the statistical test already performed at the 

sensor level, and provides a more faithful representation of the distribution of the 

underlying neural activity.  Rather than representing a second statistical test on the same 

data, this is simply performed to visually display the effect already determined at the 

sensor level. The resulting contrast images reveal where there were power changes in one 

condition relative to another (i.e. condition A minus B, and condition B minus A), and 

here were displayed at a liberal threshold (p < 0.05, uncorrected), chosen for illustrative 

purposes. There is some ambiguity regarding the appropriate thresholding to apply to the 

source reconstruction of ERFs once a significant difference is found at the sensor level. 

While it can be argued that a conservative statistical threshold may not be necessary, I 

also determined which of these active regions survived more stringent correction (p < 

0.005, uncorrected), to obtain a sense of the spatial extent of activation comparable to 

more typical source reconstruction statistical thresholding levels (as applied in other 

experiments where the primary focus was on source reconstruction of oscillatory activity; 

Chapters 3 and 4).  

Beamforming is commonly used to perform this source reconstruction. This is 

despite the fact that beamforming lies on the assumption that each source has its own 

unique time-course, not linearly correlated with another source (Hillebrand and Barnes, 

2005). Partially correlated sources can be detected, but perfectly linearly correlated 

sources will likely result in little or no power being detected. The shorter time windows 

of ERFs (typically <100 ms) can also lead to low degrees of freedom and spurious 
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correlations. The challenge imposed by correlated sources means beamforming 

approaches are particularly tuned to reconstructing brain responses that occur over longer 

time intervals. However, transient evoked responses have been successfully localised with 

beamforming, despite the probable high similarity of the time-series of any two sources 

in evoked, time-locked activity (Cicmil et al., 2014; García-Pacios et al., 2015; Popov et 

al., 2018; Halder et al., 2019; Pscherer et al., 2020).  This is likely because evoked activity 

is rarely perfectly correlated over every epoch – there will be some temporal jitter, 

permitting the computation of the covariance matrix in a time-domain beamformer like 

the LCMV method. Despite the success of using beamforming approaches to reconstruct 

sources of evoked responses, many researchers make the decision to not report source 

reconstruction.  

It is worth remembering that when data are beamformed, the polarity of the ERF 

amplitude is lost, so that the resulting group images depict only a change in power. This 

makes any comparison between the polarity of the ERF difference, and the source 

reconstructed decreases or increases in power, problematic. That is to say, if the ERF 

shows a negative deflection for condition A, and a positive deflection for condition B, 

this does not necessarily correspond to a decrease in source power for A, and an increase 

for B. This also means that observing a negative or positive ERF does not mean a 

decrease or increase in brain activity.  

2.7.3 Effective connectivity 

Having established differences in neural engagement between experimental conditions, I 

then explored the effective connectivity between active sources. I used DCM (Friston et 

al., 2003; Kiebel et al., 2009) to infer how directional connectivity was modulated by tasks. 
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Using this approach, each a priori hypothesis of the causal influence of one region over 

another is embodied in a neural mass model based on particular data features (such as 

ERFs). Electrophysiological DCMs use neural mass models that summarise the activity 

within a specified cluster of neurons. I employed a convolution-based local field potential 

biophysical model, used for EEG/MEG data (Moran et al., 2009, 2013; Barry et al., 

2019a). Intrinsic connectivity between different cell populations within a region are 

estimated. Extrinsic afferent inputs are categorised as forward, backward or lateral 

depending on which subpopulations these afferents project to (Felleman & Van Essen, 

1991). Forward connections (“bottom up”) project to spiny stellate neurons in middle 

cortical layers, backward connections (“top down”) project to both excitatory pyramidal 

neurons and inhibitory interneurons, and lateral connections project to all cell 

populations. Each competing model is based on anatomical knowledge of the 

connections between these regions.  

Once models were fitted to the MEG data, random-effects (RFX) Bayesian Model 

Selection (BMS) was then used to compare the evidence for these different biologically 

plausible models that varied according to which connections were modulated by the 

experimental condition (Stephan et al., 2009). The RFX procedure does not assume the 

optimal model is the same across all participants, making it more accurate and robust 

against outliers than fixed-effects approaches, since variability in brain activity across 

participants is to be expected when studying a complex cognitive process (Stephan et al., 

2010). BMS therefore identifies the “winning” model out of these possible explanations 

of the data (Stephan et al., 2009).  

Three simple models were specified: two unidirectional models (region A 

influences B; region B influences A) and a bidirectional model of mutual entrainment 



Building mental experiences: From scenes to events                                                              86 

 
(region A and B influences each other via reciprocal connections). Figure 22 provides an 

example of the application of these three models to the vmPFC and hippocampus. This 

allowed me to directly compare alternative unidirectional “master-slave” relationships, 

but also to directly compare each of these models with bidirectional mutual entrainment, 

where neither region exerted a stronger influence over the other. When applied to my 

data, I determined the winning model to be the one with the greatest exceedance 

probability (the maximum would be 100%), which provides a measure of how likely one 

model is, compared to all other models across the group of participants as a whole. 

Evidence for each model was a balance between the goodness-of-fit of the model with 

how parsimonious an explanation it provided, using the minimum number of parameters 

possible (also known as free energy).  

In the analyses presented in Chapter 3 and 4, I used RFX BMS and plotted the 

exceedance probabilities for each model. In Chapter 3, where scene construction was 

examined step-by-step, separate models were specified for each stage of construction, 

allowing me to track changes in effective connectivity across time. In Chapter 4, where 

the type of object constructed at each of these stages was examined, the primary question 

concerned which connections were modulated by SD objects relative to SA objects. 

Therefore, a contrast between object conditions was performed. This was set as [1 -1], 

where the average of the two conditions is treated as the baseline, a set-up particularly 

suitable for paradigms where there is no low-level baseline condition.  
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Figure 22.  Example of dynamic causal models involving two regions. Three models are 
specified (left to right) in this example: the ventromedial prefrontal cortex (vmPFC) influences 
the hippocampus (Hipp), the hippocampus influences the vmPFC, and the two regions are 
mutually entrained.  
 

A second analysis can be performed when seeking to compare only the two top 

models (those with the highest exceedance probability).  To assess the consistency of the 

model fit of these two models, they can be compared by calculating the log Bayes factor 

(the ratio of the model evidence of model 1 to the model evidence of model 2).  Log 

Bayes factor can be interpreted more easily by converting to a p-value, where a probability 

of 95% is the equivalent of a Bayes factor of 3. In Chapter 4, I calculated the log Bayes 

factor for the two unidirectional models, which in this case demonstrated the highest 

exceedance probability. Details on the particular DCM approach utilised are given in the 

specific experimental chapters.  

Broadly speaking, two different kinds of DCM were applied to my data. Below, I 

briefly describe each in turn.   
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2.7.3.1 DCM for cross-spectral densities (CSD) 

DCM for CSD (Kiebel et al., 2009; Moran et al., 2009) was used to assess how source 

localised pairs of brain regions dynamically interacted during the step-by-step mental 

construction of scenes and arrays studied in Chapters 3 and during scene construction 

involving different object types in Chapter 4. This was based on the spectral features of 

the data during each 3000 ms-long construction period. For this kind of DCM, to test 

competing biologically plausible hypotheses of the direction of information flow from 

one brain region to another, these relationships are modelled and fitted to the spectral 

components of the data. Furthermore, multiple models are directly compared in the same 

model space to establish which model best explains the observations. This revealed the 

different connectivity profiles of each experimental condition, contributing to the 

observed difference in spectral power. In each case, the three two-region models were 

specified.  

2.7.3.2 DCM for event-related signals  

DCM for event-related signals (Garrido et al., 2007) is a type of DCM applied to evoked 

responses measured with MEG, and was used in Chapter 5. For these data, effective 

connectivity was assessed between a number of brain regions identified from post-hoc 

source reconstruction. The time interval during which the BE effect was observed at the 

sensor level was the focus. A “NoBE” condition also existed, which was examined 

separately, thereby revealing different connectivity profiles for trials where BE occurred 

and where it did not. Due to the time interval being short (45.5 ms), I modelled the data 

across a broader interval (60 ms) within which the significant BE effect was detected, 

enabling better modelling of the early evoked response observed. For both conditions, 
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three simple models were again specified. The data fit between the event-related signals 

defined in the modelling was maximised, and BMS was again used to reveal the winning 

model.  

2.8 MEG summary 

In summary, by leveraging the fine temporal resolution of MEG, combined with its 

reasonable spatial resolution, this enabled me study the temporal dynamics underpinning 

construction cognitive processes, both related to scenes and non-scenes, that included 

imagining objects as they are integrated into a scene representation (Chapters 3 and 4), 

rapid implicit scene construction that serves to extend beyond the boundaries of the 

current scene (Chapter 5), and individual scenes as they unfold to give rise to an event 

(Chapter 6).  Figure 23 provides an overview of the analysis pipeline.  

 

 
Figure 23.  MEG data pre-processing and analysis pipeline. An overview of the steps taken 
to pre-process the raw data (filtering, epoching and artefact removal), before a source 
reconstruction or ERF analysis was performed. Following detection of differences at the source 
level, peaks of identified brain activity served as seed regions for analyses of effective connectivity. 
Source reconstruction of evoked responses is also subsequently performed.   
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3 Building scenes 

3.1 Précis 

The hippocampus and vmPFC are two brain regions that have been consistently 

implicated in supporting a range of cognitive functions including 

episodic/autobiographical memory recall and future thinking.  As previously noted, it has 

been suggested that the ability to generate visual scene imagery may underlie these 

seemingly disparate processes. As a reminder, a scene is defined here as a naturalistic 3D 

spatially-coherent representation of the world typically populated by objects and viewed 

from an egocentric perspective. It is unclear whether scene processing in particular 

engages the hippocampus and vmPFC over and above other types of multi-component 

stimuli. In my first experiment, I leveraged the high temporal resolution of MEG to test 

participants as they gradually built scene imagery, and contrasted this with the closely 

matched construction of mental images of non-scene arrays. This paradigm permitted a 

closer examination of step-by-step mental construction than has been undertaken 

previously. This enabled me to better characterise the engagement of the hippocampus 

and vmPFC and their effective connectivity throughout construction, and determine 

whether their neural dynamics were particularly attuned to scene representations.  

3.2 Introduction 

The hippocampus plays a key role in episodic memory (Scoville and Milner, 1957), spatial 

navigation (O’Keefe and Dostrovsky, 1971), and a range of other cognitive domains 

(reviewed by Clark and Maguire, 2016; McCormick et al., 2018a).  Perspectives differ on 
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precisely how the hippocampus supports these diverse cognitive functions. Nevertheless, 

there is general agreement that its contribution involves constructing representations 

comprised of numerous elements (Cohen and Eichenbaum, 1993; Lee et al., 2005; 

Hassabis and Maguire, 2007; Schacter and Addis, 2007; Yonelinas et al., 2019).  

As discussed in Chapter 1, visual scenes are paradigmatic multi-element stimuli, 

perhaps explaining why scene stimuli have been used extensively to test hippocampal 

function.  Patients with hippocampal damage show scene-related perceptual, imagination 

and mnemonic impairments (Lee et al., 2005; Hassabis et al., 2007b; Mullally et al., 2012b; 

Aly et al., 2013), and fMRI studies have pinpointed the anterior hippocampus in particular 

as being engaged during scene perception and imagination (Hassabis et al., 2007b; 

Graham et al., 2010; Zeidman et al., 2015a, 2015b; Hodgetts et al., 2016; Zeidman and 

Maguire, 2016). Lesions to the vmPFC also adversely affect scene imagination (Bertossi 

et al., 2016a). Moreover, a recent MEG study, where participants had 3000 ms to 

immediately imagine full scenes in response to single cue words (e.g. “jungle”), 

documented theta power decreases in the anterior hippocampus and vmPFC during scene 

imagination, with the latter driving activity in the hippocampus (Barry et al., 2019a).   

Nevertheless, it remains unclear whether scenes preferentially engage the 

hippocampus and vmPFC.  This is important to understand because it directly informs 

theories of how the hippocampus and vmPFC operate and, as a consequence, how they 

enable cognitive functions such as episodic memory. To reprise briefly, one account, the 

scene construction theory, posits that scenes are preferentially processed by the 

hippocampus (Hassabis and Maguire, 2007; Maguire and Mullally, 2013), with vmPFC 

driving hippocampal activity (McCormick et al., 2018a; Barry and Maguire, 2019a, 2019b; 

Ciaramelli et al., 2019). By contrast, the relational theory argues that it is the associating 
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of multiple elements that requires hippocampal input, irrespective of whether scenes are 

the outcome of such processing (Cohen and Eichenbaum, 1993; see also Yonelinas et al., 

2019 for a related perspective).  

To help adjudicate between these perspectives, Dalton et al. (2018) devised an 

fMRI paradigm which involved gradually building mental representations over three 

construction stages. This approach was based on previous work that reported three 

objects and a 3D space seem to be sufficient to generate the mental experience of a scene 

(Summerfield et al., 2010; Mullally and Maguire, 2013). Hence, in one condition Dalton 

et al. (2018) had participants build scene imagery from three successive auditorily-

presented object descriptions imagined with a 3D space. This was directly compared to 

constructing images of non-scene arrays, composed of three objects and a 2D space. The 

scene and array stimuli were, therefore, highly matched in terms of content, and the 

associative and mental constructive processes they evoked. Focussing on the MTL and 

averaging across the full imagery construction period, Dalton et al. (2018) found that the 

anterior medial hippocampus was engaged preferentially during the mental construction 

of scenes compared to arrays during fMRI.  This hippocampal involvement was not 

observed, however, when participants imagined 3D and 2D spaces on their own (i.e. with 

no objects; see Zeidman et al., 2012 for a similar result). Consequently, it would seem that 

the anterior hippocampus is particularly sensitive to representations that combine objects 

with a 3D space.  

 In the current study, I sought to extend previous work to offer novel insights into 

the construction of mental representations. In the Barry et al. (2019a) MEG study, 

participants imagined a full scene within 3000 ms, and this was compared to a low-level 

baseline (imagining single isolated objects).  In the Dalton et al. (2018) fMRI study, scenes 
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were compared to non-scene arrays, but given the slow nature of the haemodynamic 

response, it was not feasible to examine the three construction stages separately. By 

contrast, here I combined these highly matched scene and array construction tasks with 

the high temporal resolution of MEG to study the neural dynamics associated with each 

of the three construction stages. I could therefore provide time-resolved insights into the 

step-by-step process of scene and non-scene array construction and the specificity of 

neural responses (if any) to scenes.  

I focused on two regions of interest, the anterior hippocampus and the vmPFC, 

given the previous neuropsychological and neuroimaging evidence of their particular 

importance for scene construction.  Moreover, my main interest was in theta, since there 

is a long history linking theta with hippocampal function, particularly from rodent studies 

(for a review, see Colgin, 2016; Karakaş, 2020). The focus on theta reflects this context, 

but also the previous MEG study associating theta with immediate full scene construction 

(Barry et al., 2019a). I predicted that theta power would be decreased relative to baseline, 

consistent with previous findings of attenuated power associated with the immediate 

construction of full scenes (Barry et al., 2019a, 2019b) and autobiographical memory 

recall (McCormick et al., 2020) using MEG. Moreover, as as noted in Chapter 2, power 

decreases in frequencies below 30 Hz during memory encoding have been inversely 

associated with the fMRI BOLD signal (Fellner et al., 2016), and related to enhanced 

subsequent memory recall (for reviews see Hanslmayr et al., 2012 and Herweg et al., 

2020). Similarly, iEEG studies consistently find decreases in theta during episodic 

memory (e.g. Fellner et al., 2019; Solomon et al., 2019; but see Ekstrom et al., 2005; Bush 

et al., 2017; Kaplan et al., 2017). Larger decreases observed during scene construction 
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would, therefore, likely be indicative of increased neural engagement of the hippocampus 

and vmPFC.  

I also had hypotheses about how oscillatory power might change across the three 

construction stages. This prediction took account of the previous findings of anterior 

hippocampal and vmPFC activity during immediate scene construction (where 

participants had 3000 ms to immediately imagine a fully realised scene; Barry et al., 2019a), 

and also in the very earliest stage of autobiographical memory retrieval, which also 

involves scene construction (McCormick et al., 2020). Concordant with these previous 

findings, I predicted that anterior hippocampus and vmPFC power changes would be 

strongest during the first and possibly second stage of scene, but not array, construction.  

Different views exist about the nature of interactions between the hippocampus 

and cortical areas such as the vmPFC in supporting memory and, I would add, building 

scene representations. For instance, some accounts place the hippocampus at the heart 

of such processing and believe it recruits neocortical regions in the service of this 

endeavour (Teyler and DiScenna, 1986; Teyler and Rudy, 2007). If this is the case, then 

the hippocampus should drive activity in vmPFC during the earliest stage of scene 

construction, and perhaps also during the subseqent stages.  

This perspective stands in contrast to the model of scene construction that I  

articulated previously in Section 1.4 (McCormick et al., 2018a; Ciaramelli et al., 2019). 

Within this architecture, vmPFC initiates the activation of schematic and other knowledge 

in neocortex that is relevant for a specific scene, while inhibiting elements that are not 

relevant. This information is conveyed to the hippocampus, which starts to construct the 

scene. The vmPFC then engages in iterations via feedback loops with neocortex and 
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hippocampus to continually update the scene. I predicted that during the first stage of 

scene construction the vmPFC would drive the hippocampus. For the subsequent scene 

construction stages, I hypothesised there would be mutual entrainment between the two 

areas, reflecting the feedback loops between them.  

My hypotheses aligned with the scene construction theory.  However, given the 

similarity of the scene and array conditions, my paradigm was also capable of revealing if 

scenes and arrays were treated similarly by the hippocampus, which I believe would be 

the prediction of relational theorists, given their position that any form of associative 

processing should recruit this region. 

3.3 Materials and methods 

3.3.1 Participants 

Twenty healthy, right-handed participants (13 female; mean age = 25.50 years; Std Dev 

= 4.70) took part in the experiment.  

3.3.2 Stimuli 

During MEG scanning, participants performed two closely matched tasks adapted from 

Dalton et al. (2018).  Both tasks involved participants mentally constructing images with 

their eyes open while looking at a blank, grey screen (Figure 24).  

For the scene task, participants were asked to first imagine a 3D grid covering 

approximately the bottom two-thirds of the blank screen.  They then heard three object 

descriptions, presented one at a time, and they imagined each object on the 3D grid, each 
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in a separate location that was specified in advance by the trial’s visual cue (Figure 24).  

The participants were explicitly instructed to link the three objects together and with the 

3D space, as they formed their mental representations. Specifically, after the first object 

description, participants were told to imagine each subsequent object whilst continuing 

to maintain the image of the grid and previous object(s), without rearranging objects from 

their original cue-defined positions. By the final object description, the entire mental 

image created by participants was a simple scene composed of a 3D grid and three objects.  

For the array task, participants were asked to first imagine a regular, flat 2D grid 

covering approximately the bottom two-thirds of the screen. They then heard three object 

descriptions, presented one at a time, and they imagined each object on the 2D grid, each 

in a separate location that was specified in advance by the trial’s visual cue (Figure 24). 

The participants were explicitly instructed to link the three objects together and with the 

2D space as they formed their mental representations. Specifically, after the first object 

description, participants were instructed to imagine each subsequent object whilst 

continuing to maintain the image of the grid and previous object(s), without rearranging 

objects from their original cue-defined positions.  By the final object description, the 

entire mental image created by participants was a simple array composed of three objects 

on a flat 2D grid.  In this array task it was emphasised to participants they should link the 

objects and the space together, but not in a way that would create a scene.  

For both scene and array tasks, a visual cue determined the three specific locations 

where participants should imagine each object during a trial. The identity of the objects 

was not provided at this point, only where they ought to be placed when being imagined 

while looking at the blank screen. Object descriptions were auditorily presented to the 

participant during the subsequent mental construction stages (Figure 24). There were four 
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different cue configurations (Figure 25A) which were randomised across the experiment, 

and the frequency of each was matched across scene and array conditions. I emphasised 

to participants the importance of following the cue configurations as precisely as possible. 

The purpose of prescribing the object configuration at the start of a trial was to ensure 

matched oculomotor behaviour between the scene and array conditions, consistency 

across participants, and that objects were imagined as separate and non-overlapping, 

occupying the full extent of the grid.  In MEG, more so than fMRI, it is crucial to control 

for eye movements when making between-task comparisons, as discussed in Ocular 

artefacts in Section 2.5.2.2, to avoid erroneously attributing movement of ocular dipoles 

to changes in brain activity. The final design of these four visual cues was informed by 

participant feedback during a behavioural pilot study I conducted prior to the main MEG 

experiment. By including a small number of distinct and easy to follow cue configurations, 

I believe that a balance was achieved between not over-complicating the task by 

introducing additional working memory load, and maintaining attention by having a small 

degree of unpredictability trial-to-trial in the object configuration to be followed.  

Participants were asked to construct novel mental images of objects based on the 

descriptions alone, and not to draw on memories associated with the objects described, 

or to recall specific objects of their acquaintance. In addition, they were told to imagine 

only the objects described and not add other elements to a scene or array. All imagery 

was to remain static and they were required to maintain a fixed viewpoint, as though 

looking at the image in front of them, rather than imagine moving parts of objects or 

imagine themselves moving through space.  

The object descriptions were the same as those used in the original fMRI study 

(Dalton et al., 2018), and each description was heard only once.  The objects were rated 
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by a separate group of participants on a range of properties by Dalton et al. (2018), which 

enabled me to ensure that the scene and array conditions were closely matched in terms 

of the number and order of presentation of space-defining and space-ambiguous objects2 

(t(71) = 0.497, p = 0.620) (Mullally and Maguire, 2011, 2013), ratings of object permanence 

(t(71) = 0.178, p = 0.859) (Mullally and Maguire, 2011), as well as the number of syllables 

in the objects descriptions (t(71) = 0.327, p = 0.745) and utterance duration (t(71) = 0.169, p 

= 0.866).  Furthermore, all objects were rated as highly imageable, obtaining a score of at 

least 4 on a scale from 1 (not imageable) to 5 (extremely imageable). Objects in each triplet 

were not contextually related to each other – as part of the piloting in Dalton et al.'s 

(2018) fMRI study, if a triplet was deemed consistently across participants to contain 

objects that were related, this triplet was not included in the main experiment. 

Furthermore, in my study, object triplets were counterbalanced across conditions such 

that for some participants a triplet was in the scene condition and for others it was in the 

array condition. In this way, I controlled for semantic elements across conditions.  

Importantly, and to reiterate, during both tasks the participants viewed a blank screen, so 

there was no difference in visual input between conditions. 

A third task was also included in my study. Participants heard a backward 

sequence of three numbers, after which they were instructed to mentally continue 

counting backwards. The sole function of this task was to provide participants with relief 

from the effortful imagination required of the scene and array trials.  This counting task 

was not subject to analysis.  

                                                 

2 Of note, in Chapter 4 I report the results of a separate experiment, in a new group of participants, that 
specifically examined the space-defining/ambiguous object property (as well as permanence), using these 
same stimuli (see section 4.3.2).  
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Figure 24.  Structure of a trial. The top panel shows the timeline of, in this case, a scene trial. 
In the middle panels, an example cue configuration is shown on the left, and what participants 
imagined as they mentally constructed a scene or an array is shown on the right.  Of note, during 
the 3 s construction stages and 6 s maintenance period, participants were looking at a blank screen, 
and images here merely serve as illustrations for the reader. Examples of the auditorily presented 
object descriptions during each stage are provided in the bottom panel.   

 

 To summarise, scene and array tasks were identical except for one manipulation 

– imagining objects on a 3D grid induced a sense of depth and perspective, resulting in a 

mental representation of a scene, in contrast to imaging objects on a 2D grid which 

resulted in a mental representation of a non-scene array.  This close matching of the scene 

with the array tasks meant any differences in neural activity could not simply be attributed 

to more general mental construction processes.  Moreover, the use of MEG meant that 

I could now examine the step-by-step construction of these representations with 

millisecond precision.  
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3.3.3 Pre-scan training 

Before entering the scanner, participants were trained to become familiar with the task 

requirements. They completed four practice trials per task on a desktop computer in a 

darkened room, to liken the experience to that in the scanner environment.  After each 

trial they rated the vividness of the mental imagery on a scale of 1 (not vivid at all) to 5 

(extremely vivid). If they gave a rating of 3 or lower on any trial, the instructions and 

practice items were repeated. A score of 4 or more qualified them to proceed to the MEG 

experiment. After one of the practice trials per task, participants drew what they were 

able to imagine (Figure 25B). The main purpose of the drawings was to ascertain whether 

a participant drew objects corresponding to the auditory descriptions, in the correct cue-

specified locations, and on a 3D or 2D grid, indicating whether objects were correctly 

imagined in a 3D or 2D space. I checked that all three criteria were met after each drawing.   

3.3.4 Task procedure 

On each trial (Figure 24), a visual cue was presented for 4000 ms that contained both the 

identity of the task (scene or array) and the configuration of locations at which the objects 

should be imagined on the grid following each auditory object description. Following the 

cue, participants fixated on the centre of the screen for 1000 ms before the start of the 

imagination period (~15 seconds), during which they engaged in mental imagery whilst 

hearing three auditory object descriptions one after another. Participants were instructed 

to move their eyes to where they were imagining each object on the screen. Each object 

description lasted approximately 2000 ms, followed by a silent 1000 ms gap before the 

presentation of the next object description, so that each object imagination period was 

3000 ms in duration. These three construction stages were my main interest, and the focus 
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of the data analyses, since my hypotheses concerned the construction process.  After the 

final object description, there was an additional 6000 ms silent period where participants 

maintained the image of the fully realised scene or array they had created, which was 

included in order to avoid an abrupt transition between trials (Figure 24). This 

maintenance period was examined as a secondary analysis. Participants then rated how 

vividly they were able to imagine the scene or array on that trial on a scale of 1 (not vivid 

at all) to 5 (extremely vivid), self-paced with a maximum duration of 3000 ms.  An inter-

trial interval (ITI) of 2000 ms preceded the next trial.  

A total of 24 trials per task were presented in a pseudorandomised order across 

four separate blocks – two blocks of twenty and two blocks of nineteen trials. This 

ensured that no more than two trials belonging to one condition were presented 

consecutively. To ensure participants attended to the tasks throughout scanning blocks, 

I included an additional six catch trials (two per task, including the low-level counting 

backwards task) pseudorandomly presented across all four scanning blocks such that 

every block contained at least one catch trial. During a catch trial, participants were 

required to press a button when they heard a repeated object description or number 

within a triplet.  

3.3.5 In-scanner eye tracking 

An Eyelink 1000 Plus (SR Research) eye tracking system with a sampling rate of 2000 Hz 

was used during MEG scanning to monitor task compliance. For some participants the 

calibration was insufficiently accurate, leaving 15 data sets in the eye tracking analyses.  
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3.3.6 Post-scan surprise memory test 

Following the experiment, participants completed a surprise item memory test for the 

scene and array tasks, outside of the scanner on a desktop computer. Participants were 

presented with all individual auditory object descriptions heard during the scanning 

experiment (72 scene and 72 array objects – 24 trials of each condition comprised of three 

objects each) and an additional 72 lure object descriptions not previously heard. Auditory 

descriptions were presented one at a time, and the order of object descriptions was 

randomised. After hearing each description, participants pressed a button to indicate 

“yes” if they remembered hearing that object description during the scanning experiment 

or “no” if they did not. They then rated how confident they felt about their answer on a 

scale from 1 (low confidence) to 5 (high confidence). Both responses were self-paced, 

with a maximum of 5000 ms for each.   

I chose not to include an associative memory test.  This decision was informed 

by the previous experience of Dalton et al. (2018) using the same task during fMRI. They 

reported that in a post-scan surprise associative memory test there was no difference 

between the scene and array conditions, but participants performed at chance. As part of 

a separate behavioural pilot study, I asked participants to perform a source memory test, 

to see whether participants would perform at a similar (chance) level to the associative 

memory test, or whether it would be a useful addition to the surprise memory testing 

post-scan. In this task, participants indicated whether each object description was 

originally encountered as part of a scene or an array. Again, participants performed at 

chance, with no difference between scenes and arrays, and consequently this memory test 

was not included in the main study. These previous and pilot findings are not surprising. 

Tests of associative and source memory are challenging in the context of this paradigm, 
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because participants were not explicitly told in advance that memory would be 

subsequently tested. The scene and array tasks were instead designed to be “in the 

moment” imagination tasks. 

3.3.7 Post-scan debriefing 

Upon completion of the memory test, participants were asked about their experience of 

performing the scene and array tasks. Ratings completed during this debriefing are 

reported in the Results section (also see Table 1).  

The visit of each participant took approximately 2.5 hours in total, including 

training, set up in the MEG scanner and eye tracker calibration, the experimental task 

(~40 minutes), and the post-scan session.  

3.3.8 Behavioural data analysis 

Ratings for scene and array per-trial vividness during scanning were compared using 

paired-samples t-tests, as were the ratings from the post-scan debriefing session. Eye 

tracking comparisons between scene and array tasks were performed using paired-

samples t-tests to examine eye movements and fixations across the full 9000 ms 

construction period. Where relevant, two-way repeated measures ANOVAs were also 

used to assess the effects of task (scene, array) and construction stage (first, second, third) 

in the eye tracking data. For the post-scan surprise memory test, to determine whether 

memory for object descriptions was above chance for scenes and arrays, one-sample t-

tests were performed.  The memory test data were also analysed using two-way repeated 

measures ANOVAs which assessed the effects of task (scene, array) and construction 
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stage (first, second, third). Statistical analyses were performed using SPSS25 

(https://www.ibm.com/products/spss-statistics), using a significance threshold of p < 0.05.  

3.3.9 MEG data acquisition 

MEG data were acquired using the whole-head 275 channel CTF Omega MEG system 

with a sampling rate of 1200 Hz, as describe in Chapter 2.  

3.3.10 MEG data pre-processing 

MEG recordings were filtered with a 1 Hz high-pass filter, 48-52 Hz stop-band filter, and 

98-102 Hz stop-band filter, to remove slow drifts in signals from the MEG sensors and 

power line interference. Epochs corresponding to the three scene construction stages and 

three array construction stages were each defined as 0 to 3000 ms relative to the onset of 

each object description, while epochs corresponding to the scene and array maintenance 

periods were defined as 0 to 6000 ms relative to the offset of the third construction stage.  

Scene and array baseline periods were defined as 1000 to 2000 ms relative to the onset of 

the ITI preceding a scene or array trial. This final 1000 ms of the ITI was chosen as it 

provided the most separation from task-related activity – the on-screen visual cue was 

not an appropriate baseline since this contained important preparatory information 

pertinent to the upcoming scene or array to be constructed. Epochs were concatenated 

across trials for each condition and across scanning blocks.  

3.3.11 MEG data analysis  

All MEG analyses were conducted using SPM12 (www.fil.ion.ucl.ac.uk/spm).  



Building mental experiences: From scenes to events                                                              105 

 
3.3.11.1 MEG source reconstruction 

Source reconstruction was performed using the DAiSS toolbox 

(https://github.com/SPM/DAiSS) implemented in SPM12 (www.fil.ion.ucl.ac.uk/spm) and 

results were visualised in MRIcroGL (https://www.mccauslandcenter.sc.edu/mricrogl) using 

the MNI 152 T1 image. The LCMV beamformer algorithm (Van Veen et al., 1997) was 

used to generate maps of power differences between conditions at each construction 

stage. For each participant, a set of filter weights was built based on data from all six 

construction stages (three for scenes and three for arrays) within the theta band (4-8 Hz) 

and a 0 to 3000 ms time window relative to object description onset. Coregistration to 

MNI space was performed using a 5 mm volumetric grid and was based on nasion, left 

and right preauricular fiducials. The forward model was computed using a single-shell 

head model (Nolte, 2003).  

At the first level, whole brain theta power was estimated within each construction 

stage for each condition, creating one weight-normalised image per construction stage 

per participant. The images were smoothed using a 12 mm Gaussian kernel. To determine 

the peak locations of power differences between the scene and array tasks in the anterior 

hippocampus and vmPFC, at the second level I performed a t-contrast at each of the 

three construction stages (for example, scene construction stage 1 relative to array 

construction stage 1).  An uncorrected whole brain threshold of p < 0.001 with a cluster 

extent threshold of >100 voxels was applied to each contrast, in line with numerous other 

MEG studies (e.g. Lieberman and Cunningham, 2009; Hanslmayr et al., 2011; Kveraga et 

al., 2011; Kaplan et al., 2012; Cushing et al., 2018; Barry et al., 2019a). This is held to 

provide a balance between protecting against false positives whilst enabling the detection 

of subtler signals. This was followed by ROI analyses where I focused on my two regions 
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of interest, the anterior hippocampus and the vmPFC using separate bilateral masks 

covering each of these two regions, again conducted in SPM12. I included a separate 

bilateral posterior hippocampal mask for completeness. A FWE corrected threshold of p 

< 0.05 was applied, with a spatial extent threshold of 10 voxels for each ROI.  Peaks in 

the hippocampus and vmPFC provided the seed regions for subsequent effective 

connectivity analyses. The beamformer analysis was also repeated in the alpha (9-12 Hz) 

and gamma (31-100 Hz) bands to examine whether effects of task at each stage were 

confined to the theta range. For completeness, and while not of primary interest, a similar 

beamformer analysis was performed for the maintenance period (0 to 6000 ms) that 

followed the third construction stage of scenes and arrays.  

To investigate whether engagement of the anterior hippocampus and vmPFC 

changed across the three construction stages during each condition, I used the same 

source extracted theta power obtained with the beamformer for an additional analysis. 

Using the previously defined masks (anterior hippocampus, vmPFC and posterior 

hippocampus), I extracted ROI-specific power values from each of the smoothed first 

level images. Power was subsequently averaged across each ROI, to produce an average 

for each participant at each of the six construction stages. The same source reconstruction 

protocol was performed for a pre-trial fixation baseline time-window, which was then 

subtracted from each task stage to ascertain whether theta power originating from each 

ROI during task engagement corresponded to an increase or attenuation of power. Data 

were then entered into two-way repeated measures ANOVAs implemented in SPSS25, 

allowing me to evaluate changes in power between scene and array tasks and across 

construction stages (task × stage). Where the assumption of sphericity was violated using 

the Mauchly test, Greenhouse-Geisser corrected degrees of freedom were reported. 
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Paired-sample t-tests were performed for each ROI in cases of a significant main effect 

or interaction, using a conservative significance level of p < 0.01.  

3.3.11.2 Effective connectivity 

To assess how the hippocampus and vmPFC interacted during each of the three 

construction stages for both scenes and arrays, I used DCM for cross spectral densities 

(Moran et al., 2009). This is described in some detail in Section 2.7.3.1, but to reprise 

briefly, this approach permits the comparison of biologically plausible models 

representing my a priori hypotheses of the directed influence one region has over another, 

as well as mutual entrainment between regions (Friston, 2009; Kahan and Foltynie, 2013). 

A convolution-based local field potential biophysical model used for EEG/MEG data 

(Moran et al., 2009, 2013; Barry et al., 2019a) was applied. Intrinsic connectivity between 

different cell populations within a region are estimated as part of every model.  Extrinsic 

afferent inputs are categorised as forward, backward or lateral depending on which 

subpopulations these afferents project to (Felleman and Van Essen, 1991). Bayesian 

model selection (BMS) was then used to compare the evidence for different competing 

models that varied according to which connections were modulated by the experimental 

condition (Stephan et al., 2009).  

For each construction stage, I tested three models corresponding to three 

competing hypotheses regarding hippocampal-vmPFC connectivity: (1) hippocampus 

drives vmPFC, (2) vmPFC drives hippocampus, and (3) hippocampus and vmPFC are 

mutually entrained. When applied to my data, the exceedance probability (EP) provided 

a measure of how likely each model was, compared to all other models across the group 
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of participants as a whole. The model with the highest exceedance probability represented 

the winning model.  

3.4 Results 

The goal of this study was to examine whether the anterior hippocampus and vmPFC 

supported step-by-step scene construction whilst using the array condition to control for 

neural responses associated with objects, and general associative and constructive 

processing.  I first examined the behavioural data to assess whether the participants 

adhered to the task instructions and to ascertain if there were any differences between the 

scene and array tasks that might have influenced the neural activity.  

3.4.1 Behavioural results 

3.4.1.1 Did participants engage in the scene and array tasks and adhere to instructions? 

Several methods were used to assess whether participants paid attention during scene and 

array trials, engaged in mental imagery, and complied with task-specific instructions 

throughout the experiment.  

Pre-scan training 

After performing scene and array practice trials during the pre-scan training, participants 

drew what they imagined on each trial, to ensure they could closely follow the task 

instructions and cue configurations. Scene and array drawings demonstrated participants 

formed the appropriate mental representations, related the objects and the space together 

in a coherent way, and were able to mentally place the objects in the locations indicated 

by the cue configurations (see examples in Figure 25B).  
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Catch trials 

Catch trials were included in each scanning block whereby participants were instructed to 

press a button whenever they heard a repeated object description (or number) within a 

trial. On average 98.33% (Std Dev = 0.31) of catch trials were correctly identified, 

suggesting participants remained attentive throughout the experiment.  

In-scanner eye tracking 

Heat maps of the spatial pattern of fixations for the cue configurations confirmed not 

only remarkably close adherence to the instructions trial-by-trial, but also consistency 

across participants (Figure 25A). The eye tracking data were also examined for any 

differences between the scene and array tasks over the full 9000ms construction period, 

of which none were evident – fixation count (t(14) = 0.239, p = 0.814), fixation duration 

(t(14) = 0.559, p = 0.585), saccade count (t(14) = 0.322, p = 0.752), saccade amplitude (t(14) = 

0.752, p = 0.465).  I also examined the two fixation variables for any effects of task (scene, 

array) and construction stage (first, second, third). For both fixation count and fixation 

duration, there was no significant effect of task (fixation count: F(1, 14) = 1.441, p = 0.250; 

fixation duration: F(1, 14) = 2.964, p = 0.107) or construction stage (fixation count: F(2, 28) = 

0.372, p = 0.693; fixation duration: F(2, 28) = 0.650, p = 0.530), and there was no significant 

task × construction stage interaction (fixation count: F(2, 28) = 2.394, p = 0.110; fixation 

duration: F(2, 28) = 0.356, p = 0.704). Oculomotor behaviour was therefore closely 

matched across all construction stages, and there was no significant difference between 

the scene and array tasks.  
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Figure 25.  Eye fixations and example drawings.  (A) Heat maps for each cue configuration 
for the scene and array tasks show the fixation count during the 9000 ms mental construction 
period.  Each heat map is an aggregate of fixations on the blank screen across all trials for that 
cue configuration across all participants with eye tracking data (n=15). Red indicates higher 
fixation density and green lower fixation density.  (B) Pre-scan training drawings for the scene 
(top) and array (bottom) tasks from an example participant. 

 

3.4.1.2 Did vividness of mental imagery differ between scene and array tasks? 

Participants rated the vividness of mental imagery immediately after each scene and array 

trial in the scanner on a scale of 1 (not vivid at all) to 5 (extremely vivid). On average, 

both scene (mean = 4.15, Std Dev = 0.43) and array (mean = 4.08, Std Dev = 0.49) trials 

were rated high on vividness, and there was no significant difference between the tasks 

(t(19) = 0.873, p = 0.394).  
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3.4.1.3 Were there any other subjective differences in mental imagery between the scene and 

array tasks? 

After the experiment was completed, participants reported on their subjective experience 

of performing scene and array tasks in a debriefing session (questions and summary data 

are shown in Table 1). Mind-wandering was reported as very low for both scene and array 

tasks, and did not differ significantly between the two conditions (t(19) = 1.831, p = 0.083). 

Mental imagery was performed with ease in both conditions (t(19) = 0.000, p = 1.000). 

Participants also had no difficulty following the cue configuration instructions for either 

condition (t(19) = 1.000, p = 0.330). As expected, scene trials were perceived as significantly 

more 3D than array trials, while arrays were rated as more 2D (t(19) = 17.168, p < 0.0001). 

Participants also reported that they rarely needed to suppress scene-like mental imagery 

during array trials.  

3.4.1.4 Did memory performance differ between scene and array tasks? 

After scanning, participants engaged in a surprise item memory test. They performed 

above chance at recognising individual object stimuli from scene trials (mean = 84.31%, 

Std Dev = 9.63; t(19) = 39.135, p < 0.0001), array trials (mean = 85.42%, Std Dev = 9.43; 

t(19) = 40.482, p < 0.0001) and identifying novel items (mean = 87.54%, Std Dev = 7.48; 

t(19) = 52.289, p < 0.0001). Participants, therefore, paid sufficient attention during both 

tasks to successfully encode a large number of stimuli, even though they were never 

instructed to memorise. A repeated-measures ANOVA revealed no significant effect of 

task (F(1, 19) = 0.456, p = 0.508), construction stage (F(1.487, 28.262) = 1.480, p = 0.240), and no 

task × construction stage interaction (F(1.554, 29.526) = 0.739, p = 0.484).    
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Table 1.  Debriefing ratings. 

Question 
Rating 

(1-5 Likert scale) 
Task 

Mean ±  

Std Dev 

To what degree did you feel your 
mind was wandering, that you were 
thinking of things other than the 
task? 

1 = no mind wandering… 
5= always mind wandering 

Scene 1.20 ± 0.41 

Array 1.35 ± 0.49 

How difficult was it to imagine the 
objects on the grid? 

1 = easy… 
5 = very difficult 

Scene 1.75 ± 0.64 

Array 1.75 ± 0.72 

How difficult was it to follow the 
cue’s instruction of where to 
imagine the objects on the grid? 

1 = easy… 
5 = very difficult 

Scene 1.2 ± 0.41 

Array 1.15 ± 0.37 

Did you have any sense of 3D 
space during array trials? Please rate 
the extent to which you felt the 
image had a sense of depth. 

1 = completely 2D…  
5 = completely 3D 

Scene 4.3 ± 0.44 

Array 1.55 ± 0.51 

For the array trials, did you feel 
that you imagined the objects in a 
scene at all and tried to repress 
this? 

1 = always repressed…  
5 = never had to repress 

Array 4.55 ± 0.60 

Std Dev = Standard Deviation. 

 

3.4.1.5 Behavioural results summary 

Having determined across a range of behavioural measures that the participants adhered 

to the task instructions, formed the appropriate mental images, with no differences in 

terms of key variables such as oculomotor behaviour, vividness and memory performance 

between the scene and array tasks, I next examined the neural data.   
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3.4.2 MEG results 

I began by conducting a whole brain analysis, followed by ROI analyses focused on the 

anterior hippocampus and vmPFC, as my primary question was whether these two 

regions would be preferentially engaged during the step-by-step construction of scenes.  

3.4.2.1 Source space power differences for each construction stage separately 

I first compared the scene and array tasks during each of the three construction stages. 

Whole brain analyses revealed attenuated theta power for scenes relative to arrays at each 

stage in a number of areas, including the right vmPFC during the first construction stage 

(peak in BA11; x, y, z = 20, 30, -20; see Table 2 for all brain areas that were engaged).  No 

differences were observed for the arrays relative to scenes contrast.  

Given my specific anatomical hypotheses, analyses were then restricted to the 

anterior hippocampus and vmPFC ROIs using volumetric masks. For the first stage, I 

observed a significant attenuation of theta power for the scene relative to the array task 

in the left anterior hippocampus (peak = -24, -20, -16; Figure 26A), left vmPFC (peak in 

BA32; -12, 40, -14; Figure 26A) and right vmPFC (peak in BA11; 16, 26, -18). The 

contrast of scene and array conditions during the second construction stage revealed an 

attenuation of theta activity for scenes in the vmPFC, extending bilaterally with an overall 

peak (-4, 26, -4) and subpeak (-12, 32, -18) in the left hemisphere (Figure 26A). No 

significant differences in anterior hippocampus or vmPFC were apparent between the 

scene and array tasks during the third construction stage, or during the ensuing 

maintenance period. For completeness, no task-related theta power changes were found 

for any of the construction periods, or the maintenance period, in the posterior 

hippocampus. 
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To investigate whether there were differences between scene and array tasks 

within the ROIs in frequencies other than theta, I performed the same ROI analyses for 

alpha (9-12 Hz) and gamma (30-100 Hz) bands. No significant changes were evident in 

the anterior (or posterior) hippocampus or vmPFC.  

 
Table 2.  MEG whole brain power changes during scenes relative to arrays at each 
construction stage.  

Region 
MNI peak coordinate  

(x, y, z) 

Peak level  

t-value 
Cluster size 

Stage 1    

R thalamus 10, -10, 16 5.4 456 

R inferior frontal gyrus 48, 40, 8 5.33 890 

L ventral frontal cortex (BA47) -32, 40, -14 4.67 814 

L cerebellum 18, -36, -40 4.66 888 

R vmPFC (BA11) 20, 30, -20 4.32 588 

R putamen 32, 6, -4 4.03 245 

Stage 2    

R thalamus 4, -26, 10 5.92 2552 

R inferior frontal gyrus 60, 24, 6 4.94 965 

L medial frontal cortex -2, 22, 0 5.11 Sub-peak 

L thalamus -2, -6, 2 4.73 Sub-peak 

Stage 3    

R middle occipital gyrus 36, -76, 20 4.29 293 

 
R = right; L = left; vmPFC = ventromedial prefrontal cortex. 
 
 

3.4.2.2 Theta power changes across construction stages 

Having observed between-task differences in the two ROIs when each construction stage 

was considered separately, I next analysed the data in a different way to examine how 
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theta activity changed across the construction stages. For both scene and array conditions, 

theta power was attenuated across all stages relative to baseline (Figure 26B), which can 

be regarded as reflecting increased task-related neural activity. An ANOVA assessing the 

effects of task (scene, array) and construction stage (first, second, third) on anterior 

hippocampal activity revealed no significant effect of task (F(1, 19) = 0.694, p = 0.415) or 

construction stage (F(2, 38) = 0.036, p = 0.965), but a significant task × construction stage 

interaction (F(2, 38) = 5.762, p = 0.007; Figure 26B). This was driven by a significantly 

greater theta power decrease during the first construction stage of the scene task (t(19) = -

2.713, p = 0.014), indicating increased involvement of the anterior hippocampus during 

this scene stage, with engagement then decreasing over the subsequent two construction 

periods.  

 For the vmPFC, the ANOVA revealed a significant main effect of task (F(1, 19) = 

17.252, p = 0.0005; Figure 26B), but not of construction stage (F(1.488, 28.272) = 0.894, p = 

0.392), and there was no significant interaction (F(2, 38) = 2.586, p = 0.089).  The task effect 

was driven by larger theta power decreases during the scene relative to the array task 

during both the first (t(19) = -2.959, p = 0.008) and second (t(19) = -3.723, p = 0.001) 

construction stages, indicating the greatest vmPFC involvement during these periods of 

the scene task. 
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Figure 26.  MEG ROI results.  (A) Significant theta power changes within our two regions of 
interest, the anterior hippocampus (aHipp, shown in green) and ventromedial prefrontal cortex 
(vmPFC, shown in yellow) during scene relative to array construction (FWE p < 0.05, corrected 
for the ROI).  Slices are centred on the overall peaks (crosshairs) in the left anterior hippocampus 
(x, y, z = -24, -20, -16) and left vmPFC (-12, 40, -14) during the first construction stage, and the 
vmPFC (-4, 26, -4) during the second period of construction.  (B) The task × construction stage 
interaction for the change in theta power relative to baseline in the anterior hippocampus, and 
the main effect of task in the vmPFC. For the hippocampus, power was significantly attenuated 
for the scene relative to the array condition during the first stage of construction. For the vmPFC, 
power was significantly attenuated for the scene compared to the array task for both the first and 
second construction periods. *p = 0.014, **p = 0.008, ***p = 0.001. Error bars indicate ± 1 SEM. 
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3.4.2.3 Effective connectivity during scene construction stages 

The source localisation analyses described above established the peak locations of theta 

power changes in the anterior hippocampus and vmPFC during scene compared to array 

construction. I next examined the direction of information flow between these regions 

during each task using DCM for cross spectral densities using the left hemisphere peaks 

in the anterior hippocampus and vmPFC identified during the first construction stage 

(Figure 26A).  Three connectivity models were proposed based on established anatomical 

projections, representing the hypotheses for the hierarchical architecture of the 

hippocampus and vmPFC (Figure 27).  

The first model predicted hippocampal activity drove that of the vmPFC. 

Hippocampal projections via the fornix terminate in the middle layers of the ventral 

portion of the vmPFC (Aggleton et al., 2015), so this connection was classified as 

“forward”. The second model specified the vmPFC as the influencing region. 

Connections from the vmPFC to the hippocampus are via the entorhinal cortex, where 

vmPFC inputs arrive at all cell populations (Rempl-Clower and Barbas, 2000), so were 

classified as “lateral” connections. The third model predicted that the hippocampus and 

vmPFC drove each other through reciprocal connections (mutual entrainment), so both 

forward and lateral connections were specified. I then fitted the models to each of the 

three 3000 ms scene and array construction stages. The approach adopted here to 

classifying DCM connections is also in line with previous work modelling hippocampal 

and vmPFC interactions in MEG (Barry et al., 2019a). As an extension to this previous 

DCM framework, I not only compared alternative unidirectional “master-slave” 

relationships, but also directly compared these models with bidirectional mutual 

entrainment, where neither region exerted a stronger influence over the other. 
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The models were compared using random effects BMS to determine the winning 

model at each construction period at the group level (Figure 27). During the initial 

construction period for scenes, the model most likely to explain the data across all 

participants was the vmPFC driving anterior hippocampal activity, with an EP of 62.45%, 

almost double that for the mutual entrainment model (35.78%). Furthermore, there was 

very little evidence for the opposing model of the anterior hippocampus driving vmPFC 

(1.77%). During the second scene construction stage, the mutual entrainment model was 

the most probable, with an EP of 55.08%, compared to the hippocampus-driven model 

(31.18%) and the vmPFC-driven model (13.74%). During the third scene construction 

stage, the winning model was again the mutual entrainment model (73.32%) compared to 

the hippocampus-driven model (22.28%) and the vmPFC-driven model (4.40%).  

DCM of array construction revealed a different pattern of effective connectivity 

between the two ROIs. At the first stage of array construction, the model that best fitted 

the data was the anterior hippocampus driving vmPFC activity, with an EP of 76.74%. 

There was little evidence for either the vmPFC driving the hippocampus (12.06%) or 

mutual entrainment (11.20%). During the second array construction stage, there was no 

clear winning model (hippocampus-driven model 38.54%; vmPFC-driven model 30.38%; 

mutual entrainment model 31.08%). During the third array construction stage, the mutual 

entrainment model was the most probable (56.10%), followed closely by the vmPFC-

driven model (40.75%), and least likely was the hippocampus-driven model (3.15%). 
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Figure 27.  Effective connectivity between the anterior hippocampus (aHipp) and 
ventromedial prefrontal cortex (vmPFC) during step-by-step scene and array 
construction.  The top panel shows the three models of effective connectivity.  The middle 
panel displays the results of Bayesian model selection whereby the model with the strongest 
evidence during scene construction stage 1 was the vmPFC driving anterior hippocampus, while 
for the latter two stages, there was stronger evidence for the anterior hippocampus and vmPFC 
driving each other through reciprocal connections (mutual entrainment).  The bottom panel 
shows the results for array construction, where the winning model during construction stage 1 
was the anterior hippocampus driving the vmPFC, for the second stage there was no clear 
evidence for any model, and for the third stage there was stronger evidence for mutual 
entrainment.  
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3.5 Discussion 

In this study I focused on the anterior hippocampus and vmPFC and investigated how 

their neural dynamics were associated with the step-by-step mental construction of scene 

and non-scene array imagery. Across three successive construction stages, scene-related 

attenuation of theta power was observed in the anterior hippocampus during the initial 

stage, and in the vmPFC during the first two stages, relative to array construction. I also 

found that the anterior hippocampal theta activity during the first phase of scene 

construction was driven by the vmPFC, with mutual entrainment between the two brain 

regions thereafter. By contrast, array construction was associated with the anterior 

hippocampus driving vmPFC activity during the first construction stage.                                                                                                                    

The power changes observed were, as predicted, specific to theta, aligning with 

the long association between theta and hippocampal function (reviewed in Colgin, 2016; 

Karakaş, 2020), and a previous MEG study of immediate full scene construction (Barry 

et al., 2019a). Finding significantly greater attenuation in theta power for the first (anterior 

hippocampus, vmPFC) and second (vmPFC) stages of scene, relative to array, 

construction also accords with the extant literature (Fellner et al., 2019; Solomon et al., 

2019), where such theta power decreases also appear to reflect increased task-related 

neural activity (Fellner et al., 2016).  

The question of primary interest was whether increased engagement of the 

anterior hippocampus and vmPFC would be specifically associated with the construction 

of scenes. As predicted, both brain regions were preferentially recruited during the mental 

construction of scenes compared to arrays, particularly during the early stages. My results 

converge with the previous fMRI findings of Dalton et al. (2018) and the MEG findings 
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of Barry et al. (2019a), and extend them in several ways. For example, in the latter MEG 

study, participants imagined a full scene within three seconds, and this was compared to 

a low-level baseline (imagining single objects) (Barry et al., 2019a). Dalton et al. (2018) 

also compared scenes and arrays, but could not examine the three construction stages 

separately given the slow nature of the haemodynamic response. By contrast, in the 

current study I examined the gradual step-by-step construction of scenes and showed that 

even at the earliest stage, with one object and a simple 3D space, this was sufficient to 

engage the anterior hippocampus and vmPFC, and more so than the first stage of array 

construction. Hence I could drill down further than before into how a scene develops, 

with a much tighter comparison in the form of the arrays, and in doing so show that a 

scene is “set” early on.   

 The scene and array tasks were very well matched in terms of the requirement for 

constructive and associative processing. However, it could be argued that the 3D space 

in the scenes somehow required more relational processing than the 2D space in the 

arrays, although it is unclear how the experience of depth (inherent to scenes) would 

translate into additional associative processing. Of note, when the imagined 3D and 2D 

spaces alone (without objects) were examined during fMRI by Dalton et al. (2018), neither 

was associated with increased hippocampal activity (see also Zeidman et al., 2012). 

Moreover, proponents of the relational theory are clear that mental operations involving 

3D space – navigation being a prime example – engage the hippocampus because they 

are quite simply an example of associative processing, and that non-spatial stimuli 

involving associations should therefore also engage the hippocampus. Consequently, and 

given the close similarity of the stimuli in the scene and array tasks, I believe that, a priori, 
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relational theorists would have predicted similar hippocampal involvement for the scenes 

and arrays, which I did not find.  

Nevertheless, if the scene stimuli involved more associative processing, how 

might I detect this in my data? I may have expected to observe a difference between 

scenes and arrays in terms of oculomotor behaviour and fixations, yet none were evident. 

If more relational processing was required for scenes then I might have predicted 

differential performance on the surprise post-scan item memory test, but none was found. 

Of note, when Dalton et al. (2018) examined associative memory for the same stimuli in 

a surprise post-fMRI scan memory test, there was also no difference between scenes and 

arrays (in fact, both were at chance, as this is a very challenging task). As part of my own 

piloting for the current study, a separate group of participants performed an equally 

difficult surprise source memory task, where they were asked to decide whether each 

object description was originally encountered as part of a scene or an array. Again, there 

was no difference between tasks, with both performed at chance level.  Of course, I 

acknowledge that the absence of evidence can be difficult to interpret. However, given 

the simplicity of the stimuli (three objects and a space) and their similarity on measures 

of item memory and oculomotor behaviour, I believe that a parsimonious interpretation 

of this paradigm is that the two conditions were comparable in terms of associative 

processing.  

 Why might scene construction be particularly engaging for the anterior 

hippocampus and vmPFC? Scene imagery seems to be important for, and is frequently 

deployed in the service of, hippocampal-dependent tasks including episodic memory, 

imagining the future and spatial navigation (Clark et al., 2019, 2020). For example, using 

a large sample (n = 217) of participants and multiple cognitive tests with a wide spread 
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of individual differences in performance, Clark et al. (2019) reported that the ability to 

construct scene imagery explained the relationships between episodic memory, imagining 

the future and spatial navigation task performance.  The prominence of scene imagery 

was further emphasised in another study involving the same sample, where the explicit 

strategies used to perform episodic memory recall, future thinking and spatial navigation 

tasks was assessed (Clark et al., 2020). In each case, the use of scene visual imagery 

strategies was significantly higher than for all other types of strategies (also see Andrews-

Hanna et al., 2010). The influence of scene imagery across cognition is perhaps not 

surprising, given that it mirrors how most people experience the world.  

 My findings also provide insights into the interactions between the anterior 

hippocampus and vmPFC, addressing the prediction made in Chapter 1 that the vmPFC 

would initiate scene construction. McCormick et al. (2018a) and Ciaramelli et al. (2019) 

proposed that the vmPFC initiates the activation of schematic and other knowledge in 

neocortex that is relevant for a scene, whilst inhibiting elements that are not relevant. This 

information is conveyed to the hippocampus which constructs the scene. vmPFC then 

engages in iterations via feedback loops with neocortex and hippocampus to mediate the 

schema-based retrieval and monitoring necessary to flesh-out the scene. That the vmPFC 

drove activity in the anterior hippocampus during the first scene construction phase 

supports the perspective that the vmPFC instigates this process. After this initial scene-

setting, hippocampal and vmPFC activity was mutually entrained, perhaps reflecting 

iterative feedback loops between them as each new object was integrated to form a fully 

realised scene.  

 The activation of schemas by vmPFC may provide an initial rudimentary template 

into which a scene is constructed in collaboration with the hippocampus (van Kesteren 
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et al., 2010a; Ghosh et al., 2014).  Although my scene stimuli were composed of object 

triplets that were not contextually associated (van Kesteren et al., 2012), there is evidence 

for schema-guided construction of novel representations, driven by the vmPFC (Garrido 

et al., 2015). Furthermore, the observed tonic response of the vmPFC throughout the 

first two construction stages in my study may reflect the prediction and preparatory 

processing necessary for the subsequent integration of scene elements (McCormick et al., 

2018a; Ciaramelli et al., 2019).  

A very different result was evident when connectivity between the two ROIs was 

examined during the array condition. For the first stage of this construction, the anterior 

hippocampus drove vmPFC activity. Why I observed this direction of connectivity for 

the arrays is not clear. I speculate that during array construction, with the vmPFC much 

less engaged compared to the scenes during the first two construction stages, perhaps the 

hippocampus was “reaching out” for guidance from the vmPFC.  Interestingly, at the 

third stage, the vmPFC became equally engaged for arrays and scenes, and the DCM 

analysis showed mutual entrainment to be the most probable explanatory model. This 

may reflect the vmPFC stepping in to provide some input. Of course, this is conjecture, 

and future studies are required to explore this finding further. It does suggest, however, 

that scenes elicit a different kind of neural processing to arrays, during which the vmPFC 

is the co-ordinator. Arrays, by contrast, are not mental representations within which a 

person could reasonably operate, and consequently do not generate the same cascade of 

neural processing initiated by the vmPFC.  

 In conclusion, the hippocampus and vmPFC are particularly implicated in 

supporting cognitive functions such as episodic memory, imagining future events and 

spatial navigation. While it is certainly likely these two brain areas participate in associative 
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and constructive processing more generally (Dalton et al., 2018), here I have shown that 

their neural activity seems to be especially tuned to the earliest stages of building scene 

representations. In the future, with the use of high spatial resolution neuroimaging, it will 

be important to elucidate the contributions of other brain regions, including within the 

posterior parietal cortex (Sakata and Kusunoki, 1992; Epstein and Higgins, 2007; Dalton 

and Maguire, 2017), to this visuospatial process and to characterise putative anatomical 

pathways that facilitate hippocampal-vmPFC interactions in the human brain.  

Having established a preferential response in the hippocampus and vmPFC to 

imagining scenes, another consideration is the influence of the objects that compose these 

mental representations, and this is the subject of the next chapter.  
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4 The influence of objects on building 

scenes 

4.1 Précis 

In the previous chapter, I investigated the neural dynamics associated with the step-by-

step mental construction of scenes, and whether this processing was associated with 

scenes in particular, or shared by multi-element representations more generally. I found 

that anterior hippocampal and vmPFC theta power was preferentially modulated by 

scenes, and this was driven predominantly by vmPFC activity at the earliest stages of 

scene construction.  In this second study, I turned my attention to a particularly 

prominent component of scenes – objects.  One property of objects that might be 

pertinent to scene construction is whether they are space-defining or space-ambiguous. 

Using the same scene construction paradigm and stimuli as those deployed in Chapter 3, 

in the current experiment I focussed on the neural dynamics associated with space-

defining and space-ambiguous objects while they were being incorporated into scene 

representations.  

4.2 Introduction 

As described in Chapter 1 and briefly recapitulated here for convenience, neuroimaging 

and neuropsychological studies have identified a number of brain areas that seem to be 

particularly engaged during the viewing and imagination of scenes including the vmPFC 

(Zeidman et al., 2015a; Bertossi et al., 2016; Barry et al., 2019a), the anterior hippocampus 
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(Hassabis et al., 2007a, 2007b; Summerfield et al., 2010; Zeidman et al., 2015a, 2015b; 

Dalton et al., 2018; reviewed in Zeidman and Maguire, 2016), the PHC (Epstein and 

Kanwisher, 1998; reviewed in Epstein, 2008 and Epstein and Baker, 2019), and the RSC 

(Park and Chun, 2009; reviewed in Epstein, 2008; Vann et al., 2009; Epstein and Baker, 

2019). While spatial aspects of scenes have been amply investigated and linked to the 

hippocampus (Byrne et al., 2007; Morgan et al., 2011; Epstein et al., 2017; Epstein and 

Baker, 2019), the higher-order properties of objects within scenes have received 

comparatively less attention (Auger et al., 2012; Troiani et al., 2014; Julian et al., 2017; 

Epstein and Baker, 2019), and yet they could influence how scene representations are 

constructed by the brain. How might they contribute to the building of scene 

representations? 

In Chapter 1, I introduced one particular object attribute that seems to play a role 

in scene construction. Mullally and Maguire (2011; see Kravitz et al., 2011 for related 

work) observed that certain objects, when viewed or imagined in isolation, evoked a 

strong sense of 3D local space surrounding them (SD objects), while others did not (SA 

objects), and this was associated with engagement of the PHC during fMRI. In other 

words, SD objects seem to anchor or impose themselves on their surrounding space and 

in doing so they define the space around them, despite no background or spatial context 

being present. By contrast, SA objects do not anchor themselves in their surrounding 

space in the same way. Participants in the Mullally and Maguire study (2011) were asked 

to describe the difference between an SD and an SA object, and a typical response 

included: “SD items conjure up a sense of space whereas SA items float - they go 

anywhere.” Many participants spontaneously used the word “float” when discussing SA 

objects, emphasizing the detachment of these objects from an explicit sense of 
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surrounding space. Mullally and Maguire (2011) also found that SD objects tended to be 

less portable, maintaining a permanent location, although a considerable number of SA 

objects had reasonably high permanence also, suggesting that permanence, while certainly 

related to SD, is not the sole basis of the SD effect.  Indeed, object permanence has been 

linked to the RSC rather than the PHC (Auger et al., 2012, 2015; Auger and Maguire, 

2013; Troiani et al., 2014). Similarly, Mullally and Maguire (2011) found that object size 

and contextual associations did not account for the SD effect. 

In a subsequent behavioural study, participants showed a strong preference for 

SD objects when given a choice of objects with which to mentally construct scenes, even 

when comparatively larger and more permanent SA objects were available (Mullally and 

Maguire, 2013). Moreover, when deconstructing scenes, participants retained significantly 

more SD objects than SA objects. It therefore seems that SD objects might enjoy a 

privileged role in scene construction.  

Mullally and Maguire (2011) examined SD and SA objects in isolation. However, 

given their apparent influence during scene construction (Mullally and Maguire, 2013), in 

the current study I compared neural responses to SD and SA objects while they were 

being used to build imagined scene representations. I adapted the paradigm from Dalton 

et al. (2018) and my previous experiment reported in Chapter 3, where participants 

gradually built a scene image from three successive auditorily-presented object 

descriptions and an imagined 3D space.  

In order to capture the neural dynamics associated with the points during scene 

construction when either SD or SA objects were being imagined, I once again leveraged 

the high temporal resolution of MEG. In previous MEG studies, changes in anterior 
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hippocampal and vmPFC theta were noted when participants imagined scenes in 

response to scene-evoking cue words (Barry et al., 2019a, 2019b). This was also true in 

the previous chapter when scene imagery was gradually built. However, the effects, if any, 

of SD and SA objects on neural responses during scene construction remains unknown.  

Here, I performed source-level power analyses to examine whether a difference 

between SD and SA objects could be detected in the vmPFC, anterior hippocampus, 

PHC, and RSC, given their acknowledged involvement in scene processing.  I also 

characterised the effective connectivity between any brain regions that emerged from this 

analysis. My focus was on theta (4-8 Hz), due to accumulating evidence for a functional 

role of theta in episodic memory processes (e.g. see Colgin, 2013; Fuentemilla et al., 2014; 

Garrido et al., 2015; Backus et al., 2016; Berens and Horner, 2017; Kaplan et al., 2017; 

McCormick et al., 2020) and scene construction (Barry and Maguire, 2019a; Barry et al., 

2019b), including my own MEG study (Chapter 3). I predicted a decrease in theta power 

during scene construction when SD objects were being imagined, consistent with 

previous findings of attenuated power associated with the immediate construction of 

scenes (Barry et al., 2019a, 2019b) and autobiographical memory recall (McCormick et 

al., 2020) using MEG. As noted in Chapter 3, in light of the association between low 

frequency power attenuations and fMRI BOLD increases (Fellner et al., 2016), I 

considered decreases in theta localised to a particular brain region during the processing 

of SD objects to represent that area’s enhanced engagement. While my main interest was 

in theta, I nevertheless also examined other frequencies.  

The obvious prediction, given the previous Mullally and Maguire (2011) fMRI 

study, was that PHC would be engaged by SD objects. However, because all stimuli were 

scenes – unlike previous investigation of the SD/SA object property – and the key 
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manipulation of SD and SA objects within scenes was so subtle, I retained an open mind 

about which brain areas might distinguish between the two object types.  

4.3 Materials and methods 

4.3.1 Participants 

Twenty three healthy, right-handed participants (13 females; mean age = 25.35 years; Std 

Dev = 3.69) took part in the experiment.  

4.3.2 Stimuli and task procedure 

The task involved participants gradually constructing simple scenes in their imagination 

from a combination of auditorily-presented SD and SA object descriptions (see examples 

in Figure 28A) and a 3D space. The auditory object descriptions were identical to those 

used in my previous study, where they composed either scenes or non-scene arrays (see 

Chapter 3), a paradigm originally implemented during fMRI by Dalton et al. (2018). 

However, in the current experiment, participants only mentally constructed scenes.  

 Dalton et al. (2018)’s study involved a separate group of participants who rated 

each object as SD or SA. For use in the current study, I ensured these stimuli types were 

closely matched on utterance length (Z = 1.643, p < 0.1) and number of syllables (Z = 

1.788, p < 0.074). Unsurprisingly, SD objects were rated as more permanent than SA 

objects (Z = 5.431, p < 0.001). All objects were rated as highly imageable, obtaining a 

score of at least 4 on a scale from 1 (not imageable) to 5 (extremely imageable).  The 

participants in the current MEG experiment were unaware of the SD-SA distinction. Just 

as was the case for my experiment in Chapter 3, objects in each triplet were not 
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contextually related to each other. A detailed description of the scene imagination task is 

given in Chapter 3, however, as there are some small differences in this second study, I 

briefly reprise key details.  

Each trial started with a visual cue (4000 ms), which displayed the configuration 

of locations at which objects should be imagined in the upcoming trial (Figure 28B). Four 

different cue configurations (Figure 29) were randomised across the five scanning blocks.  

During pre-scan training, I emphasised the importance of following the cue 

configurations as precisely as possible. This ensured consistency of oculomotor behaviour 

across participants, and that objects were imagined as separate and non-overlapping. 

Participants then fixated on the screen centre (1000 ms). During the scene construction 

task (~9000 ms; Figure 28B), keeping their eyes open whilst looking at a blank screen, 

participants first imagined a 3D grid covering approximately the bottom two-thirds of 

the blank screen. Upon hearing each of three auditory descriptions, one at a time, they 

imagined the objects in the separate, cue-specified positions on the 3D grid.  They were 

instructed to move their eyes to where they were imagining each object on the screen, but 

also to maintain imagery of previous objects and the grid in their fixed positions. Each 

construction stage consisted of a ~2000 ms object description and a silent 1000 ms gap 

before the presentation of the next object.  An additional 1000 ms at the end of scene 

construction avoided an abrupt end to the task.  By the end of a trial, participants had 

created a mental image of a simple scene composed of a 3D grid and three objects. 

Vividness of the entire scene was then rated on a scale of 1 (not vivid at all) to 5 (extremely 

vivid).  An ITI (2000 ms) preceded the next trial.   

Participants imagined a total of 66 scenes (composed of 99 SD and 99 SA objects).  

Each object description was heard only once. The order of presentation of SD and SA 
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objects within triplets was balanced across scenes with an equal number of SD and SA 

objects in the first, second and third construction stages (33 in each). In total there were 

six orders, half of which began with SD objects, and the other half with SA objects3. A 

similar number of scenes followed each order (between 10 and 12), presented 

pseudorandomly across five scanning blocks.  This ensured that no more than two trials 

comprising the same object order were presented consecutively. As an example, Figure 

5B illustrates the order SD-SD-SA.  Each order contained a mixture of both SD and SA 

objects. The orders SD-SD-SD and SA-SA-SA were therefore not used. This careful 

control over SD/SA order ensured any SD/SA differences were not driven by over-

representation of either SD/SA objects at particular points in the scene construction 

process.  

Another task was also included in this study. As in the Chapter 3, participants 

heard a backward sequence of three numbers, after which they were instructed to mentally 

continue counting backwards. The sole function of this task was to provide participants 

with relief from the effortful imagination required of the scene and array trials.  This 

counting task was not subject to analysis. Seven additional catch trials (5 scenes, 2 

counting) were also included to ensure that participants maintained attention – 

participants pressed a button upon hearing a repeated object description or number 

                                                 

3 SD-SA-SA 
  SD-SD-SA 
  SD-SA-SD 
  SA-SD-SD 
  SA-SD-SA 
  SA-SA-SD 
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within a triplet.  These additional trials were pseudorandomly presented across blocks 

such that every block contained at least one catch trial.  

The visit of each participant took approximately 2.5 hours in total, including 

training, set up in the MEG scanner and eye tracker calibration, the experimental task 

(~50 minutes), and the post-scan memory test.  

 

 
Figure 28.  Example stimuli and trial structure.  (A) Examples of space-defining (SD) and 
space-ambiguous (SA) object descriptions, three of which are used in the example trial in part B. 
(B) The structure and timings of an example trial. An example cue description is shown on the 
left. Note that during the scene construction period the participants imagined the simple scenes 
while looking at a blank screen, and never saw visual objects. Images here merely serve as 
illustrations for the reader.  

 

4.3.3 In-scanner eye tracking 

Eye movements and fixations were recorded during the MEG scan using an Eyelink 1000 

Plus (SR Research) eye tracking system with a sampling rate of 2000 Hz to monitor task 
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compliance. For some participants the calibration was insufficiently accurate, leaving 19 

data sets for the eye tracking analyses.  

4.3.4 Post-scan surprise memory test 

If I found a neural difference between SD and SA objects, it could be argued this was due 

to a difference in encoding success.  For example, perhaps SD objects were more readily 

encoded into memory than SA objects, even though there was no explicit memory 

encoding requirement in this task and participants were only instructed to imagine stimuli 

as vividly as possible.  By conducting a surprise memory test for SD and SA objects 

immediately post-scan, I could examine this issue. Participants were presented with a 

randomised order of all previously heard auditory object descriptions (198 objects in total) 

and an additional 33 SD and 33 SA new object descriptions (lures). After hearing each 

item, they indicated whether or not they recalled hearing the object description during 

the scan, and their confidence in their decision (1 = low, to 5 = high).  

4.3.5 Behavioural data analysis 

In-scanner vividness was compared between SD-majority (where 2 out of the 3 objects 

in the scene were SD) and SA-majority scenes (where 2 out of the 3 objects in the scene 

were SA) using a paired-samples t-test. An assessment of individual vividness per SD and 

SA object was not possible, since participants scored the vividness of the overall scene at 

the end of each trial. To obtain individual scores it would have been necessary to interrupt 

the construction of a scene each time an object was imagined, which would have changed 

the nature of the task entirely. Eye tracking data were analysed using two-way repeated 

measures ANOVAs, looking at individual object stages.  
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Memory performance was assessed using the sensitivity index d-prime (d’), based 

on Signal Detection Theory (Macmillan and Creelman, 1990). This takes into account the 

relative proportion of “hits” (objects identified as familiar when they were familiar) and 

“false alarms” (object identified as familiar when they were novel), using the formula: 

’ =  ( ) –  ( ) 

where z denotes a z-score transformation, H is the hit rate (hits/[hits + misses]), and 

FA is the false alarm rate (false alarms/[false alarms + correct novel]). Perfect scores 

for H and FA were adjusted using the formulae (Macmillan and Creelman, 1991): 

= 1 −
1

2
             =

1
2

 

where, N is the number of familiar items for the H correction, or the number of novel 

items for the FA correction. I also quantified the bias of participants to control for any 

tendency participants might have to give one type of response more than another. This 

response bias ‘c’ was calculated using the formula (Macmillan and Creelman, 1990): 

=  −0.5( + ) 

Differences in d’ and c as a function of object type (SD, SA) and construction stage (first, 

second, third) were each analysed using a two-way repeated measures ANOVA.  

Statistical analyses were performed in SPSS25 (https://www.ibm.com/products/ 

spss-statistics) using a significance threshold of p < 0.05.  In cases where Mauchly’s test 

found sphericity violated, Greenhouse-Geisser adjusted degrees of freedom were applied.  
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4.3.6 MEG data acquisition 

MEG data were recorded using the whole-head 275 channel CTF Omega MEG system 

with a sampling rate of 1200 Hz, as described in Chapter 2.  

4.3.7 MEG data pre-processing 

MEG recordings were filtered with a 1 Hz high-pass filter, 48-52 Hz stop-band filter, and 

98-102 Hz stop-band filter, to remove slow drifts in signals from the MEG sensors and 

power line interference.  Epochs corresponding to each scene construction period were 

defined as 0 to 3000 ms relative to the onset of the SD or SA object description. A 

baseline period was defined as 0 to 1000 ms relative to the onset of the fixation preceding 

the imagination period. This period provided the most appropriate baseline against which 

task-related activity could be compared, since the ITI (another fixation period 

immediately following the rating) data were comparatively more noisy. Epochs were 

concatenated across trials for each condition and across scanning blocks.  

4.3.8 MEG data analysis 

All MEG analyses were conducted using SPM12 (www.fil.ion.ucl.ac.uk/spm).  

4.3.8.1 Source reconstruction: SD and SA objects 

Source reconstruction was performed using the LCMV beamformer (Van Veen et al., 

1997), performed using the DAiSS toolbox (https://github.com/SPM/DAiSS), and 

visualised in MRIcroGL (https://www.mccauslandcenter.sc.edu/mricrogl) using the MNI 

152 T1 image. I used this approach to estimate power differences between SD and SA 

objects in source space within selected frequency bands: theta (4-8 Hz), alpha (9-12 Hz), 
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beta (13-30 Hz), and gamma (30-100 Hz).  By repeating the beamformer analysis in bands 

> 8 Hz I could determine whether effects were confined to the theta range.  

For each participant, a set of filter weights was built based on data from the SD 

and SA conditions within each frequency band, and a 0 to 3000 ms time window relative 

to object description onset, encapsulating a construction period.  Coregistration to MNI 

space was performed using a 5 mm volumetric grid and was based on nasion, left and 

right preauricular fiducials. The forward model was computed using a single-shell head 

model (Nolte, 2003).  

At the first level, power in a particular frequency band was estimated to create 

one image per object type (SD or SA) per participant. Images were spatially smoothed 

using a 12 mm Gaussian kernel and entered into a second-level random effects paired t-

test to determine power differences between SD objects and SA objects across the whole 

brain. An uncorrected whole brain threshold of p < 0.001 with a cluster extent threshold 

of >100 voxels was applied to each contrast, in line with numerous other MEG studies 

(e.g. Lieberman and Cunningham, 2009; Hanslmayr et al., 2011; Kveraga et al., 2011; 

Kaplan et al., 2012; Cushing et al., 2018; Barry et al., 2019a). This is held to provide a 

balance between protecting against false positives whilst enabling the detection of subtler 

signals.  This was followed by ROI analyses, using a FWE corrected threshold of p < 0.05 

and a spatial extent threshold of 10 voxels for each ROI, performed using separate 

bilateral masks covering the vmPFC, anterior hippocampus, PHC, and RSC. A priori, I 

identified these regions as having particularly important roles in the mental construction 

of scenes, SD objects, and a related object property of permanence. For completeness, 

the posterior hippocampus was also included.  
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The contrast of primary interest was the direct comparison between SD and SA 

objects. As a secondary issue, I was mindful that it was also of interest to know whether 

an effect represented an increase or a decrease in power from baseline. Including baseline 

correction in the original beamformer would be the usual way to examine this. However, 

as was the case in Chapter 3, this was challenging to implement in the case of the current 

design because an SD or SA object was not necessarily preceded by a clean baseline. On 

each trial, three object descriptions were heard one after the other. While the first object 

in a triplet was preceded by a clean 1000 ms fixation baseline, objects 2 and 3 had an 

object imagination stage preceding them. Objects at different construction stages would 

therefore be corrected against different types of baseline (i.e., object 1 vs preceding 

fixation, object 2 vs preceding object 1, and object 3 vs preceding object 2).  Conducting 

this analysis could have introduced spurious effects. Consequently, having established 

that a difference was apparent between SD and SA objects when they were compared 

directly, I then sought to ascertain the direction of power change.  By using a separate 

beamformer where the 1000 ms pre-stimulus fixation period was the only baseline for all 

objects (whether a SD/SA, or first/second/third object), and hence did not overlap with 

any stimulus period, I was able to establish the direction of power change for SD and SA 

objects in a straightforward way. To clarify, each experimental condition (SD, SA) 

comprised objects from across all three construction stages – SD or SA objects within 

each individual stage could not be examined separately due to having only a small number 

of trials per stage and object type. This is considered further in Section 4.4.2.3. 

4.3.8.2 Source reconstruction: permanent and non-permanent objects 

It was important to also determine whether any observed source localised differences in 

power for the SD vs SA contrasts were distinct from the effect of object permanence. 
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The same LCMV beamforming protocol described above was followed when objects 

were re-categorised as permanent and non-permanent, with the number of permanent 

and non-permanent objects equalised to 65 in each category. The categorisation of 

permanence was made according to ratings from a separate group of participants in the 

Dalton et al. (2018) study. 

4.3.8.3 Effective connectivity 

Brain areas identified in the whole brain SD versus SA beamformer provided the seed 

regions for the effective connectivity analysis, which was conducted using DCM for cross 

spectral densities (Moran et al., 2009).  This followed the same procedure as that described 

in Chapter 3. This approach permitted me to compare different biologically plausible 

models of how one brain region influences another, as well as mutual entrainment 

between regions (Friston, 2009; Kahan and Foltynie, 2013; also see Section 2.7.3.1 in 

Chapter 2 for a more detailed explanation of this DCM approach).  Random-effects BMS 

was performed to compare the evidence for each specified model that varied according 

to which connections were modulated by SD relative to SA objects (Stephan et al., 2009). 

I determined the winning model to be the one with the greatest exceedance probability. 

As only a single DCM was performed (SD versus SA), when the two top models were 

identified by BMS (i.e. those with the highest exceedance probabilities), these two models 

could be further compared by calculating the log Bayes factor for each participant (see 

also Section 2.7.3). This enabled an assessment of the consistency of the model fit across 

participants, and is quite simply the ratio of model evidences between the two top models.  
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4.4 Results 

4.4.1 Behavioural results 

Adherence to task-specific instructions and any behavioural SD compared to SA 

differences that could have influenced the electrophysiological data were examined first.  

There was no significant difference in the vividness of mental imagery between 

SD-majority (mean = 3.91, Std Dev = 0.69) and SA-majority (mean = 3.89, Std Dev = 

0.66) scene trials (t(22) = 0.464, p = 0.647).  Participants correctly identified on average 

97.52% (Std Dev = 0.39) of catch trials, indicating that they attended throughout the 

experiment.   

The effect of object type (SD, SA) and construction stage (first, second, third) on 

in-scanner fixation count (FixCount) and fixation duration (FixDur) showed that there were 

no significant main effects of object type (FixCount: F(1,18) = 1.908, p = 0.184; FixDur: F(1,18) 

= 0.086, p = 0.772) or construction stage (FixCount: F(2,36) = 0.292, p = 0.748; FixDur: F(2,36) 

= 0.535, p = 0.590), and no object type × construction stage interaction (FixCount: F(2,36) = 

0.710, p = 0.499; FixDur: F(2,36) = 1.871, p = 0.169). Heat maps of the spatial patterns of 

fixations during the task demonstrated a consistent adherence to cue configuration 

instructions across participants (Figure 29).   
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Figure 29. Eye fixations. Heat maps of the fixation count during the 9000 ms mental 
construction period following each cue configuration. Each heat map is an aggregate of fixations 
on the blank screen across all trials for that cue configuration across all participants with eye 
tracking data (n=19). Red indicates higher fixation density and green lower fixation density.  

 

In terms of recognition memory (see Table 3), performance exceeded 80% 

correct for both SD and SA objects, and for d’ and c there were no significant effects of 

object type (d’: F(1,22) = 0.469, p = 0.500 ; c: F(1,22) = 0.012, p = 0.915), construction stage 

(d’: F(2,44) = 2.383, p = 0.104; c: F(2,44) = 0.120, p = 0.887), nor were there any interactions 

(d’: F(2,44) = 1.431, p = 0.250; c: F(2,44) =0.035, p = 0.965).  
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Table 3.  Results of the surprise post-scan object recognition memory test.  

SD = space-defining; SA = space ambiguous; Std Dev = Standard Deviation; % = percent; d’ = d-prime;           
c = response bias discrimination. 

 

4.4.2 MEG results 

4.4.2.1 Source space power differences between SD and SA objects 

A whole brain beamforming analysis revealed significant theta power attenuation for SD 

compared to SA objects in only two regions: the right vmPFC (peak x, y, z = 12, 60, -8; 

t-value = 3.66; cluster size = 1960) and right superior temporal gyrus (STG; peak x, y, z 

= 66, -6, -12; t-value = 3.76; cluster size = 1197) (Figure 30A). Engagement of the vmPFC 

was further confirmed in an ROI analysis, whereas changes in power in the other ROIs 

(anterior hippocampus, posterior hippocampus, PHC, and RSC) were not evident. The 

opposite contrast (SA versus SD) revealed no relative attenuations in power.  

A subsequent contrast between each object type and the baseline revealed that 

these theta power changes were decreases, echoing numerous previous reports of power 

attenuation during the construction of scene imagery (e.g., Guderian et al., 2009; Barry et 

al., 2019a, 2019b) and episodic memory recall (e.g., Solomon et al., 2019; McCormick et 

 SD objects SA objects 

 Mean ( Std Dev ) Mean ( Std Dev ) 

% correct 81.063 (7.332) 80.074 (8.198) 

Hit rate 0.809 (0.079) 0.801 (0.091) 

False alarm rate 0.156 (0.108) 0.156 (0.103) 

d' 2.045 (0.581) 2.001 (0.611) 

c 0.091 (0.282) 0.088 (0.272) 
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al., 2020).  No power increases were found for either condition relative to baseline. In 

line with this preceding work, I interpret these observed decreases as enhanced 

involvement of the vmPFC and STG during the imagination of SD objects.  

Analysis of alpha, beta and gamma frequency bands showed no significant power 

differences when SD and SA objects were compared.  

4.4.2.2 Source space power differences between permanent and non-permanent objects 

Having identified a significant effect of SD relative to SA objects on theta power in two 

brain regions, I next examined whether similar theta power changes were associated with 

permanent compared to non-permanent objects. As outlined in the introduction to this 

chapter, SD/SA and object permanence are related constructs and, unsurprisingly, a 

difference in perceived permanence was observed between SD and SA objects in the 

stimulus set used in the current study. However, permanence has been previously linked 

with the RSC, while the SD effect has been associated with the PHC (e.g. see Mullally 

and Maguire, 2011; Auger et al., 2012, 2015; Auger and Maguire, 2013; Troiani et al., 

2014), suggesting these properties are represented differently in the brain.  

No significant differences in theta power were observed between permanent and 

non-permanent objects across the whole brain, or in any of the ROIs. Indeed, when the 

whole brain threshold was lowered further (uncorrected p < 0.005) and with no extent 

thresholding, I only found small clusters with peaks in the visual association cortex, 

inferior parietal lobule, and dorsolateral prefrontal cortex. Notably, no power changes 

were apparent in the vmPFC or STG. This suggests that although permanence and 
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SD/SA are related features, they engaged different brain regions, as has been previously 

reported.  

 

 
Figure 30.  MEG results.  (A) Source reconstruction of theta (4-8 Hz) power changes during 
SD relative to SA objects revealed attenuation in the ventromedial prefrontal cortex (vmPFC) 
and superior temporal gyrus (STG). Images are superimposed on the MNI 152 template and 
thresholded at uncorrected p < 0.001.  (B) Effective connectivity between vmPFC and STG was 
examined using DCM. Three models were compared, with vmPFC driving STG (yellow) theta 
activity during SD compared to SA objects being the model that best explained the data (left 
panel). Log Bayes factors per participant (right panel) showed positive to strong evidence for 
this model in most participants (yellow bars). Participants for whom there was no conclusive 
evidence for either model are represented by black bars. Where log Bayes factors exceeded five, 
bars are truncated and the exact values are adjacently displayed. 
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4.4.2.3 Source space power differences for each construction stage separately 

The aim of the current study was to address whether SD and SA object construction 

couched within scenes could be differentiated using MEG, firstly in terms of power in a 

specific frequency band, as outlined above, and secondly in terms of effective 

connectivity, which I consider in the next section. Before I address the latter, I was also 

interested to ascertain whether there would be sufficient statistical power to examine 

SD/SA differences in spectral power at each construction stage separately (first, second, 

third). This means there would be just 33 objects per category. This study was not 

designed for such comparisons.  

Nevertheless, to explore this point further, I re-ran the SD versus SA comparison 

with 33 objects in each category, randomly selected per participant (instead of the 99 

versus 99 objects in the full analysis). This mirrors the total number of objects that would 

be available per category per construction stage. As anticipated, I no longer found any 

theta power differences between the SD and SA conditions, either across the whole brain 

(even when lowering the threshold to p < 0.05 uncorrected) or in the ROI analyses.  This 

strongly suggests there would be insufficient sensitivity to detect effects of SD versus SA 

at each construction step, making definitive inferences difficult, even in the event of 

finding differences.  

An obvious question is why I did not simply increase the number of scenes in 

each condition enabling me to boost power for SD/SA comparisons at each construction 

stage, but this was not possible for several reasons. Participants were already in the MEG 

scanner for more than one hour, were required to remain very still in a seated position, 

alert and to create vivid mental imagery throughout. A large number of additional trials 
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would have made the scanning session unmanageably long for participant comfort, with 

an effect not only on motion artefacts, but also most likely on their ability to concentrate 

and therefore the vividness of mental imagery.  

4.4.2.4 Effective connectivity during SD relative to SA objects 

Having established a response to object type in the vmPFC and STG, I next examined 

the effective connectivity between these regions. I tested three simple hypotheses: (1) 

vmPFC and STG are mutually entrained, (2) STG drives vmPFC, or (3) vmPFC drives 

STG.  I embodied each hypothesis as a DCM where models differed in terms of which 

connection could be modulated by SD relative to SA objects.  

BMS identified the winning model to be vmPFC driving STG during SD more so 

than SA objects, with an exceedance probability of 91.62% (Figure 30B, left panel).  This 

model was also the most consistent across participants (Figure 30B, right panel). Using 

Kass and Raftery's (1995) classification, there was “positive” evidence (log Bayes factor 

1.1 to 3) in favour of this model for 14 of the 23 participants (Figure 30B, right panel, 

yellow bars), compared to only 5 participants for the STG driving vmPFC (Figure 30B, 

right panel, orange bars). For 4 participants, there was no conclusive evidence for either 

model (Figure 30B, right panel, black bars). It should be noted that “strong” evidence 

(log Bayes factor ≥ 3) for vmPFC driving STG was observed in only 11 participants 

overall, suggesting the SD vs SA effect on effective connectivity is relatively small.  This 

is unsurprising, considering the likely subtlety of the effect and the well-controlled nature 

of the stimuli and paradigm.  
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4.5 Discussion 

In this study I focused on an object property, SD or SA, that has been shown to influence 

how scene imagery is constructed (Mullally and Maguire, 2013). I found that while these 

object types were being imagined during scene construction, SD objects elicited 

significant theta changes relative to SA objects in two brain regions, the right vmPFC and 

right STG. Furthermore, the vmPFC drove STG theta activity during the imagination of 

SD objects relative to SA objects.  

SD and SA objects were matched in terms of the vividness of mental imagery, 

oculomotor behaviour and incidental memory encoding. Importantly, all objects were 

incorporated into the same three-object scene structures within which the order of SD or 

SA object presentation and object locations were carefully controlled. I also examined 

object permanence, and found that this property did not engage the vmPFC or STG. My 

findings are therefore unlikely to be explained by these factors.  

Interestingly, most of the brain regions typically associated with scenes did not 

respond to SD objects during scene construction. This is probably because scene 

processing was constant throughout the experiment, and so there was no variation 

required in the activity of these areas. It is particularly notable that the PHC, which was 

active during fMRI in response to SD objects when they were viewed or imagined in 

isolation and devoid of a scene context (Mullally and Maguire, 2011), did not exhibit 

power changes during scene construction. It may be that examining objects in isolation 

afforded a “purer” expression of SD, whereas, once these objects were included in scene 

building, higher-order areas then came online to direct their use in constructing scene 

representations, a possibility that I discuss next.    
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Considering first the involvement of the STG, while this region has been linked 

to speech processing (e.g. Hullett et al., 2016), the close matching of auditory stimuli and 

the absence of activity changes in other auditory areas suggests this factor does not 

account for its responsivity to SD objects. Perhaps more germane is the location of the 

STG within the anterior temporal lobe, a key neural substrate of semantic and conceptual 

knowledge that supports object recognition (Peelen and Caramazza, 2012; Chiou and 

Lambon Ralph, 2016). Patients with semantic dementia caused by atrophy to the anterior 

temporal lobe, lose conceptual but not perceptual knowledge about common objects 

(Campo et al., 2013; Guo et al., 2013).  

This could mean that SD objects provide conceptual information that is registered 

by the STG. Why might this be relevant to scene construction? Prior expectations have a 

striking top-down modulatory influence on our perception of the world, enabling us to 

process complex surroundings in an efficient manner (Bar, 2003; Bar et al., 2006; 

Summerfield and Egner, 2009), and resolve ambiguity (Chiou and Lambon Ralph, 2016). 

Without this knowledge, we are unable to understand how and where an object should 

be used (Peelen and Caramazza, 2012). Therefore, objects are an important source of 

information about the category of scene being imagined (or viewed), facilitating a rapid, 

efficient interpretation of the scene “gist” without the need to process every component 

of a scene (Oliva and Torralba, 2006; Summerfield and Egner, 2009; Clarke and Tyler, 

2015; Trapp and Bar, 2015). For example, if we see a park bench, this might indicate the 

scene is from a park. Although in the current study the scenes were deliberately composed 

of semantically unrelated objects, this may not have impeded the STG in nevertheless 

registering SD objects more so than SA objects because SD objects would normally offer 

useful conceptual information to help anchor a scene.   
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The operation of the STG might be facilitated by the vmPFC, which also showed 

a preferential response to SD objects in this study. Converging evidence across multiple 

studies has shown that the part of the vmPFC that was active in response to SD objects 

plays a role in the abstraction of key features across multiple episodes (Roy et al., 2012). 

These contribute to the formation of schemas, which are internal models of the world 

representing elements that likely exist in a prototypical scene, based on previous exposure 

to such scenes (Tse et al., 2007; van Kesteren et al., 2013; Gilboa and Marlatte, 2017). For 

instance, a park typically contains benches, trees and flowers. SD objects may be 

particularly useful in building scene schema, and hence the response to them by the 

vmPFC.  

Patients with damage to the vmPFC exhibit deficits that suggest aberrant schema 

re-activation (Ciaramelli et al., 2006; Gilboa et al., 2006; Ghosh et al., 2014), and this has 

led to the proposal that vmPFC may activate relevant schema to orchestrate the mental 

construction of scenes performed elsewhere – for example, in the hippocampus 

(McCormick et al., 2018a; Ciaramelli et al., 2019). My previous experiment (Chapter 3) 

lends further support to this proposal regarding hippocampal-vmPFC dynamics. In the 

current study, my DCM findings extend this work by showing that the vmPFC also exerts 

influence over the STG, indicating it may be engaging in top-down modulation of 

conceptual object processing by the STG, specifically during the processing of SD objects 

when couched in scene representations. My results may therefore indicate that SD objects 

help to define a scene by priming relevant schemas in the vmPFC which then guide 

conceptual processing in areas such as the STG. This may speak to the simple model of 

scene (and event) construction outlined at the start of this thesis (Section 1.4; McCormick 
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et al., 2018a), by providing some insights into vmPFC-neocortical interactions that then 

feed the hippocampus with the elements that are relevant for building a scene.  

There is another possible explanation for my findings. In the current study, the 

scenes were deliberately composed of semantically unrelated objects, and this could have 

introduced ambiguity about a scene’s identity. vmPFC and STG engagement may 

therefore be evidence of additional neural processing that was required to resolve 

incongruences inherent to acontextual scenes (Chiou and Lambon Ralph, 2016; 

Brandman and Peelen, 2017; Epstein and Baker, 2019), perhaps by drawing upon existing 

schemas in the pursuit of an appropriate scene template. Indeed, connectivity between 

medial prefrontal and medial temporal cortices has been shown to increase when 

processing novel information that was less congruent with pre-existing schematic 

representations (van Kesteren et al., 2010a; Chiou and Lambon Ralph, 2016).  

The acontextual nature of the scenes, and the effortful nature of the scene 

construction task, may also have precluded observation of a schema-related memory 

advantage for SD objects (see more on schema and memory in Tse et al., 2007; Gilboa 

and Marlatte, 2017; McCormick et al., 2018a). It should be noted, however, that the 

current study was not designed to investigate schema, and consequently these possible 

interpretations remain speculative. Future studies will be needed to further elucidate the 

SD/SA difference revealed here, perhaps by comparing semantically related and unrelated 

objects during scene construction, and by adapting the current paradigm to test patients 

with vmPFC or STG damage. In addition, testing with a longer retention interval, and 

examining memory for the constructed scenes and not just single objects, may reveal 

differential SD/SA results. Another notable feature of my findings was the right 

hemisphere location of the responses. This may be related to the visual nature of the 
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imagined scene, and could also be probed further in future studies by comparing patients 

with left and right-sided lesions. Finally, in a future study it may be possible to find some 

way to examine the order of SD and SA objects during scene construction and whether 

this has an influence on the brain areas engaged and their connectivity. 

In conclusion, this study revealed the neural dynamics associated with a specific 

object property during scene construction, and I suggest that SD objects in particular may 

serve to activate schematic and conceptual knowledge in vmPFC and STG upon which 

scene representations are then built. In the next chapter, I consider how individual scenes 

might be prepared for inclusion into events by invoking the phenomenon of BE.  
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5 Preparing scenes for inclusion into events 

5.1 Précis 

The experiments described so far have focussed on the imagination of single scenes.  In 

Chapter 3, I observed early responses in the anterior hippocampus and vmPFC during 

the construction of scene imagery, with the vmPFC driving this scene-specific 

hippocampal activity.  In Chapter 4, I showed that SD objects, which seem to define their 

surrounding space, also preferentially engaged the vmPFC, which drove activity in the 

STG during scene construction. In both experiments, the vmPFC influenced activity in 

downstream brain areas, concordant with the account of the vmPFC initiating and 

orchestrating the construction of consciously generated scene imagery. How the brain 

supports the transition from one single scene to another is the focus of this next 

experiment.  I investigated whether the hippocampus and vmPFC, along with other brain 

regions typically engaged by scene processing, were engaged by the boundary extension 

(BE) effect, a well-documented implicit form of scene construction that I described in 

Chapter 1.  This concerns the tendency we have to automatically and rapidly extrapolate 

outward beyond the edges of the scene currently in view. I contend that BE may 

contribute to preparing individual scenes for inclusion into evolving events.  BE has not 

been probed previously using MEG, a technique that has the potential to reveal the finer 

temporal unfolding of this process.  
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5.2 Introduction 

An important feature of perception is that our visual input is necessarily constrained. It 

is not possible to infinitely sample our surroundings such that every aspect of the scene 

in front of us is “complete”. Instead, we frequently blink and our view of parts of the 

scene may be obstructed. These limitations do not, however, interfere with our sense of 

continuous perception of the scene as coherent and “whole”. Pertinent to my thesis, this 

completion process may explain how our ongoing mental representation of an event feels 

seamless, perhaps by integrating successive scenes. In the current experiment I sought to 

address how this might be achieved.  

We know that the brain is able to make predictions about what is likely to exist 

beyond our view (Friston, 2010). This capacity is crucial for adaptive decision-making in 

humans, and is exemplified by BE, a cognitive phenomenon outlined and illustrated in 

Chapter 1 (see Figure 7). People tend to recall a larger extent of a scene than was actually 

viewed, thought to result from an anticipatory form of scene construction whereby one 

implicitly constructs a mental representation of the scene that extends beyond its visible 

borders (Intraub and Richardson, 1989). BE is a robust effect, persisting even when the 

observer is made aware of the phenomenon (Intraub and Bodamer, 1993), suggesting it 

is not completely under conscious control. This effect also specifically occurs in response 

to images of scenes, and not isolated objects (Gottesman and Intraub, 2002).  

In Chapter 1 I described the two phases thought to comprise BE, which I briefly 

recapitulate here. When a close-up scene is initially perceived (phase 1), in healthy people, 

automatic extrapolation beyond its borders occurs which has the consequence of creating 

a mental representation of the scene wider than the picture depicted (Intraub and 
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Richardson, 1989; Intraub et al., 1992, 1996; Seamon et al., 2002; Chadwick et al., 2013; 

Czigler et al., 2013; Spanò et al., 2017). It is during the viewing of this initial study picture 

that the BE effect occurs, evidence for which is observed at the subsequent test phase in 

the form of a memory error (phase 2). Thus, when the same scene is presented again after 

a brief delay, it is mistakenly perceived as being a closer-up view compared to the original. 

BE can be observed when the two scenes presented are identical (Mullally et al., 2012b; 

Chadwick et al., 2013; De Luca et al., 2018), as was used in the current study, and when 

they are mismatched close-to-wide angle views (see Intraub and Richardson, 1989; Park 

et al., 2007; Hubbard et al., 2010). Since BE has been observed even with a delay as brief 

as 42 ms between the two scene presentations – equivalent to a saccade (Dickinson and 

Intraub, 2008; Intraub and Dickinson, 2008) – this also suggests that it is a very rapid 

process, consistent with the notion of it being implicit.  

The BE memory error measured at the second phase provides a diagnostic 

measure of BE having occurred earlier, or not – the picture is rated as “the same” (the 

correct response in the case of the current experiment), “closer-up” or “farther away” 

(both errors). The initial extrapolation of scenes during the original scene picture can then 

be examined by comparing neural activity categorised according to a participant’s 

judgement at test. To date, only one fMRI study has examined this first phase, and in this 

manner. Using a brief presentation of 250 ms, Chadwick et al. (2013) found the 

hippocampus and PHC were both involved in the BE effect. Interestingly, they further 

observed that the hippocampus drove early visual cortices during BE, not the reverse, 

suggesting this structure in the MTL plays a key role in implicit scene construction and 

not only in its explicit form (Hassabis et al., 2007a; Epstein, 2008; Dalton et al., 2018; 

Barry et al., 2019a, 2019b; Clark et al., 2019; Epstein and Baker, 2019). To note, in another 
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fMRI study, Park et al. (2007) studied the neural correlates of the retrieval phase of BE 

in healthy controls, where the PHC and RSC both emerged as regions sensitive to the BE 

error. They did not report on the study phase, which is of key interest here.  

Further evidence of the necessity of the hippocampus for scene extrapolation was 

provided by patients with selective bilateral hippocampal damage, who demonstrated 

attenuated BE relative to healthy controls (Mullally et al., 2012b). Interestingly, patients 

with damage to the vmPFC – another region associated with scene construction, as I’ve 

outlined previously (Zeidman et al., 2015b; Barry et al., 2019b, 2019a; McCormick et al., 

2020) – showed a level of BE attenuation comparable to that of hippocampal-damaged 

patients (De Luca et al., 2018). This suggests that the hippocampus and vmPFC both play 

roles in the implicit construction of mental scene imagery.  

Together, the extant, albeit limited, neuroscientific literature on BE suggests that 

areas within the MTL, including the hippocampus and PHC, as well as the vmPFC are 

involved in implicit scene construction. In the current experiment, I examined the 

involvement of these regions at the study phase (the BE effect).  This is because it is at 

this point in time we can glean the most information about how the brain reaches beyond 

the current view, potentially laying the groundwork for linking one scene snapshot to the 

next, as a precursor to representing events.  As in Chadwick et al.'s (2013) fMRI study, I 

did not examine neural activity during the retrieval phase (the BE error) as it is likely 

confounded by memory-related and preparatory processing as the participant anticipates 

making a response. The first extrapolation BE phase has not been previously investigated 

electrophysiologically. To the best of my knowledge, there has been only one EEG study 

on BE, providing a finer temporal resolution than was possible with fMRI, but which 

examined only the second phase – the BE error (Czigler et al., 2013). The early event-
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related potential (ERP) observed within the first 285 ms of the test picture suggested that 

the extrapolated region of the scene committed to memory was made rapidly available 

when assessing the scene a second time.  

Here, I used MEG to measure the neural activity during the first phase, where the 

BE effect occurs. This temporally-resolved technique also affords sufficient spatial 

resolution for localising any ERF effect observed.  I presented the study picture for a 

brief duration (250 ms), since this paradigm has been previously shown to elicit BE 

(Intraub et al., 1996, 2006; Intraub and Dickinson, 2008; Chadwick et al., 2013), and a 

rapid presentation is well-suited to MEG since neural processing can be tracked with 

millisecond precision. In this way, a simple comparison could be performed between the 

evoked responses to those scenes when BE occurred, and the scenes when it did not.  

It is notable that ERF studies normally have a large number of trials which are 

thought to optimise the chances of detecting an evoked response. In the BE literature, 

however, it is usual to test only a small number of stimuli (normally fewer than 40).  This 

is because increasing the duration of the testing session with a larger number of scenes 

weakens the BE effect and introduces other memory errors that can interact with BE 

over time (see Intraub et al., 1992; Intraub, 2020). Therefore, in line with the previous 

neuroimaging investigation of the BE effect (Chadwick et al., 2013), here I used a total of 

60 trials which provided the best balance between trial number and eliciting BE.  

I predicted that an effect of BE would be detectable early on in the evoked 

response to the study picture, consistent with an automatic process. How early within the 

250 ms remained, however, an open question, since there is a lack of extant 

electrophysiological evidence to guide a more specific hypothesis. I subsequently 
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performed source-level beamforming to localise any ERF effect detected at the sensor 

level. Given that all stimuli during the study phase were scenes, it was highly likely that 

the hippocampus and vmPFC would be engaged. I further reasoned that extrapolation 

beyond the view of scenes when BE occurred would be associated with increased scene 

construction and so increased neural activity in these two brain regions relative to scenes 

where BE did not occur. Such a finding would also align with the attenuated BE observed 

in patients with hippocampal or vmPFC damage (Mullally et al., 2012b; De Luca et al., 

2018). I also predicted involvement of other brain regions such as the PHC and RSC, as 

well as early visual cortices, considering these regions have been previously implicated in 

the BE effect and scene processing more generally (e.g. Park et al., 2007; Chadwick et al., 

2013).  

In a final part of the analysis, I used DCM to characterise the effective 

connectivity between regions revealed by the source reconstruction. Previous 

investigations, including my experiment in Chapter 3, of the effective connectivity of the 

vmPFC during scene construction and autobiographical memory have shown this region 

to exert an influence over the hippocampus (Barry et al., 2019b, 2019a; McCormick et al., 

2020). I therefore hypothesised this frontal region would drive MTL regions associated 

with scene processing (hippocampus, PHC) during BE.  

5.3 Materials and methods 

5.3.1 Participants 

Thirty six healthy right-handed participants (21 females; mean age 24.88 years, Std Dev 

= 3.40) took part in the experiment. In order to ensure a balanced analysis, I required a 
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similar number of  trials where BE occurred and those where it did not – NoBE trials –

rather than the more typical preponderance of BE trials (Intraub et al., 1992; Intraub, 

2010). Previous research has shown that the longer the exposure to a study picture, the 

more likely BE is to occur (Intraub et al., 1996; Intraub and Dickinson, 2008; Mullally et 

al., 2012b; Chadwick et al., 2013; Czigler et al., 2013).  Consequently, a short exposure 

such as the 250 ms typically used in the RSVP task, produces more variability in 

responses, which is why I used this paradigm. Sixteen of the participants (8 female; mean 

age 24.31 years, Std Dev = 4.25) had response proportions within my cut-off range (38-

58%). Consequently, the eye tracking and MEG analyses described below were 

performed on the data of these participants.  

5.3.2 Stimuli and task procedure 

The task was a modified version of the RSVP task used previously in fMRI (Chadwick et 

al., 2013).  Participants initially performed two practice trials in the MEG scanner using 

stimuli not included in the main experiment. Experimental stimuli consisted of 

photographs of scenes presented on a screen 60 cm away from a participant in the 

scanner.  A participant was told that on each trial they would view a scene twice, and that 

on the second presentation the scene may appear closer-up, exactly the same, or farther 

away, compared to the first presentation. They were instructed to maintain their gaze on 

the centre of the screen throughout the experiment.  

Each trial began with a central fixation cross for 3000 ms, immediately after which 

a scene was presented in the centre of the screen for 250 ms (the study picture; Figure 

31). This was followed by a dynamically changing visual noise mask for 200 ms, and then 

a static visual noise mask presented for a variable period of between 2000 and 4000 ms. 
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The duration of this second masking was pseudorandomised across trials. This second 

presentation of the scene was in the same central location as the first (Figure 31; the test 

picture) and, unbeknownst to the participant, the scene on every trial was exactly the same 

scene as the initial study picture.   

After 1000 ms, five options appeared under the test picture. Participants were 

asked to make a selection to complete the statement “compared to the original, this 

picture seems___” from the following: “much closer-up”, “a little closer-up”, “the same” 

(always the correct answer), “a little farther away”, or “much farther away” (Figure 31; 

lower panel). Up to 5000 ms was permitted to select a response using a five-button MEG-

compatible button-box in their right hand. A second set of options then appeared for 

participants to make a confidence judgement regarding their decision: “not sure”, “fairly 

sure”, or “very sure”. In addition, they could indicate whether they did not recall seeing 

the first picture at all. This allowed for the possibility that a participant may have missed 

the study picture, given its earlier rapid presentation. However, this option was never 

selected by any participant. Up to 4000 ms was provided to make this response, followed 

by a rest period of 2000 ms before the start of the next trial. Each participant completed 

60 trials, with a different scene on each trial, presented in a randomised order.  

When a participant chose the “much closer-up” or “a little closer-up” options, 

this indicated that BE occurred at the earlier point of the study picture – these trials were 

therefore categorised as BE.  BE did not occur when the “same”, “a little farther away”, 

or “much farther away” options were selected – these trials were therefore categorised as 

NoBE (Figure 31; lower panel). This categorisation allowed me to compare the presence 

and absence of BE when analysing the MEG data at the point of the study picture.  
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Figure 31.  Trial timeline.  The same scene picture is shown at study and test, separated by a 
masked delay period during which time the scene is no longer present. When we view a scene for 
the first time, we automatically extrapolate beyond the original view, called the “BE effect” (study 
picture; orange). When the scene is presented a second time, the extended mental representation 
is compared to the test picture, leading to the incorrect judgement that this second scene is 
“closer-up” than the first, even though they are identical, known as the “BE error” (test picture; 
blue). The five response options following the test picture are shown amplified below.  Selection 
of either of the “closer” options was indicative of BE having occurred at the point of the study 
picture (pink), while “same” and “farther” options demonstrated BE was not experienced at the 
point of the study picture (grey). 

 

The visit of each participant took approximately 50 minutes in total, including 

training, set up in the MEG scanner and eye tracker calibration, and the experimental task 

(~12 minutes).  

5.3.3 In-scanner eye tracking 

An Eyelink 1000 Plus (SR Research) eye tracking system with a sampling rate of 2000 Hz 

was used during MEG scanning to establish if participants maintained central fixation 

throughout the task. Eye tracking data were obtained for every participant. 



Building mental experiences: From scenes to events                                                              161 

 
5.3.4 Behavioural data analysis 

Statistical analyses were performed using SPSS25. The number of responses in the BE 

and NoBE conditions were compared using a paired-samples t-test, using a significance 

threshold of p < 0.05. Eye tracking comparisons between BE and NoBE trials were 

performed using paired-samples t-tests to examine fixations across the duration of the 

250 ms study picture, using a Bonferroni-corrected significance threshold. This was used 

to determine for how long participants fixated on the study image, as well as where (see 

Results, Section 5.4.1.2).  

5.3.5 MEG data acquisition 

MEG data were recorded using the whole-head 275 channel CTF Omega MEG system 

with a sampling rate of 1200 Hz, as described in Chapter 2.   

5.3.6 MEG data pre-processing 

Data were filtered with a 0.1 Hz high-pass filter, 48-52 Hz stop-band filter, and 98-102 

Hz stop-band filter, to remove slow drifts in signals from the MEG sensors and power 

line interference.  Epochs of interest were defined as -250 to 250ms relative to the onset 

of the study picture, corresponding to BE (closer ratings at test picture) and NoBE (same 

and farther ratings at test picture) trials. Since the time window subjected to analysis is 

narrow due to the nature of the effect under investigation (only 250 ms), it is difficult to 

resolve within a specific frequency band.  Therefore, in order to best capture the BE 

effect, analyses involved a broad spectrum with a frequency cut-off of 90 Hz using a two-

pass Butterworth filter with a filter order of 5. An interval of -100 to 0 before the onset 
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of the study picture was then used to perform baseline correction on BE and NoBE 

epochs prior to performing all analyses outlined below.  

Following visual inspection of the data, an average of only 0.375 trials were 

rejected because they contained eye blinks and muscle artefacts. The robust average was 

calculated to obtain an ERF per participant and condition. This averaging method down-

weights outliers when computing the average and helps to suppress high-frequency 

artefacts to minimise trial rejection; this is particularly helpful when only a small number 

of trials are available (as in this case; Wager et al., 2005).  

5.3.7 MEG data analysis 

5.3.7.1 Sensor level: ERFs 

ERFs were analysed using the FieldTrip toolbox (Oostenveld et al., 2011), implemented 

in Matlab R2018a, on the robust averaged data per condition. To statistically compare the 

neural activity evoked in response to the study picture when BE did or did not occur, I 

used a non-parametric cluster-based permutation test, correcting for multiple 

comparisons across all MEG channels and time samples across the entire study picture 

window [0-250] (Maris and Oostenveld, 2007).  This test controls for the Type I error 

rate by identifying clusters of significant differences over time and sensors, rather than 

performing separate tests for each sample of time and space.  I report only effects that 

survived this correction (FWE, p < 0.05). Cluster-level statistics are the sum of t-values 

within each cluster, and this was calculated by taking the maximum cluster-level statistic 

(positive and negative separately), over 10,000 random permutations of the observed data.  

The obtained p-value represents the probability under the null hypothesis (no difference 
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between BE and NoBE) of observing a maximum greater or smaller than the observed 

cluster-level statistics. 

5.3.7.2 Source level: beamforming 

Source reconstruction was performed using the DAiSS toolbox 

(https://github.com/SPM/DAiSS) implemented in SPM12 (www.fil.ion.ucl.ac.uk/spm).  The 

LCMV beamformer algorithm (Van Veen et al., 1997) was used to generate maps of 

power differences between BE and NoBE conditions following the calculation of the 

averaged evoked response. For each participant, the covariance matrix was estimated 

using a common spatial filter for all conditions, optimising the estimate and increasing 

the reliability of the filters through which all trials belonging to all conditions would be 

subsequently projected. For consistency, this was performed within the same broadband 

frequency spectrum as the ERF analysis. Due to the narrow time window of interest (< 

250 ms), this spatial filter was computed across the entire epoch (-250 to 250 ms) 

including both pre- and post-response windows, as this has the advantage of a more stable 

covariance matrix. Whole brain power images per condition and per participant were 

subsequently generated within the shorter interval of interest identified by the ERF 

analysis (see Results, Section 5.4.2.1). Coregistration to MNI space was performed using 

a 5 mm volumetric grid and was based on nasion, left and right preauricular fiducials. The 

forward model was computed using a single-shell head model (Nolte, 2003). This resulted 

in one weight-normalised image per participant within the interval of interest for each 

condition, which was then smoothed using a 12 mm Gaussian kernel. At the second level 

I performed a t-contrast between BE and NoBE conditions.  
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5.3.7.3 Effective connectivity 

Source localised differences in neural engagement between BE and NoBE provided the 

seed regions the effective connectivity analyses. I used DCM for event-related signals 

(Friston et al., 2003; Garrido et al., 2007; Kiebel et al., 2009) which was described in 

Section 2.7.3.2, but the key points are reprised here. This approach permits the 

comparison of biologically plausible models representing a priori hypotheses of the 

influence one region has over another, as well as mutual entrainment between regions 

(Friston, 2009; Kahan and Foltynie, 2013). Intrinsic connectivity between different cell 

populations within a region are estimated as part of every model.  Extrinsic afferent inputs 

are categorised as forward, backward or lateral depending on which subpopulations these 

afferents project to (Felleman and Van Essen, 1991).  

Random-effects BMS was then used to compare the evidence for competing 

models that varied according to which connections were modulated by the experimental 

condition (Stephan et al., 2009). For each condition I compared alternative unidirectional 

“master-slave” relationships between two regions, but also directly compared these 

models with bidirectional mutual entrainment, where neither region exerts a stronger 

influence over the other. When applied to my data, I determined the winning model to 

be the one with the greatest exceedance probability.  
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5.4 Results 

5.4.1 Behavioural results 

5.4.1.1 The BE effect 

When a participant chose the “much closer-up” or “a little closer-up” options, this 

indicated that BE occurred at the earlier point of the study picture.  BE did not occur 

(NoBE) when the “same”, “a little farther away”, or “much farther away” options were 

selected (Figure 31). The mean percentage of trials that elicited BE was 51.88% (Std Dev 

= 2.32), and NoBE was 48.12% (Std Dev = 2.32; comprised of 36.56% [Std Dev = 3.26] 

“same” responses, and 11.56% [Std Dev = 2.73] “farther” responses), and these were not 

significantly different (t(15) = 0.808, p = 0.432; Figure 32A, left panel). There was therefore 

an even division between trials where the first presentation of scenes elicited BE and trials 

where it did not.   

Confidence ratings for each condition also did not differ significantly (BE mean 

= 2.42, Std Dev = 0.34; NoBE mean = 2.28, Std Dev = 0.32; t(15) = 1.801, p = 0.092). No 

participant selected the option “I don’t remember seeing that at all”, suggesting that all 

of the stimuli were processed. Note that there was no difference between BE and NoBE 

trials in terms of the length of jitter (F(2, 30) = 0.579, p = 0.567).  

I also examined whether there were any systematic differences across the stimuli 

in their propensity or not to elicit BE. I calculated the mean BE score for each scene 

image using the Intraub and Richardson (1989) BE scoring procedure, which scores each 

trial between -2 and 2, for “much closer-up” (-2), “a little closer-up” (-1), “the same” (0), 

“a little farther away” (1), and “much farther away” (2). As expected, there was a 
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significant BE effect across participants, with a negative mean BE score of -0.51 (SD = 

0.21), reflecting a bias towards judging test pictures as “closer-up” and therefore 

indicative of the occurrence of BE at the study picture.  This behavioural effect was highly 

significant (t(15) = -9.629, p < 0.0001). Then, following an established rule for outliers 

(Chadwick et al., 2013; Intraub et al., 2015), I used a threshold of 3 Std Dev above or 

below the group mean to indicate whether a scene elicited a systematically strong or weak 

BE effect. This was not the case in my stimuli – the scene with the strongest BE effect 

was only 1.87 Std Dev from the mean, while the one with the weakest was only 2.42 Std 

Dev from the mean. I also calculated the cross-participant Std Dev per scene and found 

considerable variation (mean Std Dev = 0.82, Std Dev of the mean Std Dev = 0.27, range 

of the Std Dev = 0.33–1.50), thus further indicating that specific stimuli were not driving 

the effects I observed. 

5.4.1.2 Eye tracking data 

My focus was on the study picture, and the comparison between trials where BE occurred 

and those where it did not, as determined by the response given at the later decision point. 

Examining the eye tracking data, aggregate fixation heat maps confirmed that participants 

maintained their focus on the same central area of the study pictures on both BE and 

NoBE trials during their 250 ms presentation (Figure 32A, right panel), with no instance 

of a participant looking elsewhere, including at scene borders. Moreover, there were no 

significant differences between the BE and NoBE conditions in terms of fixation 

duration (BE mean = 200.05 ms, Std Dev = 56.74; NoBE mean = 194.99 ms, Std Dev 

= 51.16; t(15) = 0.645, p = 0.529).  
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5.4.2 MEG results 

5.4.2.1 ERFs 

I examined a broad frequency range (1-90 Hz) given the short study picture presentation 

time window (0 to 250 ms). The cluster-based permutation test revealed one 

spatiotemporal cluster where BE and NoBE trials differed significantly in evoked activity 

between 12.5-58 ms (with the maximum difference at 40 ms) from the onset of the study 

picture (Figure 32B, left panel). The topographic distribution of this very early difference 

in neural responses involved fronto-temporal sensors (Figure 32B, right panel). A second 

later difference (~140 ms) was not statistically significant.  

5.4.2.2 Source space power differences between BE and NoBE 

Having demonstrated a significant effect of BE at the sensor level, I subsequently 

performed source reconstruction of the ERF using beamforming. I found that BE relative 

to NoBE elicited power changes in a set of brain regions that are typically engaged by the 

processing of scenes and events (Figure 32C; Svoboda et al., 2006; Park et al., 2007; 

Spreng et al., 2009; Chadwick et al., 2013): the middle temporal gyrus (peak x, y, z = -58, 

-32, -2), RSC (-6, -42, 8), anterior hippocampus (32, -14, -12), visual association cortex (-

42, -72, 18), PHC (-14, -36, -12), thalamus (13, -12, -2), posterior hippocampus (-22, -38, 

4), superior parietal lobule (20, -72, 56), and vmPFC (-4, 58, -12).  No changes in power 

were evident for the opposite contrast of NoBE relative to BE. To note, the power 

changes within the anterior and posterior hippocampus, PHC, RSC, thalamus, and visual 

association cortex survived more stringent thresholding at p < 0.005 (uncorrected).  
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Figure 32.  Behavioural and MEG results.  (A) The percentage of trials where boundary 
extension (BE) did or did not (NoBE) occur (left panel); mean +/- SEM. Group eye fixation heat 
maps (n = 16) during the study picture (right panel) indicated no difference in where participants 
focused their gaze during BE and NoBE trials. Red indicates higher fixation density, and green 
lower fixation density.  (B) The grand-averaged event-related field for the BE (pink) and NoBE 
(grey) conditions averaged over cluster of MEG sensors identified as significant by the 
permutation test (left panel). The line shading represents the SEM; the significant 12.5-58 ms 
time-window in which a statistically significant difference was observed is indicated by the light 
green box. White dots on the topographic representation of the data (right panel) mark the 
frontotemporal cluster of sensors at which this difference occurred, visualised using the CTF151 
helmet layout.  (C) Source reconstruction of evoked activity during in the 12.5-58 ms interval 
after the onset of the study picture, overlaid on a rendered inflated cortical surface, thresholded 
at p <0.05 uncorrected for display purposes. L = left hemisphere, R = right hemisphere, vmPFC 
= ventromedial prefrontal cortex, aHipp = anterior hippocampus, pHipp = posterior 
hippocampus, PHC = parahippocampal cortex, MTG = middle temporal gyrus, Thal = thalamus, 
RSC = retrosplenial cortex, SPL = superior parietal lobule, VAC = visual association cortex.  
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5.4.2.3 Effective connectivity  

Having established a difference between BE and NoBE in a number of brain regions, I 

next used DCM to assess the direction of information flow between the vmPFC and 

these other regions during the BE and NoBE conditions. I focussed the analyses on the 

left hemisphere, as the majority of peak differences were located there.  For the two 

regions with primary peaks in the right hemisphere, I included secondary left hemisphere 

peaks (anterior hippocampus, -24, -14, -22; thalamus, -4 -25 11).  

There are numerous ways in which these data could be analysed. My interest was 

in whether the rapid evoked response on BE trials was top-down driven. Consequently, 

I focused on examining the relationship of the vmPFC, which is typically regarded as a 

source of top-down modulation, with other regions revealed by the source 

reconstruction. This included brain areas often associated with scene processing 

(hippocampus, PHC, RSC), an important relay station (thalamus), and a potential source 

of bottom-up modulation (visual association cortex).  

This wide set of brain regions presents a challenge for this DCM analysis due to 

the large number of possible models that could be evaluated if all brain regions were 

entered into the same model space. Since this would involve an unmanageable number 

of possible models, it is best to reduce this number by having strong hypotheses about 

which regions have causal influence. This is easier when examining well-established 

sensory and motor systems, however, the causal relationships of each region in this study 

are not precisely known. Whilst new approaches now exist that enable a search over the 

entire model space (see Friston et al., 2011, 2016; Moran et al., 2013; Razi et al., 2017), it 

is unlikely these could sufficiently reduce the complexity of the model space involving 
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five regions of interest, and they have not yet been widely applied to MEG data. As a 

result of these challenges, interpreting any results would be highly complex.  

This situation calls for a simpler approach when specifying models. As a 

compromise, I examined pairwise connectivity of the five regions. For each brain region 

I tested three models of information flow: (1) a region drove vmPFC, (2) vmPFC drove 

a region, and (3) the two regions were mutually entrained. Due to the short time interval 

within which a significant effect of BE was localised (12.5–58 ms), I fit models to a 

window of 1 to 60 ms of the study picture, enabling better modelling of the evoked 

response observed. This was implemented for both BE and NoBE conditions. With this 

approach I could assess whether the vmPFC drove activity in other regions during BE, 

and whether this connectivity profile was specific to only trials where BE occurred.  

BE trials 

During BE trials, the vmPFC was more likely to be the driving influence: the EP for 

vmPFC driving anterior hippocampus was 62.32%, for posterior hippocampus it was 

71.65%, PHC 88.33% (Figure 33), RSC 71.65%, thalamus 76.44%, and visual association 

cortex 45.24%.  In contrast, the probability of the vmPFC being driven by each of these 

regions was low: anterior hippocampus-driven was 1.62%; posterior hippocampus-driven 

11%; PHC-driven 1.03%; RSC-driven 22.6%; thalamus-driven 7.83%, and visual 

association cortex driven 1.62%.   

NoBE trials 

During NoBE trials, the vmPFC was also driving the RSC, thalamus and visual 

association cortex (61.83%, 91.55%, and 97.4% respectively, compared to the alternative 

unidirectional models: RSC-driven 17.41%; thalamus-driven 1.1%; visual association 
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cortex-driven 0.83%). For vmPFC connectivity with the anterior and posterior 

hippocampus, and the PHC, there was no clear winning model.  

 

 
Figure 33. An example DCM. Three different models of connectivity between the ventromedial 
prefrontal cortex (vmPFC) and, in this example, the parahippocampal cortex (PHC) were tested: 
(1) the PHC driving the vmPFC, (2) the vmPFC driving the PHC, and (3) mutual entrainment. 
Bayesian model selection revealed the model with the strongest evidence during boundary 
extension (BE; pink) trials was the vmPFC-driven model.  During NoBE trials (grey) there was 
poor evidence for any one model. 

 

5.5 Discussion 

This study examined BE, an implicit scene construction process whereby the view of a 

scene is remembered as containing more content than was physically present, reflecting 

the tendency to extrapolate beyond the scene’s borders during its first viewing (Intraub 

and Richardson, 1989).  To the best of my knowledge, this experiment represents the first 

time that MEG has been used to examine the neural dynamics of the BE effect in a time-

resolved way. By tracking the BE effect millisecond-by-millisecond, this experiment 
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aimed to provide a window into how single scenes might be prepared for inclusion into 

unfolding mental events. 

I found that when first viewed, scenes were processed differently depending on 

whether or not BE occurred, with BE evoking early ERFs within the first 58 ms of 

viewing the study picture. This BE effect was associated with power changes relative to 

NoBE in a set of brain regions that are typically engaged by scene and event processing, 

including the vmPFC, hippocampus, PHC, RSC, thalamus and visual association cortex. 

Given that all of the study pictures were scenes, I suggest that these power changes are 

related to the additional implicit scene construction that occurred during BE trials, over 

and above the general scene processing that was also present during NoBE trials.   

Notably, analysis of the flow of information between the vmPFC and the other 

brain regions revealed a propensity for the vmPFC to exert top-down influence across 

the board.  Interestingly, even on trials where BE was absent, the vmPFC drove the RSC, 

thalamus and visual association cortex during scene perception. However, effective 

connectivity between the vmPFC and hippocampus, and the vmPFC and PHC, was only 

causal (with vmPFC driving) during BE trials. These findings align with the few previous 

neuroscientific studies of the BE effect, which documented involvement of the 

hippocampus (Mullally et al., 2012b; Chadwick et al., 2013), the PHC (Chadwick et al., 

2013), and the vmPFC (De Luca et al., 2018).  

By supporting the ability to imagine what is beyond the view of a single scene 

implicitly and very rapidly, the vmPFC and MTL areas, and the associated additive scene 

construction, may be crucial for underpinning the subsequent linking of individual scenes 

into seamless events. For example, when we imagine what is beyond the view in the real 
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world, this may provide overlap in mental imagery from scene to scene that then facilitates 

our sense of continuity by smoothing over the transitions between scenes.  Moreover, by 

predicting what might be beyond the view, this can then be quickly verified or refuted 

when the scene changes, helping to potentiate action.  This is an efficient and effective 

way to view the world, and so while BE gives rise to a memory error when tested in 

paradigms such as RSVP, in the real world it is highly advantageous.   

My MEG findings extend our understanding of BE in showing how quickly this 

effect occurs, and the nature of the information flow that supports it.  I will consider 

these two points in turn.   

First, it was notable that the differentiation between BE and NoBE trials was 

detectable between 12.5-58 ms after onset of the study picture. Although I acknowledge 

that the filtering used will have caused a small degree of burring in time, pushing backward 

the effect by approximately 10 ms, this still leave an early effect within the first 60 ms of 

picture onset. It is now well-established that scene processing in humans can be rapid, 

with as little as 13 ms exposure needed to discern scene content and “gist” (Potter, 1975; 

Thorpe et al., 1996; VanRullen and Thorpe, 2001; Rousselet et al., 2005; Joubert et al., 

2007; Castelhano and Henderson, 2008; Greene and Oliva, 2009; Potter et al., 2014). This 

speedy response is observed even when participants are engaged in a distractor task (Li 

et al., 2002) or when a scene is displayed in their peripheral vision (Thorpe et al., 2001).  

Most studies in this area have used explicit tasks such as scene categorisation, 

relying on overt reaction times to provide a behavioural measure of visual processing 

(Oliva, 2005; Oliva and Torralba, 2006; Fabre-Thorpe, 2011). Typically, neural responses 

measured using MEG have been observed less than 200 ms after scene onset, with 



Building mental experiences: From scenes to events                                                              174 

 
simultaneous responses in the MTL and visual cortex (e.g. Ramkumar et al., 2016). 

However, debate surrounds exactly what is processed so early, since many different 

features are likely to contribute to judging scene category, from lower-level elements such 

as textures to higher-level conceptual features. In a recent elegant EEG study, Greene 

and Hansen (2020) found that high-level visual features could distinguish scenes only 80 

ms after low-level features were processed. Interestingly, only high-level features were 

correlated with behavioural measures of scene categorisation (Greene and Hansen, 2020).  

Together, extant studies suggest that the basic meaning or semantic gist of a scene can be 

extracted quickly, even within a single fixation, without exhaustive processing of scene 

objects, perhaps based on global scene features (Li et al., 2007; Greene and Oliva, 2009; 

Larson et al., 2014).  

However, my BE findings can now push our understanding further. The BE 

effect I examined was implicit, unlike previous scene processing tasks which were 

typically explicit, such as scene categorisation. Moreover, BE involves prediction about 

what might be beyond the view, perhaps based on schema, then sourcing additional 

elements of the scene congruent with what is physically present in the scene, and finally 

constructing this extra portion of a scene. This undoubtedly constitutes top-down 

processing and yet I have shown that it occurs below 60 ms from scene onset.  This 

appears to imply that high level cognition may occur much faster than traditional accounts 

of visual processing suggest (e.g. Di Lollo et al., 2000; Lamme, 2006; Del Cul et al., 2007), 

consistent with recent evidence for conceptual processing of scenes being more rapid 

than previously believed (Bar et al., 2006; Potter et al., 2014).  This involves areas such as 

the vmPFC and MTL engaging very early, with the former in particular being notable in 

driving activity in other brain regions, including visual areas, a point I consider next.    
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The effective connectivity results position the vmPFC as the source of top-down 

influence on other regions that include the hippocampus, PHC, RSC, thalamus, and visual 

association cortex. It may facilitate the rapid extrapolation of scene information by 

activating knowledge relevant to the schema for the scene physically present (e.g. a park 

schema). The importance of the vmPFC in initiating the retrieval of schema-relevant 

knowledge is illustrated in vmPFC-damaged patients with confabulation, who are unable 

to inhibit irrelevant memory representations (Moscovitch and Melo, 1997; Gilboa et al., 

2006; Gilboa and Marlatte, 2017), and require explicit cues in order to retrieve scenes 

from a past experience (Kurczek et al., 2015). The vmPFC-driven processing underlying 

the BE effect indicates that this brain area not only plays a role in mental scene 

construction during explicit tasks, as shown in Chapters 3 and 4, but is also involved in a 

faster, implicit form of scene construction. This accords with the cognitive model of 

scene and event construction I described in Chapter 1. In that architecture, the vmPFC 

initiates the construction of a single scene by activating relevant elements in other cortical 

areas, which are then conveyed to the hippocampus to build the scene image.  I can now 

add that the vmPFC also seems to orchestrate the anticipation of the next view.  This is 

further consistent with evidence that the vmPFC engages in predictive processing more 

generally, such as anticipating utility and reward (Bechara et al., 2000; Iigaya et al., 2020), 

and foreseeing future episodes (Addis et al., 2009; Bertossi and Ciaramelli, 2016; Bertossi 

et al., 2017), serving to direct decision-making.  

Is there an alternative explanation for the difference I found between the BE and 

NoBE conditions? By using a rapid scene presentation, the placement and duration of 

eye fixations were closely matched between scenes where BE occurred, and those where 

it did not. Participants fixated solely on the central portion of the study pictures in both 
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conditions (and not at the boundaries), with no difference in looking time (fixation 

duration). My findings are therefore highly unlikely to be explained by oculomotor 

behaviour or low-level processing.  On no trial did any participant indicate that they did 

not see a stimulus, suggesting that they paid attention throughout this short (~12 minute 

in total) MEG experiment.  Moreover, there was also no difference in participants’ 

confidence in their decisions for BE and NoBE trials.  If they had for some reason been 

less attentive during BE trials, this might have been reflected in the confidence ratings (or 

indeed, the eye tracking data). For differences in attention to explain our findings, loss of 

attention would have had to occur systematically and on approximately half of trials for 

each participant, which seems very unlikely.  I also demonstrated there were no consistent 

item-level effects on BE within the set of scene stimuli that were viewed by all 

participants. Since no scenes were identified as eliciting a consistently strong (or weak) 

BE effect, it is unlikely that systematic stimulus biases were present and contributed to 

the effects observed.  

To summarise, this study represents the first investigation of the BE effect source 

localised at the millisecond level. I found that high-level brain regions associated with 

scene processing were involved in rapidly extrapolating beyond the view in scenes, driven 

by the vmPFC.  In this way, BE may represent an important anticipatory mechanism that 

starts the process of linking multiple single scenes to form an evolving mental episode. 

In the next experiment I examine directly how sets of individual scenes are combined to 

form unfolding events.  
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6 Building events  

6.1 Précis 

So far my experiments have focussed on single scenes, starting with how scene imagery 

is built from multiple objects and a 3D space (Chapters 3 and 4), and subsequently 

characterising the automatic extrapolation beyond the borders of individual scenes 

(Chapter 5), which may contribute to the representation of episodic events. My findings 

are consistent with the proposal that the hippocampus and vmPFC, among a distributed 

set of brain areas, are centrally involved in the construction of scene imagery.  I provided 

further evidence that this neural recruitment may be particularly attuned to scenes, over 

and above other multi-element mental representations, such as arrays of objects and a 2D 

space (Chapter 3).  In this final experiment, I examined directly how a stream of scenes 

may be linked to form an unfolding, coherent episode. My aim was to establish the neural 

dynamics pertaining to scene-based event representations, distinct from events built from 

non-scene imagery. To do this, I created brief movies composed of either a series of static 

scenes or a series of abstract patterns which, when sequentially presented, showed a 

temporally evolving event. Using a predominantly ERF approach, I examined the 

transition from a single scene to the event as it unfolded.  I sought to extend findings 

from a previous MEG study of events in the context of autobiographical memory 

retrieval (McCormick et al., 2020) to examine, in my case, newly encountered events, the 

role of scene imagery, and the preferential engagement, or otherwise, of the hippocampus 

and vmPFC.  
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6.2 Introduction 

Our lived experience comprises a series of ongoing contiguous events. This allows us to 

construct a coherent autobiography, imbuing our lives with a sense of continuity and a 

capacity to recall experiences even when the original events occurred many decades ago. 

How the brain achieves this monumental feat is a central question in neuroscience. As 

noted throughout this thesis, scene imagery appears to dominate a great deal of our 

mental lives. A set of brain regions typically engaged during episodic cognitive processes, 

including autobiographical memory, imagining the future, and navigation, is similarly 

active when perceiving and imagining single scenes alone (Hassabis et al., 2007a; Epstein, 

2008; Zeidman et al., 2015b; Çukur et al., 2016; Dalton et al., 2018; Robin et al., 2018; 

Robin and Olsen, 2019). It has therefore been proposed that generating scene imagery is 

a key feature of episodic memory processing (Spreng et al., 2009; Maguire et al., 2015; 

Zeidman and Maguire, 2016; Clark et al., 2019, 2020), a topic I discussed in Chapter 1.  

In previous experiments I examined how we might internally generate a single 

snapshot of our surroundings – which I suggest is a basic building block of an episode. I 

found that both the hippocampus and vmPFC were engaged at the first stage of scene 

construction, with vmPFC driving hippocampal activity, indicating that the scene is set at 

an early point. My results so far converge with and extend previous MEG findings of 

hippocampal-vmPFC dialogue underpinning scene imagery (Kaplan et al., 2017; Barry et 

al., 2019a). It also aligns with fMRI work highlighting the preferential nature of 

hippocampal engagement during scenes, over and above other mental representations 

composed of multiple associated elements (Summerfield et al., 2010; Dalton et al., 2018; 

McCormick et al., 2021). In this chapter, I turn my attention to how event processing 

itself is initiated, where transitions occur from a single scene to an episode that 
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subsequently unfolds over time. One aspect of this question is whether scenes are indeed 

special units of events, or whether the same neural processing underpins unfolding mental 

representations even when content comprises non-scenes.  

Previous neuropsychological studies of patients with damage to either the 

hippocampus or vmPFC highlight the converging roles of these regions in scene and 

event processing. Impairments surrounding autobiographical memory are observed 

following lesions to both regions (Viskontas et al., 2000; Steinvorth et al., 2005; 

Rosenbaum et al., 2008, 2009; Kurczek et al., 2015; Bertossi et al., 2016a, 2016b, 2017; 

McCormick et al., 2018a).  However, hippocampal-damaged patients also struggle to 

mentally construct and visualise single scenes, even though they can describe, from their 

semantic knowledge, appropriate elements that would be within a scene (Hassabis et al., 

2007b; Maguire and Mullally, 2013; McCormick et al., 2018a). In contrast, the basic ability 

of vmPFC patients to generate scene imagery appears intact, as long as very specific cues 

are provided (Kurczek et al., 2015). They are unable, however, to go beyond a single scene 

to describe an unfolding event (Bertossi et al., 2016a), and display more general deficits 

involving the initiation of endogenous processing (for a review see McCormick et al., 

2018a).  

The hippocampus, therefore, seems fundamental in constructing scene imagery, 

damage to which prevents patients from building events from sets of scene images during 

encoding, recall, or future thinking. The vmPFC, instead, may have a more general 

organisational or executive role in providing the appropriate event structure into which 

scenes are constructed and updated. These observations are the basis of the simple scene 

and event construction model outlined in Chapter 1 (Section 1.4), placing scenes at the 
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centre of events, over and above other types of representation (McCormick et al., 2018a; 

Ciaramelli et al., 2019).  

Other accounts of hippocampal function, however, argue that the formation of 

associations between disparate elements in space relies upon the hippocampus 

irrespective of whether these are scenes (Cohen and Eichenbaum, 1993; Lee et al., 2005; 

Lee et al., 2012; Eichenbaum, 2006; Aly et al., 2013; Erez et al., 2016). In addition to 

relationships within space, these accounts posit that the hippocampus also mediates the 

formation of associations across time, since memory for temporal sequences is impaired 

in patients with hippocampal damage (Konkel et al., 2008).  It remains unclear whether 

scene processing in particular engages the hippocampus and vmPFC during event 

processing, or whether these two brain regions are engaged by all manner of multi-

component unfolding representations.  

Tracking the transition from single scenes to an unfolding event is difficult to 

achieve with fMRI due to the temporal lag of the BOLD signal. The finer temporal 

resolution of evoked MEG responses, combined with their reasonable spatial 

resolvability, offers a means to establish the neural dynamics of events that evolve 

millisecond-by-millisecond. Surprisingly, no such MEG study had been published. While 

there have been some previous electrophysiological investigations of event processing, 

these have largely focussed upon establishing inter-subject synchronisation of brain 

activity during movie viewing (Lankinen et al., 2014, 2018), and the phenomenon of 

“event segmentation” (Honey et al., 2012; Silva et al., 2019). The latter refers to the 

discretisation of continuous events into distinct episodes (Zacks et al., 2007; Kurby and 

Zacks, 2008), a process in which fMRI studies have implicated the hippocampus and a 

distributed set of neocortical regions (Ben-Yakov and Dudai, 2011; Ben-Yakov et al., 
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2013; Baldassano et al., 2017; Chen et al., 2017; Ben-Yakov and Henson, 2018; for a 

review see Brunec et al., 2018). However, none of these studies, whilst using naturalistic 

movies, addressed how event processing might be initiated.  

McCormick et al. (2020) examined this question in relation to the reconstruction 

of past complex, naturalistic personal life events, using MEG. Due to the temporal 

resolution of this approach, they could test whether the hippocampus or vmPFC 

orchestrated event recall. Responses in the vmPFC preceded and drove engagement of 

the hippocampus, both during the initiation and subsequent elaboration of event recall, 

suggesting that the vmPFC plays an important role in coordinating the reconstruction of 

autobiographical events. In the current study, I sought to extend this previous work by 

using MEG to temporally resolve the emergence of neural responses evoked by novel 

events as they unfolded moment-by-moment. I devised visually simplified line-drawn 

animations, depicting either events built from a series of temporally related scenes (e.g. a 

child throwing a paper aeroplane and chasing after it in a library), or events built from 

abstract non-scene patterns that nonetheless depict an evolving narrative (e.g. diamond 

shapes expanding, contracting, and rotating in different directions).  

I compared these two event types at successive time points over the course of 

movies using an ERF approach.  I predicted that there would be an early signal for scene-

based events within the first few scene frames, distinguishable from more abstracted 

forms of evolving events. I hypothesised this response would neither be related to scene 

imagery nor to the linking of visual information per se, but rather would be elicited by the 

combination of linking scenes together, over and above the linking of non-scenes. Given 

previous evidence of preferential hippocampal activity during scene construction 

(Hassabis et al., 2007a; Zeidman et al., 2015b; Bertossi et al., 2016a; Dalton et al., 2018; 
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Barry et al., 2019a, 2019b), and autobiographical memory retrieval (McCormick et al., 

2020), I predicted that the hippocampus would be more engaged during events built from 

scenes – typical of everyday, naturalistic events. Due to the close matching of the event 

stimuli being directly compared, whether a difference between events would be evident 

throughout the clips, beyond the early response predicted, remained an open question. 

With regard to the vmPFC, extant evidence for the co-activation of the 

hippocampus and vmPFC during the recall of autobiographical events (e.g. Addis et al., 

2004; Robin et al., 2015; Inman et al., 2018; McCormick et al., 2018b, 2020), and that the 

vmPFC may facilitate elaboration beyond discrete atemporal scenes (van Kesteren et al., 

2010a; Bertossi et al., 2016a; Gilboa and Marlatte, 2017; Barry et al., 2018), suggests that 

the vmPFC may also be more engaged during scene-based events. Although this region 

was preferentially activated during the explicit construction of single scenes when 

compared to non-scene arrays (Chapter 3), it is less clear whether the vmPFC specifically 

supports scene-based event processing, more so than other evolving situational contexts 

that do not involve scene imagery. Given that both stimuli in the current experiment were 

events, and the dearth of knowledge concerning how events unfold millisecond-by-

millisecond, I kept an open mind as to whether preferential vmPFC involvement would 

be observed for scene-based events.  

In this experiment I implemented a broadband approach (1 to 30 Hz), since the 

focus of this experiment was evoked activity. This frequency range was also used to 

perform source level analyses. Although activity within the theta band (4-8Hz) is often 

pinpointed as the means for disparate brain regions to communicate during episodic 

memory processes (Colgin, 2013; Fuentemilla et al., 2014; Garrido et al., 2015; Kaplan et 

al., 2017), there is also evidence for the role of alpha (9-12Hz) and beta (13-30Hz) power 
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in episodic memory (Hanslmayr and Staudigl, 2014). With the specific functional 

contributions of different frequency bands rather unclear, and the nature of the current 

study being novel, I elected to not restrict analyses to a single, narrow frequency band.   

6.3 Materials and methods 

6.3.1 Participants 

Twenty one healthy participants (11 females; mean age 23.42 years, Std Dev = 4.51) took 

part in the study.  

6.3.2 Stimuli  

Short visual movies were created by hand using the animation program Stykz 1.0.2 

(https://www.stykz.net), each composed of 16 individually drawn image frames presented 

in a sequence. This allowed me to control the content of each frame of a movie clip.  An 

image comprised a combination of straight lines and circles which created simple line 

imagery that was easily interpretable. Images were all greyscale to keep the luminance 

contrast low, and this was invariant across frames and between conditions. A pixelated 

grey background for all frames was created in the image manipulation software program 

GIMP 2.8 (https://www.gimp.org).  

There were two main stimulus types (Figure 34A, upper two panels). In one, each 

image frame within a movie was a simple scene (Pictures), while in the other, each image 

frame was composed of abstract shapes (Patterns).  In both cases, small changes in the 

stimuli image-to-image showed a progression of activity that connected every image 

frame, resulting in two conditions called Pictures-Linked and Patterns-Linked. In essence, 
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each movie resembled a flip-book animation. Pictures-Linked movies contained 

temporally related scenes unfolding over time such that a scene-based event was 

perceived. A stick-figure character in the centre of the image performed an activity with 

a single object that appeared in every frame of the movie.  Each movie clip portrayed a 

different stick-figure paired with a different object with which they interacted. The 

environment for each movie was a simple representation of an indoor (50% of clips) or 

outdoor (50% of clips) scene. Other background objects were included to give a sense of 

perspective and movement. Patterns-Linked movies contained temporally unfolding 

patterns that matched the evolving nature of Pictures-Linked movies, where each showed 

a novel abstract shape which underwent numerous simple mechanical changes, such as a 

rotation in a particular direction. The result was that a non-scene event was perceived. 

There was one-to-one matching between the stimuli of the two conditions. For 

each image frame in a Patterns-Linked movie, the number of pixels composing the central 

shape was matched with the number of pixels composing the stick-figure and its paired 

object from a corresponding Pictures-Linked movie. Pictures-Linked background images 

(minus the stick-figure and object) were scrambled to form the individual backgrounds 

of Patterns-Linked image frames. The number of frames it took for a particular pattern’s 

movement to unfold (e.g. completion of one rotation) corresponded to the same number 

of frames it took for a stick-figure to accomplish a sub-activity (e.g. the stick-figure skate-

boarded over a ramp), so that the pace of sub-events was matched between conditions. 

An average of 4 sub-events occurred per Linked movie. There were ten unique movies 

for each stimulus type (see https://www.fil.ion.ucl.ac.uk/~amonk/event_videos/ for 

dynamic examples of the movies).   
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Figure 34.  Experimental paradigm.  (A) Schematic of the trial structure common to all 
movies, with examples of each condition. Each image frame was followed by a gap frame.  (B) A 
probe question occasionally followed the completion of a clip to assess participants’ engagement 
with the task.  
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There were two control conditions (Figure 34A, lower two panels), each with ten 

movie clips.  Each movie was composed of a series of unique and separate unrelated 

image frames such that no evolving event could be conceived. Pictures-Unlinked movies 

contained separate scenes for each image frame, and in total there were 160 unique scenes, 

twenty different stick-figures and 152 unique objects. Patterns-Unlinked movies were 

composed of a series of unrelated abstract shapes. In total, there were 160 unique shapes. 

The same direct frame-to-frame matching procedure used for the Linked movies was 

applied to Unlinked movies in terms of the corresponding pixel count of central items 

and scrambled backgrounds of each image.  

Every image frame was presented for 700 ms – a duration identified by piloting 

as long enough to comprehend the scene or pattern being viewed, and brief enough to 

minimise saccades and limit fixations to the centre of frames. Between each image, “gap” 

frames of the same duration were inserted, where no image was displayed and which 

consisted of only a pixilated grey background (see Figure 34). The pixilation served to 

mask the visual persistence of the preceding image. Since images were presented in a 

sequence, the primary function of gaps was to act as a temporal separator, so that 

individual images could be subjected to analysis independently. Gaps also ensured that 

images in Unlinked movies were clearly perceived as independent, and their inclusion in 

Linked movies ensured close matching. The 16 gaps matched the number of images in 

each movie clip, and each movie ended with a gap.    

6.3.2.1 Pilot study 

Careful pilot testing of a larger number of stimuli involved a separate group of 

participants (n = 7) performing the experiment, followed by a detailed debriefing session. 
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A key aim was to ensure that I only included in the main experiment those Patterns 

movies that were not interpreted as depicting real objects, scenes, or social events. I also 

confirmed that the gaps between images did not interrupt the naturalistic comprehension 

of Linked movies or their sense of unfolding, whilst adequately masking any visual 

persistence from the preceding image that might interfere with the perception of the next 

image.  

Next, each individual movie was rated on: (1) Perceived Linking – how linked (or 

disconnected) images appeared to be; and (2) Thinking Ahead – how much of the time 

people found themselves thinking about what might happen next. A significant Friedman 

Test for Perceived Linking (χ2
(3) = 18, p = 0.0004) followed by Wilcoxon signed-rank tests 

found no significant difference between the two Linked conditions (Z = -0.314, p = 

0.753), or between the two Unlinked conditions (Z = -0.368, p = 0.713). There was, as 

expected, a significant effect of Linking when comparing Pictures-Linked with Pictures-

Unlinked (Z = 2.371, p = 0.018), and Patterns-Linked with Patterns-Unlinked (Z = 2.366, 

p = 0.018). Similarly, for perceived Thinking Ahead, a significant Friedman Test (χ2
(3) = 

17.735, p = 0.0005) was followed by Wilcoxon signed-rank tests that revealed no 

significant difference between the two Linked conditions (Z = -0.169, p = 0.866), or 

between the two Unlinked conditions (Z = -0.271, p = 0.786). There was a significant 

effect of Thinking Ahead when comparing Pictures-Linked with Pictures-Unlinked (Z = 

2.371, p = 0.018), and Patterns-Linked with Patterns-Unlinked (Z = 2.366, p = 0.018).  

Participants were also asked to describe the event clips to ensure that each 

narrative was coherent and understood in a highly similar way across participants – e.g. 

in one clip a man delivers a gift to someone’s house, participants broadly described this 

as “man exits a house and closes door…walks down the street…ties up the gift with 
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string…drops off the gift at a house.” Any inconsistencies alerted me to adjust the clip, 

improve its clarity, or not to include it in the final stimulus set.   

6.3.3 Pre-scan training 

Participants were trained prior to the MEG scan to ensure familiarity with the different 

conditions and the rate of presentation of movie frames.  Specifically, participants were 

shown examples and told: “The movie clips are made up of a series of images. Some clips 

have images that are clearly linked to each other, and some have images that are not linked 

at all, so the images are completely unrelated to one another.  The images can be either 

pictures with a stick-figure character, or abstract patterns.”  Movies were preceded by one 

of four visual cues – Pictures-Linked, Patterns-Linked or, for the control conditions, 

Pictures-Unlinked and Patterns-Unlinked (Figure 34A).  For Pictures-Linked movies, it 

was explained “…as you can see, there is a stick-figure character doing something.  You’ll 

have noticed that the pictures are all linked together so that the clip tells a story.”  For 

Patterns-Linked movies it was explained: “…for this type of clip, the patterns are all 

linked together, so one pattern leads to the next one in the clip. In this example clip the 

pattern moved outwards at first, then the crosses became larger, and then the circles 

increased in size, then the pattern changed again.  The shape changed a bit step-by-step 

so that the clip portrays an evolving pattern.”  Participants were instructed not to link the 

images in Unlinked movies and to treat each image frame separately when viewing them.  

6.3.4 Task procedure 

Each trial was preceded by a cue advising of the upcoming condition (e.g. Pictures-

Linked) which was shown for 3000 ms.  Each movie was 22400 ms in duration from the 
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appearance of the first image frame to the end of the final gap frame (Figure 34A). 

Individual image and gap frames were each 700 ms in duration. Participants then saw a 

fixation cross for 3000 ms before the next cue. To ensure participants attended to the 

movies throughout the scanning session, an occasional probe question was included (two 

trials per condition, Figure 34B). Following the final gap frame of a movie, a novel image 

was presented (either a Picture or a Pattern) and participants were asked whether this 

image fitted well with the movie clip they just saw. Of the two probe trials per condition, 

one was a ‘yes’ trial – that is, the image was congruent with the movie – and one was a 

‘no’ trial – that is, the image was incongruent with the movie. The use of probe questions 

was also piloted, to ensure these were easy to understand. I chose this as a means to 

ensure participants maintained their attention throughout scanning blocks, without 

interfering with natural movie viewing.  

Given the rate at which frames were presented, I sought to minimise a systematic 

relationship between spontaneous blinking and stimulus onset. Furthermore, fatigue is 

known to increase blink duration, which could result in participants missing individual 

frames, and increase the risk of significant head movement. Consequently, to ensure 

participants remained alert, the scanning session was split into five blocks each lasting 

approximately 6 minutes. During breaks between recordings, participants were instructed 

to blink and rest. Each recording block contained eight trials presented in a randomised 

order for each participant. They were instructed to maintain fixation in the centre of 

frames during the entire trial and to restrict eye movements to between-trial periods.  

In summary, movies were visually very similar, with one-to-one matching 

between the two Linked and also the two Unlinked conditions. Common to all movies 

was the use of a central, item per image, the inclusion of interleaved gap frames, use of 
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simple line illustrations of scenes or patterns in greyscale, all of which were presented at 

the same frame rate of ~1.43 frames per second.  

6.3.5 In-scanner eye tracking 

An Eyelink 1000 Plus (SR Research) eye tracking system with a sampling rate of 2000 Hz 

to monitor task compliance and record eye tracking across the full screen. Some 

participants were excluded from eye tracking analyses due to insufficiently accurate 

calibration of the eye tracker during the scan, leaving 16 data sets for eye tracking analyses.  

6.3.6 Post-scan surprise memory test 

Following the experiment, participants completed a surprise free recall test for the event 

movies, since the principal aim was to examine the neural differences between Pictures-

Linked and Patterns-Linked movies. Participants were asked to remember everything they 

could about what happened in each of these clips, unprompted. If they correctly recalled 

the simple story, they scored “1” for that clip, otherwise they scored “0”. The maximum 

score per participant and event condition was therefore 10 (as there were 10 clips per 

condition). Pictures-Linked and Patterns-Linked were compared using a paired-samples 

t-test.  

The visit of each participant took approximately 2 hours in total, including 

training, set up in the MEG scanner and eye tracker calibration, and the experimental task 

(~30 minutes).  
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6.3.7 MEG data acquisition 

MEG data were recorded using the whole-head 275 channel CTF Omega MEG system 

with a sampling rate of 1200 Hz, as described in Chapter 2.   

6.3.8 MEG data pre-processing 

MEG data were initially preprocessed using SPM12 (www.fil.ion.ucl.ac.uk/spm). Data were 

filtered with a 1 Hz high-pass filter, 48-52 Hz stop-band filter, and 98-102 Hz stop-band 

filter, to remove slow drifts in signals from the MEG sensors and power line interference.  

Epochs corresponding to the each movie cue were defined as -100 to 1000 ms relative to 

cue onset. Image frames were defined as -100 to 700 ms relative to image onset. Gap 

periods were defined as -100 to 700 ms relative to gap onset. Epochs were concatenated 

across trials for each condition, and across scanning sessions.   

Prior to the calculation of ERFs, data were first low-pass filtered using a two-pass 

Butterworth filter, with a 6th order filter and frequency cut-off of 30 Hz. This filter causes 

a small degree of temporal blurring in either direction, although the effect is minimal. 

Following visual inspection of the data, an average of only 0.76 epochs were discarded 

on the basis of containing eye blinks and muscular artefacts. To baseline-correct, the 

activity during the first 1000 ms from the onset of the fixation period was averaged and 

subtracted from each cue, image or gap epoch (an explanation of this baseline-correction 

approach is given in Chapter 2, Section 2.6.2). The robust average was calculated to obtain 

an ERF per participant and condition. This averaging method down-weights outliers 

when computing the average and helps to suppress high-frequency artefacts to minimise 
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trial rejection, particularly helpful when only a small number of trials are available (Wager 

et al., 2005).  

6.3.9 MEG data analysis 

There are numerous ways in which this rich dataset could be analysed.  The principal aim 

was to assess differences between the Pictures-Linked and Patterns-Linked conditions 

since my hypotheses concerned the construction of events built from scenes relative to 

those built from non-scenes. The other two non-event conditions therefore acted as 

control conditions. In order to make this key comparison, my focus was on the individual 

image frames that composed the movies. As previously mentioned, gaps were included 

in the design to provide temporal separation between images, so that brain activity 

associated with each movie image could be separately examined without interference or 

leakage from the previous image. When choosing an analytic approach, my main concern 

was to temporally resolve the dynamic unfolding of an event in real time in order to 

address my hypotheses. Looking across a wide time-window, such as the entire duration 

of the 22400 ms movie clips, or chunks over several seconds, might better facilitate the 

reconstruction of source space brain activity, and could increase the frequency resolution 

for a range of time-frequency analyses.  However, this experiment was designed so that 

individual snapshots (image frames) of an event could be separately examined, permitting 

a more time-resolved approach.  Therefore, to exploit the temporal resolution afforded 

by MEG to its fullest effect, I examined the data strategically on a time-point by time-

point basis.  Consequently, I explored both the evoked responses to particular images 

along the time course of the movies and then, as a secondary step, the likely sources of 

these responses. These steps are described below.   



Building mental experiences: From scenes to events                                                              193 

 
6.3.9.1 Sensor level: ERFs 

ERFs were analysed using the FieldTrip toolbox (Oostenveld et al., 2011), implemented 

in Matlab R2018a, on the robust averaged data per condition.  I sought to determine the 

timing and channel locations of statistically significant differences in evoked activity 

between Pictures-Linked compared to Patterns-Linked conditions in order to address the 

hypotheses concerning how events are built from scenes (Pictures) relative to those built 

from non-scenes (Patterns). I used a targeted sliding window approach to examine 

differences between conditions within potentially salient time-windows during movies – 

starting at the pre-movie cue, and then at key image frames, namely images 1, 2, 8, and 

16. At image 1, only this first single image of a sequence was being viewed; at image 2, 

there was already the context set by the preceding first image; image 8 represented the 

mid-point of a sequence; and image 16 was the final image. This approach enabled me to 

sample across a long clip length, whilst also minimising multiple comparisons. I next 

performed a number of secondary contrasts involving the control conditions to ensure 

any differences observed between event conditions could not be explained by other 

factors.  

Each pairwise comparison was performed using a non-parametric cluster-based 

permutation test, correcting for multiple comparisons across all MEG channels and time 

samples (Maris and Oostenveld, 2007), across the first 1000 ms of the cue and the entire 

700 ms of images. This approach controls for the Type I error rate by identifying clusters 

of significant differences over time and sensors, rather than performing separate tests for 

each sample of time and space. I report only effects that survived this correction (FWE, 

p < 0.05). Cluster-level statistics are the sum of t-values within each cluster, and this was 

calculated by taking the maximum cluster-level statistic (positive and negative separately), 
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over 5000 random permutations of the observed data. The obtained p-value represents 

the probability under the null hypothesis (no difference between a pair of conditions) of 

observing a maximum greater or smaller than the observed cluster-level statistics.  

I also examined a possible interaction involving all 4 conditions, using the same 

cluster-based permutation test, namely: (Pictures-Linked – Pictures-Unlinked) minus 

(Patterns-Linked – Patterns-Unlinked).  

6.3.9.2 Source level: beamforming 

Source reconstruction was performed using the DAiSS toolbox 

(https://github.com/SPM/DAiSS) implemented in SPM12 (www.fil.ion.ucl.ac.uk/spm). The 

LCMV beamformer algorithm (Van Veen et al., 1997) was used to generate maps of 

power differences between conditions of interest, as informed by the preceding ERF 

results. For each participant, the covariance matrix was estimated using a common spatial 

filter for all conditions.  For consistency, this was performed within the same broadband 

frequency spectrum as the ERF analysis (1-30 Hz).  Due to the narrow time window of 

interest (< 700 ms), this spatial filter was computed across the entire epoch (-700 to 700 

ms) including both pre- and post-response windows, as this has the advantage of a more 

stable covariance matrix.  Whole brain power images per condition and per participant 

were subsequently generated within only the shorter interval of interest identified by the 

ERF analysis. Coregistration to MNI space was performed using a 5 mm volumetric grid 

and was based on nasion, left and right preauricular fiducials. The forward model was 

computed using a single-shell head model (Nolte, 2003).  This resulted in one weight-

normalised image per participant within the interval of interest for each condition, which 
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were then smoothed using a 12 mm Gaussian kernel, and a t-contrast was performed at 

the second level.   

6.3.9.3 Coherence 

Coherence between any localised peak in either ROI (hippocampus, vmPFC) was 

performed using Dynamic Imaging of Coherent Sources (DICS; Gross et al., 2001) in the 

1-30Hz frequency range, consistent with previous analyses steps, with a 3mm grid. This 

generated an image of sources coherent with the peak for each condition of interest. 

Images were smoothed using a 12mm Gaussian kernel and entered into a second-level 

paired t-test, thresholded at p < 0.005 uncorrected.  

6.4 Results 

6.4.1 Behavioural results 

6.4.1.1 Probe trials 

Participants correctly identified images as either being congruent or incongruent with the 

antecedent clip on an average of 93% of probe trials (Std Dev = 0.75), confirming they 

maintained their attention throughout the scanning session.  

6.4.1.2 Eye tracking data 

Eye tracking data were examined during the time-window where ERF analyses showed a 

significant difference between conditions.  Fixation heat maps revealed the spatial pattern 

of fixations during image 1 (0-700ms; Figure 35) were highly similar across the conditions, 

and confirmed that participants maintained their focus on the centre of the images for 
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the whole duration of the image presentation.  All four conditions were entered into a 

two-way repeated measures ANOVA to examine differences in fixations. No significant 

difference in fixation count was found between conditions during image 1 (F(3,45) = 0.535, 

p = 0.661), and this included between Pictures-Linked and Patterns-Linked (t(15) = 0.141, 

p = 0.889).  

 

 
Figure 35.  Eye fixations.  Group eye fixation heat maps for each condition during the image 1 
time-window (n = 16). Red in the heat map indicates higher fixation density, and green lower 
fixation density.  

 

6.4.1.3 Memory for events 

After scanning, participants engaged in a surprise free recall memory test for Pictures-

Linked and Patterns-Linked movies. A paired samples t-test revealed no significant 

difference in recall (Pictures-Linked mean = 9.48, Std Dev = 1.21; Patterns-Linked mean 
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= 9.24, Std Dev = 0.89; t(20) = 0.7555, p = 0.459). Participants, therefore, paid sufficient 

attention during both tasks to successfully encode stimuli, even though they were never 

instructed to memorise.  

6.4.2 MEG results 

6.4.2.1 ERFs 

The primary focus was on differences between Pictures-Linked and Patterns-Linked 

conditions. I examined this contrast across all time windows of interest, from the cue 

preceding the movie, to the final image frame. I also examined the equivalent gap frames. 

The only significant difference I found was between Pictures-Linked and Patterns-Linked 

conditions at the very first image, involving one negative cluster emerging between 178-

447 ms (p = 0.0398) and distributed across right fronto-temporal sensors (Figure 36A). 

This difference cannot be due to an effect of image type (i.e. Pictures) per se, as no 

difference was observed at image 1 between Pictures-Unlinked and Patterns-Unlinked (p 

= 0.173). In fact, it is clear from Figure 36A, that Pictures-Linked sits apart from the 

other three conditions, differing significantly from not only Patterns-Linked (as already 

noted), but also Patterns-Unlinked (p = 0.013), and approaches significance for Pictures-

Unlinked (p = 0.0678). The other three conditions do not differ from one another: this 

includes Patterns-Linked and Patterns-Unlinked (p = 0.3583), and Patterns-Linked and 

Pictures-Unlinked (p = 0.357), showing that the effect found cannot be due to linking per 

se.  

This pattern of results with Pictures-Linked driving the effect at image 1 would 

suggest there may be an interaction. When this was tested formally, I found there was 

indeed a significant interaction effect at image 1 (p = 0.012; time-window = 164-475 ms) 
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encompassing the same time-window within which Pictures-Linked and Patterns-Linked 

diverged (see Figure 36A).  

Following these key comparisons, as a secondary ERF analysis I performed 

pairwise contrasts between the conditions across all the image epochs of interest (i.e. 

images 1, 2, 8, and 16).  No differences were found.  

In summary, the only difference found was for image 1 when Pictures-Linked was 

compared to the other conditions.  

6.4.2.2 Source space power differences between Pictures-Linked and Patterns-Linked 

I subsequently performed a beamformer analysis on the image 1 Pictures-Linked versus 

Patterns-Linked contrast, restricted to the same time window (178–447 ms) and 

frequency band (1-30 Hz) within which the significant difference in evoked responses 

was found. This analysis served to give a better indication of where in the brain this 

difference originated.  Greater activation was principally found in the right hippocampus 

for Pictures-Linked relative to Patterns-Linked (peak x, y, z = 32, -20, -16; Figure 36B). 

Increases were also observed for this contrast in the right precuneus (12, -66, 56), visual 

association cortex (left peak = -22, -96, 10), left inferior frontal gyrus (-48, 26, 2), left 

premotor cortex (-48, -2, 38), and cerebellum (right peak = -30, -64, -58).  
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Figure 36.  Image 1 evoked activity.  (A) ERF result. A significant difference in the ERFs was 
found between Pictures-Linked (bold red line) and Patterns-Linked (bold blue line) for first image 
frames between 178-447 ms (*p = 0.0398), indicated by the dash line box. Displayed are the grand-
averaged ERFs (shading indicates the SEM) for all four conditions, averaged over a right 
frontotemporal cluster (marked by white dots) within which the significant difference between 
Pictures-Linked and Patterns-Linked was observed. Displayed to the right of the ERF panel is 
the topographic distribution of the difference (t-values), displayed over the CTF151 helmet 
layout. Pictures-Unlinked (dash red line) and Patterns-Unlinked (dash blue line) did not 
significantly differ from one another, or from any other condition.  (B) Source reconstruction of 
evoked activity at image 1 during the 178-447 ms interval, displayed on a rendered inflated cortical 
surface, thresholded at p <0.005 uncorrected. L = left hemisphere, R = right hemisphere, IFG = 
inferior frontal gyrus, VAC = visual association cortex.   
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6.4.2.3 Coherence 

Having established a difference in source level power during Pictures-Linked relative to 

Patterns-Linked at image 1 between 178–447 ms in the hippocampus, I explored whether 

this activity showed increased coherence with any other brain regions, but no effect was 

evident at the set threshold (p < 0.005).  

6.5 Discussion 

In this study I investigated the initiation and unfolding of events as they were experienced, 

comparing those built from successively linked scenes (Pictures-Linked) to those built 

from successively linked non-scene patterns (Patterns-Linked). This novel design allowed 

a close millisecond-by-millisecond examination of the transition from a single scene to an 

unfolding event. By using an ERF sliding window approach to the analysis, I strategically 

examined image frames across movies.  One difference between scene and non-scene 

events emerged, within 178–447 ms of the onset of the first image frame across fronto-

temporal sensors. Spatial analyses at the sensor level, however, provided limited 

information about the brain areas involved in generating this effect. This was therefore 

followed by source reconstruction of this difference, revealing that the largest change in 

broadband 1-30 Hz power was in the hippocampus during Pictures-Linked events.  

Given that both conditions were events, I suggest that the observed Pictures-

Linked effect characterises how events built from scenes are processed over and above 

general processing of unfolding dynamic imagery. Furthermore, for this effect to emerge 

at the very first image, I argue this reflects the onset of event construction. In fact, at 

image 1, the event is yet to unfold from this initial scene, so the neural dynamics captured 
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here may reflect the construction of a key building block destined for subsequent 

unfolding, suggesting events are established early on in processing.  

A small number of MEG studies have previously investigated the neural 

correlates of visual event processing, which have implicated both the hippocampus and 

vmPFC during autobiographical memory recall (Fuentemilla 2014; Hebscher 2019; 

McCormick et al., 2020). In particular, the early hippocampal response I observed during 

the initiation of event construction is consistent with previous evidence from McCormick 

et al. (2020) for hippocampal involvement in the initiation of event recall. Interestingly I 

only found this difference in hippocampal involvement at the very start of clips. It is 

unclear why this was the case, but one might speculate that if the stage is set for the event 

within the first image, after this point each additional increment in information is 

relatively small. This perhaps serves to mirror our daily lives – as we perceive our 

surroundings, we do not notice large jumps from one view of a scene to the next, but 

rather, our experience is seamless. Since this gradual unfolding is a feature of both scene- 

and pattern-based events, this might explain the dissipation of the difference between 

these stimuli.  

However, the early hippocampal response poses somewhat of a challenge to 

fMRI studies of movie viewing that found the hippocampus responded later, towards the 

offset of events (event boundaries), which authors have speculated reflects event replay, 

aiding memory consolidation (Ben-Yakov and Dudai, 2011; Baldassano et al., 2017; for a 

review see Griffiths and Fuentemilla, 2020). The conclusions that can be drawn from this 

work remain unclear, since fMRI is less suitable for resolving rapid perceptual processes 

than MEG or EEG.  The few EEG studies that have examined episodic memory 

encoding using movies are limited in spatial resolution to confirm hippocampal 



Building mental experiences: From scenes to events                                                              202 

 
involvement at these boundaries (Silva et al., 2019). The use of MEG in the future might 

help to extend fMRI event boundary research to characterise more precisely the temporal 

dynamics of hippocampal activity, a point I consider further in Chapter 7.  

Why might the hippocampus be particularly engaged during Pictures-Linked 

movies? It is notable that this condition was set apart from all others in the ERF results.  

Previous studies have demonstrated the prevalence and importance of scene imagery to 

performing hippocampal-dependent tasks, including episodic memory, imagining the 

future, and spatial navigation (Clark et al., 2019, 2020). The influence of scene imagery in 

events is unsurprising given how it mirrors the way in which we experience our 

surroundings – as scenes. Consideration of the other brain regions associated with 

Pictures-Linked movies – these were the posterior parietal, inferior frontal, premotor, and 

cerebellar cortices – may shed further light on why events built from scenes are treated 

differently. These areas have been identified in numerous studies as part of a network of 

regions that process biological motion and the anticipation of incoming intentional 

movement (Battelli et al., 2003; Rizzolatti and Craighero, 2004; Saygin et al., 2004; 

Fraiman et al., 2014). In particular, this has been observed in the context of point-light 

displays, in which a small number of moving lights (e.g. at the joints of a moving person) 

are sufficient to interpret this as behaviour (e.g. dancing). This draws parallels with the 

stimuli in my study. The Pictures-Linked events were highly simplified portrayals of 

activities depicted by stick-figures, lines and circles to create simple scenes. Although 2D 

drawings, they evoked 3D unfolding events of real-world activities that were easily 

grasped by participants.  

Scene- and pattern-based evolving stimuli may have been processed differently 

because abstract patterns were not perceived as intentional, biological stimuli, while 
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participants could automatically infer the actions performed in scene-based events. 

Indeed, through careful piloting I sought to exclude patterns that consistently evoked the 

sense of biological motion. The success of this was reflected in the descriptions provided 

by participants in the post-scan memory test. For example, a Patterns-Linked movie 

showing three overlapping diamond shapes was described as “diamond shapes gradually 

expanded outwards, then rotated clockwise”, while Pictures-Linked movies were 

described in terms of the intentionality of the stick-figure.  

What alternative explanations of the difference between Pictures-Linked and 

Patterns-Linked movies might lie at the heart of the hippocampal effect that I identified 

– is it perhaps due to scene processing, linking, or both?  

It could be argued that the effect of Pictures-Linked was simply the result of scene 

processing. If this were true, a difference ought to be observed also between movies of 

unrelated scenes and unrelated patterns, since the hippocampus is known to respond 

strongly to scenes relative to non-scene stimuli (Hassabis et al., 2007a; Graham et al., 

2010; Zeidman et al., 2015b, 2015a; Hodgetts et al., 2016; Zeidman and Maguire, 2016; 

Dalton et al., 2018; Barry et al., 2019a, 2019b). However, no difference was observed 

between Pictures-Unlinked and Patterns-Unlinked. This would suggest that image type 

alone cannot explain the observed effect in the context of my tasks. Another possibility 

is that the existence of a linking mechanism accounts for my data, irrespective of whether 

images in movies depicted scenes or not. However, despite both involving linking, I 

found that Pictures-Linked more so than Patterns-Linked was associated with a change 

in hippocampal power. In addition, no significant differences between any other pairs of 

conditions, including between Patterns-Linked and Patterns-Unlinked, and Patterns-

Linked and Pictures-Unlinked were evident, suggesting the effect was not solely explained 
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by the linking of images, further evidenced by the image type by linking interaction that 

I observed. My findings, therefore, suggest that rather than being responsible for 

relational binding (Cohen and Eichenbaum, 1993; Eichenbaum, 2006; Konkel et al., 2008; 

Staresina and Davachi, 2009; Olsen et al., 2012; Aly et al., 2013) – a process common to 

both event conditions – the hippocampus seems to instead be preferentially engaged by 

events built from scenes (Hassabis and Maguire, 2007; Maguire and Mullally, 2013; 

McCormick et al., 2018a; Barry and Maguire, 2019a, 2019b; Ciaramelli et al., 2019).  

Despite the measures taken to closely match event stimuli in terms of their sense 

of unfolding, scenes could simply be more engaging or predictable than patterns in events. 

If true, then one might have expected event memory to differ, but it did not, and both 

types of movie clips were easily recollected as clear narratives. I might also have expected 

to observe differences in oculomotor behaviour, but none were evident, also an indication 

of similar attentional processes for the two conditions.  Furthermore, events were very 

well matched in terms of their evolving nature, reflected by equally high ratings for 

Thinking Ahead and Linking measures during piloting. Consequently, I believe that these 

two conditions were comparable in terms of predictability, and participants were equally 

engaged by the movies. It seems also unlikely that the difference between the two event 

types can be explained by working memory load. If Pictures-Linked movies were easier 

to hold in mind, while Patterns-Linked were more effortful to process, I would have 

expected this to be reflected at later points in the clips, as memory load increased, but I 

did not find any such effects.  

Having established the involvement of the hippocampus in unfolding events, it 

was surprising to not also find a relative change in engagement of the vmPFC, given the 

extant neuroscientific evidence for its recruitment during scene and event processing 
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(Hassabis et al., 2007a; Epstein, 2008; Bertossi et al., 2016b; Zeidman and Maguire, 2016; 

McCormick et al., 2018a; Barry et al., 2019a). Notably, at the sensor level I did find frontal 

(as well as temporal) sensors involved in the Pictures-Linked effect, similar to previous 

sensor level findings in the context of autobiographical memory retrieval (Hebscher et 

al., 2020). However, given that source reconstruction provides an improved estimation 

of the distribution of sensor level effects, the absence of frontally-located power changes 

requires unpacking.   

While McCormick et al. (2020) compared event processing to a low level baseline 

condition (counting), my comparison was between two very closely matched event types. 

My scene and non-scene events comprised linked image sequences, and anticipation of 

future activity upon viewing the first image likely occurred in both, such as “he will lose 

the balloon” (Pictures-Linked), and “the triangles will move apart” (Patterns-Linked), as 

noted in the participant feedback provided during piloting of these stimuli. Since the 

vmPFC appears to have a more general anticipatory function (e.g. Iigaya et al., 2020), 

involved in linking conceptual information, including more abstracted ideas (Roy et al., 

2012), and is associated with a variety of imagery content (Ishai et al., 2000; Yomogida et 

al., 2004), this region may not respond preferentially to scene-based stimuli in this 

paradigm. Therefore, it is possible that I am not able to deduce the contributions of the 

vmPFC here because it is not attuned to scene-based representations alone, but is instead 

important for the processing of complex unfolding representations more broadly, helping 

to guide adaptive behaviour. Future studies may help to establish if this supposition is 

accurate.  

In summary, this MEG study revealed early hippocampal engagement associated 

with the initiation of events built from scenes, over and above evolving abstract sequences 
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built from non-scene imagery. Together with the hippocampus, involvement of other 

regions, including posterior parietal, inferior frontal, premotor, and cerebellar cortices, 

may reflect the processing of biologically-relevant evolving information, which typifies 

the scene-rich episodes we encounter in our daily lives. 
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7 General discussion 

7.1 Précis 

In this final chapter I discuss the main findings of my four experiments within a broader 

context.  These experiments are referred to in this chapter as: “Scenes/Arrays” (Chapter 

3), where the step-by-step construction of scenes was contrasted with the construction 

of non-scene arrays; “SD/SA” (Chapter 4), where SD objects were contrasted with SA 

objects during scene construction; “BE” (Chapter 5), where extrapolation beyond the 

border of scenes occurred; and “Events”, where scene and non-scene event construction 

were compared while participants watched animated movies (Chapter 6). I begin by 

summarising briefly the main results from each experimental chapter, before proceeding 

to relate them to the simple cognitive model described in Chapter 1 (Section 1.4; 

McCormick et al., 2018a), and then widening my discussion to consider the implications 

of my findings more broadly. To conclude, I suggest directions for future research.  

7.2 Summary of the main results 

The broad aim of this thesis was to better characterise, on a finer temporal scale than 

previously achieved, the neural dynamics underlying two processes: (1) the construction 

of visual scene mental imagery, and (2) the initiation of dynamic events that unfold from 

a series of scenes. To do this, I conducted four MEG experiments that sought to shed 

light in particular on the nature of the involvement of the hippocampus and vmPFC, two 

regions proposed to interact to mentally represent scenes and unfolding events. My 

research was motivated by a simple model of scene and event construction within which 
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these two brain areas align hierarchically (McCormick et al., 2018a; Ciaramelli et al., 2019), 

as described in Chapter 1. For simplicity, I refer here to this model as the “scene 

construction model”, in recognition of its relationship with the scene construction theory 

(Hassabis and Maguire, 2007; Maguire and Mullally, 2013). Each experiment was designed 

to address a different aspect of the model – how a single scene is constructed, the 

preparation of a single scene for inclusion into an extended event representation, and the 

initiation of event construction.  

In the Scenes/Arrays experiment, I found that the anterior hippocampus and 

vmPFC were preferentially engaged during the earliest stages of scene construction (3 

objects and a 3D space), relative to array construction (3 objects and 2D space). This 

effect was restricted to the theta band (4-8 Hz). During the very first construction stage 

of scenes, the vmPFC drove hippocampal theta, whereas the anterior hippocampus drove 

vmPFC activity during the first stage of array construction.  In the SD/SA experiment, 

SD objects were associated with greater engagement of the vmPFC and an area in the 

anterior temporal lobe, the STG, relative to SA objects. This was again characterised by 

changes in theta power, and the vmPFC drove activity in the STG.  

The other two experiments focussed on evoked responses to the transition 

between a single scene and an unfolding event. In the BE study, the implicit extrapolation 

of scenes (the BE effect) emerged rapidly within 12.5-58 ms of viewing scenes, and was 

associated with power changes in the hippocampus, vmPFC, and other scene processing 

regions (including PHC, RSC, thalamus, and visual association cortex). Consistent with 

the previous experiments, this process was also driven by the vmPFC. Finally, in the 

Events experiment, within 178-447 ms of the onset of the very first movie frame there 

was a difference in evoked responses for scene-based events compared to abstract non-
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scene events. The hippocampus showed power changes associated with early processing 

of scene-based events, over and above abstract non-scene events, as did the posterior 

parietal, inferior frontal, premotor and cerebellar cortices.  

Having already discussed each set of results in their relevant chapter, here I 

consider the two central questions posed in Chapter 1: how do we construct individual 

scenes, and how do these sets of single scenes become unfolding events?  

7.3 The mental construction of single scenes 

As described in Chapter 1, for most people, scene imagery is prevalent across cognition. 

Our continuous perception of the world and recollection of important moments in our 

lives fundamentally involves scene imagery, and empirical work has confirmed its 

dominance in a variety of contexts (Hassabis et al., 2007a, 2007b; Epstein et al., 2017; 

Clark et al., 2019, 2020; Epstein and Baker, 2019), even if the scene imagery is vague or 

fleeting (Clark et al., 2020). In this thesis I used a previously established definition of a 

scene – a naturalistic three-dimensional spatially-coherent representation of the world, 

typically populated by objects, and viewed from an egocentric perspective (Maguire and 

Mullally, 2013; Dalton et al., 2018). This may appear to be at odds with other 

characterisations of spatial representations. For example, allocentric, viewer-independent 

spatial representations are held to guide our actions, particularly during navigation 

(Tolman, 1948; O'Keefe and Nadel, 1978; Burgess, 2006; Klinghammer et al., 2016; Chen 

et al., 2018; Chen and Crawford, 2020; Karimpur et al., 2020), as exemplified in the 

cognitive map theory (O'Keefe and Nadel, 1978). The egocentric framework I emphasise 

in this thesis, however, seems to me to have particular relevance for the first-person 

experiences we witness  in real-time (Crawford et al., 2011; Maguire and Mullally, 2013; 
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Dalton et al., 2018), whereas an allocentric reference frame, and switching between allo- 

and egocentrism, may have greater utility for large-scale navigation (Burgess, 2006; 

Karimpur et al., 2020).  

My thesis focussed upon establishing whether the hippocampus and vmPFC were 

preferentially recruited to build this egocentric scene imagery. While the hippocampus 

has been consistently implicated in this form of imagery (Hassabis and Maguire, 2007; 

Epstein, 2008; Mullally et al., 2012a; Zeidman et al., 2015b; Dalton et al., 2018; Robin et 

al., 2018; Barry et al., 2019a, 2019b; Robin and Olsen, 2019; McCormick et al., 2020), 

debate surrounds the exact nature of the constructive process with which this region is 

involved.  Is it in the service of building scene imagery per se, as posited by the scene 

construction theory (Hassabis and Maguire, 2007; Maguire and Mullally, 2013; Clark and 

Maguire, 2016; Zeidman and Maguire, 2016), or is its function more general, building any 

form of mental representation comprising numerous associated components, as 

suggested, for example, by the relational theory (Cohen and Eichenbaum, 1993; Lee et 

al., 2005; Hassabis and Maguire, 2007; Schacter and Addis, 2007; Yonelinas et al., 2019)?  

I note that the cognitive map theory also alludes to the unification of elements to 

build map-like representations of the environment to guide our decisions, particularly in 

the context of navigation (Tolman, 1948; O’Keefe and Nadel, 1978;  Epstein et al., 2017). 

However, this account emphasises the allocentric nature of these representations.  Given 

that the stimuli used in this thesis were egocentric, and my tasks had no navigational 

requirement, my findings do not directly speak to comparisons between the scene 

construction theory and cognitive mapping.  
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The scene construction model further posits that the vmPFC, a region closely 

connected to the hippocampus (Catani et al., 2012, 2013; Adnan et al., 2016), initiates and 

supports scene construction processes (McCormick et al., 2018a; Ciaramelli et al., 2019). 

The question regarding scene-specificity, therefore, extends to include this prefrontal 

region.  

7.3.1 vmPFC-hippocampal collaboration is key to building scenes 

The MEG experiments in this thesis provided a time-resolved window on the question 

of how scenes are built from their constituent elements. In the Scenes/Arrays experiment, 

by directly comparing the gradual construction of scenes with that of non-scene arrays, I 

conducted a more precise examination of the individual stages of these constructive 

processes than was previously possible using fMRI (Summerfield et al., 2010; Dalton et 

al., 2018). This experiment provided several novel insights. First, the anterior 

hippocampus and vmPFC were preferentially engaged during scene construction, and this 

occurred at the earliest stages of scene building. This response to scenes compared to the 

construction of non-scene arrays speaks against purely relational accounts of 

hippocampal processing, since scenes and arrays were closely matched in terms of the 

multiple elements of which they were composed, and constructive and associative 

processing.  

DCM then revealed that the vmPFC drove hippocampal activity during the very 

first stage of scene construction, a relationship that was not evident during array 

construction. This aligns with the scene construction model’s prediction that in order to 

facilitate the hippocampal construction of scenes, the vmPFC provides early input to 

initiate the process (McCormick et al., 2018a) 



Building mental experiences: From scenes to events                                                              212 

 
.  Neuropsychological evidence in support of this idea was described in some 

detail in Chapter 1. Notably, impairments associated with hippocampal damage seem to 

primarily converge around the inability to mentally construct spatially coherent scene 

imagery (Hassabis et al., 2007b; Maguire and Mullally, 2013; Clark and Maguire, 2016; 

McCormick et al., 2018a). These patients can, however, name appropriate scene elements, 

and detect semantic violations in scenes (McCormick et al 2017), signalling their semantic 

knowledge is intact. In contrast, vmPFC-damaged patients are not impaired in 

constructing scenes provided they are guided by highly specific cues (Kurczek et al., 

2015), suggesting a role for the vmPFC in the initiation of endogenous processing.  This 

is further evidenced by their limited mind-wandering (Bertossi and Ciaramelli, 2016) and 

difficulties elaborating beyond a single scene to construct an extended event (Bertossi et 

al., 2016b). These findings also resonates with the results of my BE experiment, where 

the vmPFC again exerted causal influence on scene-processing regions, in this case to 

initiate the extrapolation of the scene beyond its visible borders, an implicit, additive form 

of scene construction that involves making predictions about what might be beyond the 

view (I will return to this experiment in the next section).  

Related to the inability to muster information relevant to a scene or event, many 

patients with vmPFC damage also confabulate, characterised by unintentionally 

recounting false memories (Gilboa et al., 2006; Ghosh et al., 2014). This implies a 

fundamental inability to suppress information irrelevant to the current episode. In fact, 

these patients display deficits in the processing of schema-related information even when 

memory is not being tested (Melo et al., 1999; Ghosh et al., 2014; Warren et al., 2014). 

For example, in response to simple, single words such as “receptionist”, they could not 

produce commonly associated schema such as “going to the doctor’s” (Ghosh et al., 
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2014).  Of note, in healthy individuals, the vmPFC appears to provide a form of data 

reduction for incoming complex signals during learning, helping one to efficiently hone 

in on the most task-relevant information (Mante et al., 2013; Mack et al., 2020). My 

findings may therefore reflect the necessity of the vmPFC in providing early guidance in 

making relevant schematic knowledge available to the hippocampus to build scenes using 

appropriate elements.  

If so, then the same vmPFC-driven early reinstatement of learned schemas was 

not elicited by the initiation of non-scene arrays, where the hippocampus instead drove 

the vmPFC, perhaps in pursuit of greater guidance due to a lack of coherence, akin to a 

prediction error (Friston and Kiebel, 2009). By “slowing down” scene construction into 

three stages, I was able to also observe the incorporation of each additional scene element 

subsequent to this initial vmPFC-directed “scene-setting”. The mutual entrainment of 

hippocampus and vmPFC observed at the remaining stages may reflect iterative feedback 

loops between them to facilitate the integration of each object to form a fully realised 

scene.  

I propose that the vmPFC initiates the generation of a 3D scene representation, 

and that this may reflect its established function in the activation of a relevant schematic 

framework. This schema may then serve to guide other regions (particularly the 

hippocampus) to build the scene. For this to occur at the first stage of the construction 

paradigm in Scenes/Arrays, suggests that a single object in a 3D space was sufficient to 

elicit associated conceptual knowledge about the potential scene that was in the process 

of being constructed.   
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Indeed, objects appear to be an important source of information about the scene 

being imagined (or viewed), signalling to the observer the most likely category (Oliva and 

Torralba, 2006; Summerfield and Egner, 2009; Clarke and Tyler, 2015; Trapp and Bar, 

2015). The influence of objects is highlighted in particular when little information is 

available to us about the scene context, and thus an object could help to resolve ambiguity 

(Chiou and Lambon Ralph, 2016). This is an interesting point, because the scene stimuli 

used for both the Scenes/Arrays and SD/SA experiments were deliberately composed of 

semantically unrelated objects, which may have further increased the engagement of 

schema-relevant regions, such the vmPFC. It was in the SD/SA experiment that the 

contribution of in-scene objects was explicitly examined, the results of which provided 

further indications of the likely influence of prior schematic knowledge during the 

construction of scene imagery, as I consider next.  

7.3.2 In-scene SD objects may be a source of schematic knowledge 

My second experiment revealed only two regions that differentiated between the 

processing of SD objects and SA objects during scene construction.  In addition to the 

vmPFC, engagement was observed in the anterior temporal lobe, specifically in the STG. 

The anterior temporal lobe is known to facilitate processing of semantic and conceptual 

knowledge in support of visual object identification, particularly knowledge pertaining to 

the scenes in which objects are typically found (Patterson et al., 2007; Peelen and 

Caramazza, 2012; Lambon Ralph, 2014; Chiou and Lambon Ralph, 2016). Indeed, 

patients with semantic dementia, who have anterior temporal lobe atrophy, have 

impoverished conceptual knowledge, while perceptual knowledge is typically preserved 

(Campo et al., 2013; Guo et al., 2013).  
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The strong structural connectivity between the anterior temporal lobe and 

vmPFC via the uncinate fasciculus (see Section 1.3; Von Der Heide et al., 2013), as well 

as the direct input to the vmPFC from low-level visual areas via the fronto-occipital 

fasciculus (Catani et al., 2012), makes the vmPFC well placed to coordinate scene 

construction via feedback connections to regions in the anterior temporal lobe. Results 

from the DCM analysis of the SD/SA experiment extended those of the Scenes/Arrays 

study, by showing that the vmPFC again drove activity downstream during scene 

construction, in this case influencing the STG.   

Engagement of the STG in response to SD objects, driven by activity in the 

vmPFC, may indicate that these kinds of objects are an important source of conceptual 

information. It could be that due to their inherent elicitation of surrounding 3D space, 

SD objects provide the key signal about the likely scene gist. For example, by seeing a 

park bench, an object which is typically defined by its confinement to the ground of a 

park, makes it more likely that the developing scene is that of a park. Mullally and Maguire 

(2013) found that their participants showed a clear preference for SD objects over SA 

objects, both when selecting objects to construct scenes, and when retaining objects 

during scene deconstruction. In providing greater access to useful conceptual 

information, SD objects may therefore help to anchor and define a scene. Consistent with 

the scene construction model (McCormick et al., 2018a), top-down modulation from the 

vmPFC may guide conceptual processing in areas downstream like STG, and this 

appropriate information could be what is conveyed to the hippocampus to build an image 

of the scene.  

The relationship between scene SD objects and schema also speaks to the active 

inference scheme (Mirza et al., 2016). This statistical formulation recognises the world is 
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inherently an ambiguous place, requiring epistemic (explorative sampling) behaviour to 

accumulate the evidence available to form and repeatedly update probabilistic beliefs 

(internal models). Ultimately this serves to minimise ambiguity and prediction errors 

(Friston et al., 2010). In this account, scene construction is regarded as involving active 

visual foraging through multiple saccadic eye movements that inspect individual 

components of the scene, to deduce the likely scene category.  In the face of uncertainty, 

when insufficient information exists to form a belief about the probable scene category, 

prior knowledge steps in to compensate (Jóhannesson et al., 2016; Mirza et al., 2016; Yang 

et al., 2016; Heins et al., 2020). In this way, SD objects may act as visual cues to categorise 

a scene, particularly when confronted with an ambiguous context. More broadly, as a 

scene representation develops, information is accumulated and updated about the scene, 

perhaps orchestrated under the supervision of the vmPFC.   

The top-down influence of the vmPFC during the effortful construction of novel 

scenes that I observed in the Scenes/Arrays and SD/SA experiments, aligns with its role 

in coordinating autobiographical memory retrieval (McCormick et al., 2020), integrating 

existing knowledge to form schemas (van Kesteren et al., 2010a, 2010b; Navawongse and 

Eichenbaum, 2013; Kumaran et al., 2015), and reinstating schemas during new 

experiences (Melo et al., 1999; Tse et al., 2007; Benoit et al., 2014; Ghosh et al., 2014; 

Warren et al., 2014; Spalding et al., 2015). Collectively, these findings bolster the view that 

the vmPFC makes inferences based on the past, allowing us to anticipate the immediate 

future, and flexibly guide behaviour (Kveraga et al., 2007; Schlichting and Preston, 2015; 

Heins et al., 2020; Parr et al., 2020).  

So far I have found support for the position that the hippocampus is preferentially 

recruited to build scenes, and that the vmPFC initiates and drives this process. I also 
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suggest that the vmPFC has access to prior knowledge that supports scene construction. 

However, the Scenes/Arrays and SD/SA paradigm involved a gradual and deliberate 

imagination process, allowing participants to move their eyes to fixate on and inspect 

each individual component as it was mentally generated. Beyond this explicit form of 

mental imagery, making inferences is a critical aspect also of spontaneous cognitive 

processing, for example when we view whole scenes. In the BE and Events experiments, 

I probed this idea further, going beyond the voluntary imagination of scenes to capture 

instead more implicit, involuntary processing that may underpin the transition from an 

individual scene to an event. These investigations also revealed the possible anticipatory 

function of the vmPFC and its operationalisation of schema during implicit imagery.   

7.4 From single scenes to unfolding events 

7.4.1 The automatic extrapolation of single scenes 

Traditionally, visual stimulus recognition has been conceptualised as a bottom-up 

process, where visual input arrives at low-level regions, which is then fed forward to 

higher-level regions, after which semantic processing occurs (Bullier, 2001; Kveraga et al., 

2007). This would suggest that we only understand what we are looking at after processing 

across multiple saccades. However, a purely feedforward visual perception framework is 

problematic when we consider that our natural experience of the world is often fleeting, 

yet still requires comprehension. Similarly, while the contribution of multiple eye 

movements to explore the rich detail of our world is clearly important, there is adaptive 

and survival value in apprehending the world even within a single fixation. 
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Previous behavioural studies have shown that as little as 13 ms exposure is needed 

to categorise scenes (Potter, 1975; Thorpe et al., 1996; VanRullen and Thorpe, 2001; 

Rousselet et al., 2005; Joubert et al., 2007; Castelhano and Henderson, 2008; Greene and 

Oliva, 2009; Potter et al., 2014), even when a scene is displayed in the peripheral vision 

for only 28 ms (Thorpe et al., 2001). Despite these observations, we cannot appreciate 

every aspect of our environment in a given moment, and during real-world scene and 

event perception, ambiguities cannot be resolved simply from the information afforded 

to us from the immediate sensory input. It would, therefore, be advantageous to have an 

anticipatory mechanism that extends our experience, making any ambiguities, occlusions 

or transitions between scene views imperceptible as we look around and move through 

our environment. This implicit form of prediction of what is currently not in view is 

exemplified by the BE effect, which I examined in my third experiment.  

After briefly (250 ms) viewing photographs of scenes, participants often 

erroneously recall having seen a wider view than they witnessed, reflecting the tendency 

to extrapolate beyond the scene’s borders during its first viewing (Intraub and 

Richardson, 1989). This speaks to the relationship between an implicit scene construction 

process underpinning visual perception and episodic memory encoding, since it may 

provide the crucial anticipatory mechanism through which individual scene views come 

to overlap and are thus seamlessly linked, enabling a continuous event to be experienced. 

It is notable that I found this extrapolation of scenes was facilitated by the high-level 

regions typically engaged by scene processing, including the vmPFC, hippocampus, PHC 

and RSC (e.g. Maguire, 2001; Svoboda et al., 2006; Park et al., 2007; McDermott et al., 

2009; Spreng et al., 2009; Chadwick et al., 2013; Zeidman et al., 2015). I also found direct 

evidence of top-down processing, with the vmPFC exerting a driving influence over the 
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other brain regions, including the hippocampus. I suggest that this internal extension of 

a scene representation corresponds to an implicit additive scene construction process, 

supported by hippocampus and vmPFC, that occurred during BE trials over and above 

that associated with the scene processing that was also required during NoBE trials.  

The vmPFC, therefore, not only appears to drive activity downstream during the 

construction of a single scene image, addressing the first part of the cognitive model 

outlined in Chapter 1 (Figure 14A-B; McCormick et al., 2018a), but may also prepare the 

scene for inclusion into a broader context (Figure 14C). As the difference in processing 

between trials where BE occurred and those where it did not results from subjective 

perception, my findings further support the conceptualisation of the vmPFC as a region 

that instigates anticipatory processing, making inferences about what lies beyond the view 

from the available sensory input based on prior experience (Friston, 2010; Friston et al., 

2010; Ghosh and Gilboa, 2013; Ghosh et al., 2014; Spalding et al., 2015; Gilboa and 

Marlatte, 2017; Parr et al., 2020). This is consistent with deficits exhibited by patients with 

damage to either the vmPFC or hippocampus. vmPFC-damaged patients are impaired in 

the retrieval of semantic and schema-oriented knowledge (D’Argembeau and Mathy, 

2011; Irish et al., 2012; Ghosh et al., 2014) and in guiding attention towards predicted 

rewards (Vaidya and Fellows, 2015), whilst their ability to construct scenes remains intact 

if appropriately cued (Kurczek et al., 2015). In contrast, hippocampal patients’ deficits are 

centred around the generation of spatially coherent mental representations of scenes 

(Hassabis et al., 2007a, 2007b; Mullally et al., 2012a; Clark and Maguire, 2016; McCormick 

et al., 2018a), whereas their capacity to engage in high-level reasoning is preserved 

(Mullally and Maguire, 2014).  
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The vmPFC and hippocampus have also been implicated in episodic future 

simulation (Zeithamova et al., 2012; Benoit et al., 2014; Weilbächer and Gluth, 2016; 

Campbell et al., 2018; Schacter and Addis, 2020), and patients with either vmPFC or 

hippocampal damage exhibit impairments in this cognitive function (Bertossi et al., 2016a, 

2016b; Palombo et al., 2018). BE may reflect a similar process of mental simulation, 

facilitated by vmPFC driving the hippocampus to predict beyond the edges of the scene 

with reference to schematic knowledge (Benoit et al., 2014; De Luca et al., 2018; 

McCormick et al., 2018a).  

A particularly surprising finding from my BE experiment was the demonstration 

that the top-down processing by a high-order brain region (the vmPFC) occurred so 

rapidly (under ~58 ms of scene onset). This accords with extant behavioural studies that 

indicate the overall scene gist is quickly extracted (Greene and Oliva, 2009; Larson et al., 

2014; Potter et al., 2014). It also implies that feedback mechanisms occur very early on 

during the visual processing that supports scene comprehension (Di Lollo et al., 2000; 

Lamme and Roelfsema, 2000; Bullier, 2001; Hochstein and Ahissar, 2002; Bar, 2004; Bar 

et al., 2006). As I discussed in the relevant experimental chapter (Section 5.5), it remains 

a matter of debate as to what exactly scene categorisation-related processing entails when 

performed so rapidly. Nevertheless, in terms of BE, sufficient higher-level processing to 

enable prediction of elements concordant with the scene in view must have occurred in 

order to generate a wider view of the scene.  

This has some parallels with pattern completion, which involves the recall of a 

whole representation from a partial cue (Marr, 1971; Hopfield, 1982; McClelland et al., 

1995; Norman and O’Reilly, 2003; Rolls, 2013), an important feature of episodic memory 

(Horner et al., 2015; Grande et al., 2019).  Pattern completion may go some way towards 
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explaining the function of the hippocampus in BE, as the scene in view might trigger the 

retrieval of schematic knowledge (facilitated by the vmPFC) with which the hippocampus 

then constructs more of the scene with elements that are congruent with the information 

currently in view. It should be noted that pattern completion is associated with distinct 

hippocampal subfields (Rolls, 2013). However, these cannot be distinguished using MEG, 

and so my data cannot speak to this aspect of pattern completion.  

The ability to efficiently extract the overall gist from complex visual scenes as they 

are experienced, and drawing upon previous experience of similar scenes to automatically 

flesh out the scene beyond its bounds, represents a highly adaptive process. With a driving 

influence from the vmPFC to high-level visual areas, inferences can be efficiently verified 

or refuted as the scene changes (Mack et al., 2016; Ahlheim and Love, 2018), allowing us 

to efficiently update our internal model of the world and plan our actions.  

The findings from this thesis discussed so far appear to suggest an account of the 

vmPFC as a possible mediator of schema and conceptual knowledge, facilitating the 

construction of spatially coherent scenes by the hippocampus, along with other brain 

areas that support this construction. This may resonate with accumulating evidence for 

the vmPFC’s possible role in coding schematic or abstract knowledge structures more 

generally (Constantinescu et al., 2016; Schuck et al., 2016; Wikenheiser and Schoenbaum, 

2016; Mack et al., 2020). Contributions of the vmPFC to this type of processing have 

been largely examined in the context of learning over a longer time frame (Constantinescu 

et al., 2016; Schuck et al., 2016; Wikenheiser and Schoenbaum, 2016), but also during 

encoding (Miller and Cohen, 2001; Mack et al., 2020). It is unclear whether the vmPFC 

is responsible for forming conceptual representations, or if its activity reflects the retrieval 

of this knowledge from elsewhere. The scene construction model suggests its 
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hierarchically elevated position with respect to areas that build scene imagery (e.g. 

hippocampus) reflects processing that reactivates prior schema relevant to the current 

context, with suppression of irrelevant details (McCormick et al., 2018a; Ciaramelli et al., 

2019).  

Other perspectives, such as “SUSTAIN” (Love et al., 2004), suggest a similar 

flexible, goal-oriented function for the vmPFC that creates a knowledge structure, 

wherein only relevant elements are selected in response to the current visual input, that 

are fed to areas like the hippocampus to drive goal-directed action (Mack et al., 2020). I 

suggest that the neuronal effects observed during BE reflect the vmPFC drawing 

inferences, informing expected outcomes, and thus providing the hippocampus with the 

means to update internal mental representations to optimise goal-oriented behaviour. A 

similar process may facilitate navigation and episodic memory processing.  

7.4.2 Linking scenes to make events 

BE might represent the beginning of an event being constructed, allowing for a smooth 

transition beyond a single scene to incorporate successive scenes. In the Events 

experiment, I sought to directly examine how sets of scenes, compared to non-scenes, 

were linked to become unfolding events. In a similar way to the Scenes/Arrays 

experiment, I examined how attuned the hippocampus and vmPFC were to scene-based 

imagery, but in the context of an extended narrative. The result was the preferential 

response of the hippocampus to the very first frame of scene events, over and above 

events comprising abstract patterns, with no further differences detected between the two 

conditions throughout the remainder of the movie frames. This further highlights the 

importance of the hippocampus in processing scene imagery, and the establishment of 
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this imagery at a very early stage of construction, also corroborating what I found during 

BE in terms of early hippocampal engagement.  

Notably, throughout the experiments in this thesis, scenes have consistently 

elicited responses from the hippocampus, in line with previous studies involving the 

construction of scene imagery (Hassabis et al., 2007a; Lee et al., 2012; Aly et al., 2013; 

Chadwick et al., 2013; Zeidman et al., 2015b; Clark et al., 2018; Dalton et al., 2018; 

Palombo et al., 2018; Barry et al., 2019a; McCormick et al., 2020). The building of scenes 

appears to be distinct from other closely matched processing, whether static non-scene 

arrays or evolving non-scene events. The additional involvement of brain areas known to 

support the interpretation and comprehension of biologically-relevant information 

(Battelli et al., 2003; Rizzolatti and Craighero, 2004; Saygin et al., 2004; Fraiman et al., 

2014) during the scene-based movie events served to highlight the distinction between 

real-world events and abstract narratives.  

To illustrate this point, scene-based event movies contained a stick-figure, with 

which pattern-based events were closely matched.  In scenes, this central figure was an 

“agent”, acting intentionally within an identifiable context (e.g. opening an umbrella as it 

starts raining). By contrast, the corresponding pattern, although still an evolving narrative 

(i.e. one frame lead to the next to create a movement), had no intentional influence within 

a recognisable environment, and its movement was too abstract in nature to be 

interpreted in a behaviourally-relevant sense. This important difference conveys a key 

feature of what makes scenes unique stimuli, and not simply amalgamations of disparate 

items bound in space (Cohen and Eichenbaum, 1993; Addis and Schacter, 2012). Scenes 

represent a realistic depiction of our experience of the world, where the constellation of 

objects in space conveys meaning not present in abstract representations.  
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My examination of ongoing events resonates with other investigations of the 

paradoxical impression of our experience as continuous, whilst also being recalled as 

distinct self-contained episodes. For example, when we describe a personal event we 

easily provide a step-by-step narrative of what happened (as participants could do after 

viewing the event movies in my Events experiment). Similarly, in describing how to reach 

a destination, we may describe a sequence of turns and changes in direction (Feller et al., 

2019; Shin and DuBrow, 2020). Early behavioural research on this topic focused on how 

people detect natural boundaries that mark the end of the current activity or context and 

the start of a new one, in tasks where participants attended to audio-visual events (such 

as a movie or verbal narrative). This was originally formalised as the “event segmentation 

theory” (Zacks and Tversky, 2001; Zacks et al., 2007; Swallow et al., 2009; for an 

extension of this theory, the Event Horizon Model, see Radvansky, 2012), which asserts 

that changes in brain activity triggered by “event boundaries” serves to update ongoing 

mental representations (Richmond and Zacks, 2017).  I did not seek to examine the broad 

segmentation of events as defined by these researchers. Instead, my focus was on a finer 

unit of events, namely, the scenes of which they were composed, and how events built 

from these scene units were initiated in the brain. Boundaries in the “Zacks” (and 

colleagues) sense occurred in my stimuli only at the start and end of movies, as each movie 

depicted a single event. Nevertheless, it is worth considering what the neural processing 

at event boundaries reported by previous studies may signify, and how this might relate 

to my results.  

Boundaries have important consequences for how events are organised in long-

term memory. Temporal associations are more likely to be formed and recalled within 

rather than across events, for a variety of contexts, including perceptual boundaries (e.g. 
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Heusser et al., 2018), spatial boundaries separating rooms (e.g. Horner et al., 2016), and 

those representing turns during navigation (e.g. Brunec et al., 2020). fMRI work has 

consistently found that boundaries trigger increases in hippocampal activity (Ben-Yakov 

and Dudai, 2011; Ben-Yakov et al., 2013; Baldassano et al., 2017; Ben-Yakov and Henson, 

2018). The nature of these boundary-evoked hippocampal responses is somewhat 

unclear, but may depend on task demands. For example, the hippocampus may attempt 

to maintain integration (pattern completion) despite a shift in context if the task is to 

recall a sequence, regardless of possible boundaries (see DuBrow and Davachi, 2016). In 

other cases, boundaries could represent a shift from pattern completion to pattern 

separation in the hippocampus to distinguish between overlapping information (Rolls, 

2013; Clewett et al., 2019). Evidence for the latter in humans is most clearly evident in 

EEG studies that have documented replay of just-perceived events at boundaries (Sols et 

al., 2017), which resemble sequential reactivation at boundaries during rodent navigation 

(Foster and Wilson, 2007). 

Hippocampal activity at the completion of movies could reflect working memory 

maintenance (see Leszczynski, 2011) because studies like that of Ben-Yakov and Dudai 

(2011) have used explicit memory tasks, where participants were instructed to attend to 

the event gist or details knowing they would be later tested. This may reflect not offline 

encoding processes, but rather replay of the newly formed event representations. This is 

a considerably different task to the movie watching in my experiment, where participants 

were instructed to simply attend to the narratives of clips, with no instruction to commit 

information to memory (which was then only tested in a surprise memory test post-

scanning).  
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Similarly, the rodent navigation literature has shown that hippocampal activation 

at boundaries represents more complexity than simple reproduction of experience. It 

suggests that rats represent the currently navigated environment in segments, 

disproportionately representing the path that lies ahead at the start of a segment, and the 

path just completed as the animal approaches the end of the segment (Johnson and 

Redish, 2007; Gupta et al., 2010, 2012; for a review see Ólafsdóttir et al., 2018). This work 

implies that animals can re-experience journeys they have previously taken, as well as pre-

play novel journeys not yet experienced, drawing parallels with our own ability to re-

experience events as well as simulate future scenarios. I suggest this further reinforces the 

argument I have made that the hippocampus has an ongoing role in our experiences to 

update a flexible and changing internal model of the world.  

The evoked hippocampal activity that I found cannot be attributed to endogenous 

event replay, since it occurred only at the first scene image frame, before the event had 

unfolded at all. Instead, I suggest my findings emphasise the role of the hippocampus in 

helping to create an internal model of the world, which can be subsequently updated in a 

flexible manner as the event unfolds. This can be used to simulate scenarios not yet 

experienced. As I found, this appears to be particular to sequentially presented scene-

based imagery, over and above that of more general abstract sequential information.  

The absence of the same hippocampal increase in engagement at the conclusion 

of the movies in my experiment may be because this traditionally defined boundary was 

simply not registered by my participants.  This could have been because each brief movie 

clip depicted a single already discretised event, making this the only event boundary per 

stimulus. Furthermore, it is worth noting that if hippocampal activity at boundaries 

reflects a shift from pattern completion to pattern separation in order to encode new 
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information (Rolls, 2013; Clewett et al., 2019), without the explicit goal of remembering 

that chunk of information, the hippocampus may not be called upon at the event 

conclusion.  

Another interesting difference between my experiment and previous event 

boundary movie studies concerns the cross-participant agreement about boundary 

placement. As I mentioned earlier, I could not examine the broad event boundaries as 

others have done because my stimuli were not constructed with that in mind. However, 

proponents of event segmentation theory also suggest that people register fine-grain 

boundaries nested within those of a temporally coarser grain, adding to the structure of 

events. For instance, if an actor is making a bed, a coarse-grain boundary marks the point 

at which all the pillow cases have been changed. Subsumed within this are the steps 

necessary to change individual pillow cases, such as picking up each pillow, and then 

putting on each pillow case (Zacks et al., 2001). Regardless of the granularity of 

boundaries, remarkable agreement in their locations between observers has been reported 

(e.g. Speer et al., 2003; Hasson et al., 2004; Zacks et al., 2007; Swallow et al., 2018).  

I was interested in examining the neural underpinning of this finer level of 

segmentation within my movie events, and in fact conducted a separate behavioural 

experiment (not reported formally in this thesis, but described below) where participants 

viewed each event movie (both scene- and pattern-based). Although explicit instructions 

for event segmentation from previous studies are not typically provided in detail in the 

extant literature, participants are usually instructed to parse a movie into meaningful 

moments according to when they notice a change in the narrative, but “it is left to them 

to decide what constitutes a boundary and a meaningful event” (Zacks and Tversky, 2001; 

Zacks et al., 2001; Feller et al., 2019). I instructed participants in the same manner.  
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Participants first watched a movie from start to finish passively, and were told to 

only pay attention so as to understand what was taking place in the clip. During a second 

viewing, participants were instructed to segment the clip, by pausing the video (with a 

simple button press) and to explain to the experimenter their reason for doing so. An 

example of explanations given for boundaries during a scene-based event were: “she is 

skipping”, “she is opening her umbrella”, and “it is now raining”. For pattern-based 

events, examples included: “the shapes are rotating to the right”, “the shapes are 

expanding”, and “the shapes are separating”. Interestingly, the placement of these 

boundaries varied quite considerably across participants. For example, some participants 

noted the occurrence of the “raining” boundary at the first frame in which rain appeared 

(“started to rain”), by others it was indicated part way through the action (“it is raining”), 

and by others still, it was marked at the conclusion of the activity (“it rained”). It is unclear 

why this variability occurred, but the nature of stimuli may have contributed, as these 

were flip-book style cartoons, rather than cinematic movies as have been used previously. 

Given this lack of consistency across participants, I was unable to examine the MEG data 

according to event boundaries, but considering the clear influence event boundaries have 

on the organisation of associated information that form episodic memories, this would 

be interesting to pursue in a future experiment.   

While the hippocampus was prominent in the comparison between scene-based 

and pattern-based events, interestingly, similar differential involvement of the vmPFC 

was not evident. Given its purported role in initiating the construction of scenes in 

concert with the hippocampus (De Luca et al., 2018; McCormick et al., 2018a; Barry et 

al., 2019a; Ciaramelli et al., 2019), one might have expected its contribution to be even 

greater during the construction of unfolding events.  This is because such events entail a 
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number of scenes and thus multiple linking transitions, which would likely involve the 

retrieval of prior knowledge of how similar events typically unfold (McCormick et al., 

2018a; Ciaramelli et al., 2019). This would also be in keeping with vmPFC-damaged 

patients being impaired at processing extended mental events, beyond a single scene 

(Bertossi et al., 2016b). Moreover, since the vmPFC is known to be involved in computing 

subjective value (Bartra et al., 2013; McNamee et al., 2013; Lin et al., 2016; Yamada et al., 

2018), one might expect a larger vmPFC response to scene-based events since these may 

confer more useful and salient information to the viewer, containing as they do objects, 

people and scene contexts that might loosely bear some familiarity with people’s own life 

experiences. 

However, it is important to note that participants were passive observers of very 

short, simple activities in the scene-based movies. This is in contrast to tasks where 

participants are asked to imagine projecting themselves into the future in a novel scenario 

happening to them, which has been shown to involve the vmPFC (Benoit et al., 2014; 

Bertossi et al., 2017; Campbell et al., 2018; McCormick et al., 2018a). I therefore argue 

that the events in my experiment do not speak directly to this idea of “value” or future-

oriented cognition as it relates to the self.  The events built from scene imagery in my 

experiment were essentially devoid of social or personally relevant information, and 

simply depicted basic activities, while pattern-based events were too abstract to resemble 

any “real” activity.  

An alternative explanation for the findings might be that the vmPFC is not 

particularly attuned to scene-based events, and may have a more general role, and 

therefore in the comparison of scene- and pattern-based events its engagement was 

cancelled out. There is evidence the vmPFC may not specifically represent visual aspects 
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of scenes, but instead the collection of constituent components of situational contexts 

(Aminoff and Tarr, 2015; Lieberman et al., 2019). These contexts include spatial, 

temporal, evaluative, and social aspects (Lieberman et al., 2019), and could include scenes 

(Ciaramelli et al., 2019) but also more abstracted and conceptual knowledge that helps the 

viewer to conceive the meaning of a situation to guide future actions (Roy et al., 2012). 

In this way, a scene- and a pattern-based event can both be representations of situations 

or schema, involving the abstraction of essential features to guide prospection, and grasp 

conceptual information and meaning. 

However, there are also some distinctions between the Events experiment and 

the other experiments reported in this thesis that are worth noting. The vmPFC appears 

to be particularly called upon to initiate the active construction of novel scenes (relative 

to arrays), and to initiate implicit scene construction of new scene content in preparation 

for an event (during BE). It is possible that the initiation of internal construction of scene-

based events during their passive viewing, as was the case in the Events experiment, did 

not rely upon the vmPFC to the same degree as the more active construction of content, 

where the need for endogenous elaboration was possibly greater. It has been shown that 

patients with bilateral vmPFC damage were able to discriminate between possible and 

impossible semantic scenes (e.g. an elephant with butterfly ears), even though an 

understanding of semantically impossible scenes would presumably require the re-

activation of schemas congruent with the observed scene in order to understand the 

sematic violation (De Luca et al., 2019). The authors of that patient study suggested that 

their impossible scenes were sufficiently obvious that this schema reinstatement was 

unnecessary. The vmPFC may therefore not be needed for some aspects of scene 

processing.  Overall, the absence of the vmPFC in the comparison between scene- and 
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pattern-based event unfolding cannot be determined from my data, but this represents 

another interesting avenue to pursue in future studies.  

7.5 Outstanding questions and future directions  

Little is known about the fine temporal dynamics of scene and event processing, including 

autobiographical memory, navigation, and imagining the future. In particular, the flow of 

information between the hippocampus and vmPFC is poorly understood, with few 

electrophysiological investigations to date (Fuentemilla et al., 2014, 2018; Jafarpour et al., 

2014; Kaplan et al., 2017; Hebscher et al., 2019, 2020; McCormick et al., 2020). This 

underexplored question is what I sought to address in my thesis. Overall, the results 

indicate that the hippocampus is involved in building scene representations, including the 

deliberate creation of novel scene imagery, the implicit extrapolation of scenes during 

perception, and the processing of scenes that form the basis of naturalistic events that 

unfold before us. Moreover, its contribution starts very early on in these processes. My 

findings are also consistent with the vmPFC acting as a supervisor in scene construction, 

driving the construction of scene imagery, aligning with the architecture of the simple 

cognitive model of scene and event construction proposed by McCormick et al. (2018a).  

Numerous questions remain about the vmPFC in particular, including its absence 

from my comparison between scene- and pattern-based events, possibly due to its 

broader role in the processing of complex unfolding representations. I suggest the 

vmPFC may be providing a general anticipatory function, reinstating existing schemas 

and conceptual information which then guides processing elsewhere, such as the 

hippocampus during scene construction. I did not, however, formally test how schemas 

underpin the relationship between the hippocampus and vmPFC. My paradigms could 



Building mental experiences: From scenes to events                                                              232 

 
be adapted in this regard in future studies.  For instance, schema-induced encoding could 

be explicitly manipulated to provide fresh insights about the influence exerted by prior 

and conceptual knowledge on memory formation, to better characterise the distinct 

contributions of the hippocampus and vmPFC.  

Furthermore, while not the focus of this thesis, how might my findings relate to 

memory consolidation and retrieval? The influence exerted by the vmPFC over the 

hippocampus in my experiments during scene and event processing mirrors the vmPFC-

driven relationship with the hippocampus found by McCormick et al. (2020) during 

autobiographical memory retrieval, which was notably true for both recent and remote 

memories. It would be interesting to explore such findings further by including a recall 

component to versions of my tasks, and manipulating the interval between encoding and 

retrieval. 

  An interesting feature of this thesis was the observation of decreases in 

oscillatory power within the theta band. This is, in fact, a feature of the human 

electrophysiological field more generally, and previous experiments involving scene 

construction and episodic memory have also been associated with decreases in theta 

power (Barry et al., 2019a; McCormick et al., 2020). However, both increases and 

decreases in theta, and in other low-frequencies, have been reported in human studies of 

episodic memory, presenting a complex picture of the role of theta oscillations in this 

processing.  For instance, memory-related low-frequency power increases have been 

consistently found in spatial navigation and spatial working memory tasks (Ekstrom et 

al., 2005; Aghajan et al., 2017; Bohbot et al., 2017; Bush et al., 2017; Kaplan et al., 2017). 

However these power increases are less often associated with successful encoding during 

episodic memory, unlike power decreases, where such relationships have been reported 
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(for a review see Herweg et al., 2020). Notably, the majority of intracranial studies of 

human episodic memory show decreases in MTL theta (Greenberg et al., 2015; Long and 

Kahana, 2015; Solomon et al., 2017, 2019; Fellner et al., 2019) and these have been 

inversely associated with the fMRI BOLD signal (Fellner et al., 2016).  

Whilst theta has been proposed to support associative memory, a common 

feature of spatial navigation and episodic memory, the mixed findings of power increases 

and decreases across associative forms of memory appears to go against this general-

purpose mechanism (Herweg et al., 2020). Furthermore, where theta power increases 

(rather the usual decreases) have been reported in human intracranial studies, these tend 

to be short-lived and occur early, as well as being weaker and more spatially restricted 

(e.g. Burke et al., 2014; Long et al., 2014), perhaps reflecting underlying event-related 

activity, rather than sustained oscillatory activity (Herweg et al., 2020). While the 

mechanistic role of power attenuation is not entirely clear, the extant evidence indicates 

that it does have an active role in memory encoding (Hanslmayr et al., 2012), including 

when generating immediate novel scene imagery (Barry et al., 2019a) autobiographical 

memory retrieval (McCormick et al., 2020), and now the gradual construction of scene 

representations (Chapters 3 and 4). As the use of MEG increases for complex episodic 

memory processes, a clearer picture may begin to emerge. 

New neuroimaging methods are currently in development which may also 

advance the application of MEG for the study of scene and event processing. In 

conventional SQUID-MEG or fMRI, participants must remain very still to mitigate 

problems with the accuracy of source reconstruction. Optically-pumped MEG 

technology (OP-MEG) permits the participant to move freely during tasks (Boto et al., 

2018; Barry et al., 2019b). This offers the exciting possibility to directly study cognitive 
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processes such as autobiographical memory and navigation while the participant explores 

and engages with their environment in more naturalistic contexts. As OP-MEG still 

requires measurements to be made within a magnetically shielded room, this will 

necessarily take the form of VR (Roberts et al., 2019), as has already been conducted to 

some extent using EEG (e.g. Liang et al., 2018). These experiments can be designed to 

be immersive, approximating more closely how events are experienced “live”. This will 

provide a new dimension to examining the hippocampus-vmPFC relationship during 

encoding, particularly during events that are self-relevant to the participant. More 

immersive environments may have an influence on the degree of recruitment of these 

regions and the strength of their connectivity, as they could involve active decision-

making or social interactions (Roy et al., 2012; D’Argembeau, 2013; Kurczek et al., 2015). 

OP-MEG technology also offers an exciting opportunity to study these online processes 

non-invasively with millisecond temporal precision (and without having to limit 

movement) in patients with hippocampal or vmPFC damage, to study how new memories 

are acquired, and indeed possibly fade, in populations where the scene “builder” 

(hippocampus) or “supervisor” (vmPFC) is absent.  

Finally, in this thesis I have described the vmPFC as a single area. However, it is 

a complex region, encompassing several Brodmann areas (10, 14, 25, as well as parts of 

32, 11, 12 and 13; Catani et al., 2012; McCormick et al., 2018a; Ciaramelli et al., 2019) and 

demonstrates clear heterogeneity in structure and function (Rempl-Clower and Barbas, 

2000; Binder et al., 2009; Rushworth et al., 2011; Roy et al., 2012; Winecoff et al., 2013). 

However, its precise structural and functional organisation, including connectivity with 

MTL, remains unclear. This is at least partly due to the signal drop-out and distortion 

within the vmPFC in fMRI given its proximity to air-filled areas (such as eye sockets; see 
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Embleton et al., 2010; Halai et al., 2014), although in recent years advances in multi-echo 

acquisition methods has helped to mitigate this problem (e.g. Poser and Norris, 2009).  

Overall, I found that anterior and dorsal vmPFC regions were engaged during 

scene-related processing which, as previous meta-analyses have suggested, may reflect 

cognitive processing that includes simulation, mentalisation, construction of internal 

models of experience, and self-projection (Roy et al., 2012). However, due to the poorer 

spatial resolution of MEG, confident conclusions regarding the involvement of precise 

sub-regions is difficult. Ultra-high resolution fMRI, for example at 7.0 Tesla, represents 

another exciting area for future experimentation, to hone in on the roles played by 

different sub-regions, and indeed the cortical layers, of the vmPFC in various forms of 

scene and event processing. This could also further illuminate the functions of specific 

hippocampal subfields.  This type of data would serve as a useful complement to my 

MEG findings. For example, it would be interesting to consider whether the voluntary 

generation of scene imagery engages areas distinct from implicit forms of scene 

construction. It could also be instructive to examine predictive aspects of BE and schema 

processing, and how this relates to the cortical microcircuitry within the layers of the 

vmPFC.  

In conclusion, the experiments in this thesis offer new insights into how the 

hippocampus and vmPFC cooperate to support the scene imagery that underpins so 

much of our cognition.  In particular, the use of MEG allowed me to characterise their 

relationship with millisecond precision, and emphasised how key responses and 

interactions occur very early during scene and event construction. Clearly much remains 

to be understood.  I hope the work reported here provides a useful stepping stone for 
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further discoveries about the cognitive functions that critically depend upon the dialogue 

between the hippocampus and vmPFC. 
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