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Michael Joseph Siena
Abstract

The ability to recollect personal events in vivid multisensory detail from a first-person
perspective is thought to be critical to the subjective experience of episodic memory. This
PhD thesis comprises three experiments investigating these memory qualities and their
parietal neural bases in different populations. The experiment presented in Chapter 2 used
transcranial magnetic stimulation (TMS) in healthy younger adults and a novel associative
memory task that manipulated stimulus modality to causally test whether the left angular
gyrus (AnG) supports multimodal feature integration during episodic and semantic memory
retrieval. Left AnG stimulation was found to selectively modulate response times in
multimodal versus unimodal trials of both episodic associative recognition and semantic
relatedness tasks, indicating AnG involvement in multiple forms of multimodal declarative
memory retrieval. However, this stimulation effect was unexpectedly facilitatory rather than
inhibitory, and no objective or subjective measures of episodic memory were modulated by
ANG stimulation.

The experiment in Chapter 3 investigated the parietal neuroanatomical correlates of
first-person versus third-person episodic recall in normal ageing using voxel-based
morphometry and a custom 3D object location memory task that manipulated visual
perspective during both encoding and retrieval. Compared to healthy younger adults, older
adults showed a general deficit in first-person recall of object locations, irrespective of the
original encoding perspective. Third-person recall was also impaired with age to a lesser
extent and only when objects were encoded from the same third-person perspective. In older
adults, left AnG and precuneus grey matter volume positively correlated with the adoption of
a first-person recall perspective, but not first-person recall more generally. These parietal

volumes were further shown to decline with age.

Finally, the experiment in Chapter 4 investigated whether individuals with self-
reported mental imagery deficits (i.e., aphantasics) are impaired at first-person episodic
recall. This was tested using a modified version of the task used in the previous chapter so
that both object and spatial memory features, studied in first or third person, could be
assessed via subjective vividness ratings and objective feature reproduction tasks. The visual

perspective of spatial memory recall was additionally varied between the same and



alternative studied perspectives to test whether aphantasics are impaired at manipulating
visuospatial representations. Despite globally lower vividness ratings relative to controls,
aphantasics unexpectedly showed no deficits in object or spatial memory in either visual
perspective. Together, these results further understanding of parietal contributions to memory
and suggest investigation of those with atypical imagery as a promising line of future inquiry

into the factors necessary for its subjective reliving.
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Chapter 1

Chapter 1: General Introduction

An Introduction to Episodic Memory

Episodic memory is a form of long-term declarative (i.e., conscious) memory
involving the ability to acquire, retain, and retrieve memories of specific personal events or
“episodes” with a particular spatiotemporal context (Tulving, 2002). More broadly, episodic
memory represents an expression of autonoetic consciousness (Tulving, 1985), an essential
human attribute related to the sense of self and identity in subjective time. Thus, episodic
remembering can be conceptualised as enabling a form of “mental time travel” into one’s

personal past.

According to dual-process theories of episodic memory (Yonelinas, 1994; 2002;
Yonelinas & Parks, 2007; Yonelinas et al., 2005; 2010), recognition of previously
encountered events (e.g., situations from everyday life or, more commonly in the laboratory,
experimental stimuli) can be supported by two distinct processes: recollection and familiarity.
Under the dual-process view, recollection entails the remembering of specific contextual
details associated with personal events and has been said to behave like a threshold process.
By contrast, familiarity, which is characterised by the vague acontextual feeling of prior
occurrence, is thought to reflect a signal detection-like assessment of a continuous memory
strength signal. While the behavioural and neural separability of recollection and familiarity
is not of direct relevance to this thesis (for reviews, see Rugg & Curran, 2007; Skinner &
Fernandes, 2007; Yonelinas et al., 2010; see also Mandler, 2008; Wixted & Mickes, 2010;
Wixted & Squire, 2010), it should be acknowledged that this debate has yet to be fully
resolved, despite the popularity and influence of the dual-process view (for alternative
perspectives, see DeCarlo, 2002; Donaldson, 1996; Dunn, 2004; Ingram, Mickes, & Wixted,
2012; Mickes, Wixted, & Wais, 2007; Wixted, 2007). Nevertheless, the phenomenological
differences between recollection and familiarity provide a useful general framework in
guiding thinking about the subjective experience of episodic remembering. Such distinctions
between recollection and familiarity are perhaps best exemplified by Mandler’s famous

hypothetical “butcher on the bus” scenario:

Consider seeing a man on a bus whom you are sure that you have seen before; you
“know” him in that sense [familiarity]. Such a recognition is usually followed by a
search process asking, in effect, Where could I know him from? Who is he? The

search process generates likely contexts (Do | know him from work; is he a movie
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star, a TV commentator, the milkman?). Eventually the search may end with the
insight, That’s the butcher from the supermarket [recollection]! (Mandler, 1980, pp.
252-253)

Various experimental paradigms have been employed to assess subjective (i.e.,
qualitative and experiential) and objective (i.e., quantitative and demonstrable) aspects of
episodic memory retrieval. For instance, remember/know tasks probe the subjective level of
awareness accompanying episodic memory retrieval by asking participants to categorise their
experience of recalling studied memory items (e.g., pictures of objects or their spoken names)
as “remembered” or “known”. “Remember” responses are given when specific contextual
details of a memory are brought to mind, such as the “where” or “when” of a personal event,
and thus reflect recollection. On the other hand, “know” responses are provided when
memory items elicit only the vague acontextual sense of having been encountered before and
therefore reflect familiarity. Other paradigms such as old/new recognition may instead task
participants with the simple discrimination of several studied “old” and unstudied “new”
memory items to measure episodic memory retrieval more objectively. In contrast to
remember/know responses, however, old/new responses are considered to reflect the mixed
contributions of recollection and familiarity, as recollection is often accompanied the feeling

of familiarity (but not vice versa).

Although no test of recollection is likely to ever be truly process pure (Yonelinas et
al., 2010), different aspects of recollection can be evaluated more directly. For example,
recognition memory judgements can also be made on associations between two or more
memory items, thus capturing a fundamental associative characteristic of recollection (i.e.,
personal events are typically comprised of multiple contemporaneous objects, people, or
things). Recollection can also be examined via free recall and cued recall tasks, which
provide different levels of retrieval support and thus reflect both the unconstrained
spontaneity and controlled nature of recollection, depending on the circumstances. In
comparison, source memory paradigms highlight the multidimensional quality of
recollection, requiring participants to retrieve specific contextual features of individual
episodes (i.e., the different external sensory/perceptual or internal mental details associated
with a personal event). Additionally, autobiographical memory interviews (e.g., Kopelman,
Wilson, & Baddeley, 1989; Levine et al., 2002) can be used to assess more naturalistic
episodic memory concerning the details of personal life events experienced outside of the

laboratory. Finally, a more complete impression of recollection can be gained by combining
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such objective measures with subjective ones. For example, participants may be asked about
the level of vividness (i.e., mental clarity or salience) with which they remembered a visual

memory feature or their degree of confidence that that feature had been encountered before.

Episodic Memory in the Brain

Ever since the seminal report by Scoville & Milner (1957) of the patient H.M., who
exhibited profound amnesia following bilateral medial temporal lobe resection, the medial
temporal lobes have been regarded as crucial for episodic memory. The medial temporal
lobes can be divided into the hippocampus (HPC) and its subfields as well as the perirhinal,
entorhinal, and parahippocampal cortices. Regarding recollection and familiarity, there does
not appear to be a direct functional mapping onto these medial temporal subregions (Diana,
Yonelinas, & Ranganath, 2007; Squire, Stark, & Clark, 2004), or even within them (e.g.,
Merkow, Burke, & Kahana, 2015; Smith, Wixted, & Squire, 2011; Wais, Squire, & Wixted,
2010; Wixted & Squire, 2010). However, the HPC is widely held to be particularly important
for episodic memory (Eichenbaum, Yonelinas, & Ranganath, 2007; Moscovitch et al., 2016;
O’Keefe & Nadel, 1978; Squire & Zola-Morgan, 1991; Tulving & Markowitsch, 1998). More
specifically, the HPC is thought to support several processes necessary for the initial
formation (i.e., encoding), long-term retention, and retrieval of episodic memories
(Eichenbaum, 2000). These HPC-supported mnemonic processes include pattern separation,
systems consolidation, and pattern completion.

Pattern separation is the process whereby representations of everyday experiences,
which typically overlap in their features, are made more distinctive. This process begins
during encoding in the dentate gyrus, which orthogonalizes incoming sensory input patterns
into non-overlapping output patterns via sparse coding (i.e., individual memories are coded
by a small subset of neurons and each neuron codes a few memories) (Norman & O’Reilly,
2003; McClelland, McNaughton, & O’Reilly, 1995; Rolls, 2013; 2016). These memory traces
initially depend on both the HPC and wider neocortex, which represents disparate sensory
event features, but get reorganised with the aid of the HPC, to eventually become
independent of the HPC through the process of systems consolidation (Squire et al., 2015; but
see Nadel et al., 2007). Evidence for HPC-mediated systems consolidation can be found in
patients with medial temporal lobe damage like H.M., who show greater amnesia for recent
compared to remote memories (Squire, 2009). In contrast to pattern separation, pattern
completion entails the cortical reinstatement (i.e., reactivation of encoding-related activity

patterns during episodic memory retrieval) of a complete memory trace from a partial
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retrieval cue. The auto-associative nature of pattern completion (e.g., recalling a person’s
name from a face retrieval cue, or vice versa) has been linked to dense recurrent collateral
connectivity within the CA3 hippocampal subfield, which acts a single attractor network
enabling rapid associations to be formed between arbitrary neocortical ensembles
representing whole memories (Norman & O’Reilly, 2003; McClelland, McNaughton, &
O’Reilly, 1995; Rolls, 2013; 2016). Accordingly, the degree of cortical reinstatement has
been observed to correlate with HPC activity (Horner et al., 2015; Staresina et al., 2012). In
summary, the HPC supports a variety of important processes that minimise interference
between similar stored event memories (pattern separation), stabilise those memories with
time (systems consolidation), and facilitate holistic recollection from fragmentary inputs

(pattern completion).

Damage to the frontal lobes has also been shown to impair certain aspects of episodic
memory. For example, patients with frontal lobe lesions can recall memory items but show
deficits in recollecting their study context (i.e., source) (Janowsky, Shimamura, & Squire,
1989) or temporal order (Shimamura, Janowsky, & Squire, 1990). Relatedly, patients with
the frontal variant of frontotemporal dementia perform at floor level on source discrimination
tasks (Simons et al., 2002), suggesting contextual recollection is particularly affected by
frontal lobe damage. However, patients with surgical frontal lobe excisions can perform
normally when strategies are supplied during encoding and retrieval, despite impaired free
recall, and the introduction and removal of interfering cues modulates cued recall
performance (Incisa della Rochetta & Milner, 1993). Thus, in line with its well-established
role in cognitive control (Miller, 2000), the prefrontal cortex (PFC) of the frontal lobes is
thought to interact with other key memory regions such as the medial temporal lobes to
support mnemonic control processes (Eichenbaum, 2017; Simons & Spiers, 2003). Generally,
these PFC-mediated control processes, in conjunction with those supported by medial
temporal lobe structures, can be deployed during encoding as well as retrieval to optimise
episodic memory (for review, see Blumenfeld & Ranganath, 2007). For instance, the PFC can
promote effective encoding by supporting organisational (Blumenfeld & Ranganath, 2006) or
elaborative strategies (Davachi, Mitchell, & Wanger, 2003). During retrieval, the PFC may
also help resolve interference between competing response tendencies (Peters et al., 2013).

Functional neuroimaging has demonstrated several anatomical and functional
subdivisions within the PFC, with each facilitating different aspects of cognitive control over

memory. First, functional magnetic resonance imaging (fMRI) activity in the PFC seems to
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be lateralised according to material type. For example, recognition of verbally encoded (i.e.,
acquired) materials activates the left dorsolateral PFC whereas nonverbal materials activate
the right dorsolateral PFC (Opitz, Mecklinger, Friederici, 2000). Such lateralisation of
activity can even be observed across different nonverbal stimulus categories, such as faces
and objects (Simons et al., 2001). Second, other distinctions can be found between the lateral
and medial surfaces of the PFC in terms of processing reward- or self-related information and
exerting top-down cognitive control in line with retrieval goals (Eichenbaum, 2017; Elliott,
Dolan, & Frith, 2000; Euston, Gruber, & McNaughton, 2012; Maguire, Vargha-Khadem, &
Mishkin, 2001). Finally, lateral PFC function can be further divided by ventral and dorsal
regions, with the former supporting retrieval cue specification and maintenance processes and
the latter supporting the monitoring and manipulation of retrieved information (Dobbins et
al., 2002; Henson, Shallice, & Dolan, 1999). During encoding, the ventrolateral PFC supports
the selection of goal-relevant item information whereas the dorsolateral PFC plays a role in
organising those items in working memory to promote long-term memory formation
(Blumenfeld & Ranganath, 2007). It should be cautioned, however, that such findings do not
necessarily indicate sharp functional parcellation of subregions. Indeed, other work has called
this view into question, instead arguing for graded subregional functional specialisation based
on graded transitions in network connectivity within the PFC (Jackson et al., 2020; Jung,
Lambon Ralph, & Jackson, 2022). Likewise, evidence for graded intra-region network
connectivity has been found within the temporal lobes (Binney, Parker, & Lambon Ralph,
2012; Bajada et al., 2017) and parietal cortex (Daselaar et al., 2013; Humphreys, Jackson, &
Lambon Ralph, 2020; Humphreys & Tibon, 2022), implying a potentially wider organising

principle of higher order association cortices (Jung et al., 2017).

Of particular relevance to this thesis, functional neuroimaging reviews have also
frequently highlighted lateral ventral parietal cortex (VPC) functional magnetic resonance
imaging (fMRI) activation, specifically within the left angular gyrus (AnG) (see Figure 1 A
for anatomical location), during episodic memory retrieval (Rugg & King, 2018; Rugg &
Vilberg, 2013; Sestieri, Shulman, & Corbetta, 2017; Wagner et al., 2005). This part of the
VPC belongs to an ensemble of brain regions referred to as the core recollection network
(Hayama, Vilberg, & Rugg, 2012; Johnson & Rugg, 2007), which additionally comprises the
PFC, medial temporal structures including the HPC and parahippocampal cortex as well as
more posterior retrosplenial and posterior cingulate cortices (see Figure 1 B). These core

recollection regions collectively show greater levels of fMRI activation during successful
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versus failed recollection across a variety of experimental procedures and materials (Kim,
2010; Rugg & Vilberg, 2013; Thakral, Wang, & Rugg, 2017). Compared to the recollection
sensitive VPC, more dorsal parietal regions such as the intraparietal sulcus are associated
more with the non-specific sense of familiarity (for reviews, see Hutchinson et al., 2009;
Wagner et al., 2005). The neuroimaging findings regarding the posterior VPC are in striking
contrast to the early neuropsychological evidence, where parietal brain damage seemingly did
not produce serious memory impairments on many standard memory assessments (Berryhill
et al., 2007; Davidson et al., 2008; Haramati et al., 2008; Simons et al., 2008). These patient
observations, combined with the aforementioned neuroimaging evidence, have been the
subject of much controversy (e.g., Simons & Mayes, 2008) and have inspired humerous
hypotheses regarding the possible mnemonic function(s) of the parietal lobes. An overview of
these theoretical accounts is provided in the next section.
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Medial prefrontal cortex

B Retrosplenial cortex/posterior cingulate

Angular gyrus

Parahippocampal cortex

Figure 1. A) Gross anatomical subdivisions of the lateral posterior parietal cortex taken from
Humphreys & Tibon (2022). The superior parietal lobule, situated in the dorsal posterior parietal
cortex, is shaded in blue. Supramarginal and angular gyri, respectively shaded in green and red,
comprise the ventral posterior parietal cortex. Dorsal and ventral posterior parietal regions are
demarcated by the intraparietal sulcus. B) Example fMRI activation map taken from Rugg & Vilberg
(2013) to illustrate the core recollection network. Shaded areas denote brain regions associated with
a greater neural response to correctly recognised test words endorsed as “remembered” (i.e.,
successfully recollected) than “known” (i.e., recognised on the basis of familiarity), regardless of

whether the test words were studied as pictures or words.

Parietal Lobe Involvement in Episodic Memory
In their influential neuroimaging review, Wagner et al. (2005) considered three

possible hypotheses regarding the role of the lateral posterior parietal cortex (PPC) in
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episodic memory retrieval: the mnemonic accumulator hypothesis, the attention to internal
representations hypothesis, and the output buffer hypothesis. To briefly summarise, the
mnemonic accumulator hypothesis proposes that the PPC temporally integrates information
until a decision criterion is reached to endorse items as “old”. The attention to internal
representations hypothesis instead posits that the PPC directs attention to internal mnemonic
representations. By contrast, the output buffer hypothesis holds that the PC supports
mnemonic decision making by temporarily holding the contents of retrieval in working
memory, akin to Baddeley’s (2000) working memory “episodic buffer”. Although several
other accounts have been advanced since, most fall broadly under one or some combination
of these three hypotheses, which | will classify more generally as decisional, attentional, and

content accounts.

Decisional accounts (e.g., Wagner et al., 2005) have received the least scrutiny, and
rest largely on the finding that lateral parietal cortex activity tracks the perceived oldness of
memory items, irrespective of study status (Wheeler & Buckner, 2004; Kahn, Davachi, &
Wagner, 2004). Furthermore, dorsal PPC regions such as the intraparietal sulcus have also
been linked to supporting perceptual decision making (Gold & Shadlen, 2007). Such
observations have led to the proposal that the intraparietal sulcus supports a domain-general
evidence accumulation mechanism underpinning both episodic memory and perceptual
recognition judgements (Ploran et al., 2007). As noted by Berryhill (2012), however,
disrupted parietal function does not result in the general memory deficit that would be
expected from gauging a dysfunctional memory strength index (Berryhill, Drowos, & Olson,
2009; Drowos et al., 2010; Haramati et al., 2008; Yazar, Bergstrom, & Simons, 2014), and
this perspective has received comparatively less interest than attentional and content

accounts.

Although the attention to internal representations hypothesis (Wagner et al., 2005)
made no functional distinctions between different PPC regions, later proposals have. For
example, the dual attentional processes account (Cabeza, 2008) argued that dorsal PPC
serves top-down allocation of attention according to retrieval goals whereas ventral PPC
supports bottom-up capture of attention by recollected event details. This model was later
extended in the attention to memory account (Cabeza et al., 2008; Cabeza, Ciaramelli, &
Moscovitch, 2012; Ciaramelli, Grady, & Moscovitch, 2008; Ciaramelli & Moscovitch, 2020;
Olson & Berryhill, 2009) to explain dorsal PPC involvement during different stages of
episodic memory retrieval. Under this view, dorsal PPC operates both before retrieval, to
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allocate top-down attention to maintain goal states and relevant retrieval cues, and after

retrieval, to support retrieval monitoring and evaluation when making mnemonic decisions.

Dual attentional accounts broadly agree with theories of frontoparietal networks
supporting different aspects of visuospatial attention (Corbetta & Shulman, 2002; Corbetta,
Patel, & Shulman, 2008; Wolfe & Horowitz, 2017) as well as with some of the parietal
patient evidence vis-a-vis memory. For example, Berryhill et al. (2007) showed that patients
with bilateral lobe lesions perform normally when their autobiographical memories are cued,
but not when they are freely recalled, which is considered to depend largely on the
spontaneous capture of attention by such memories. Moreover, Ciaramelli et al. (2010a)
compared patients with dorsal and ventral parietal lesions and found that those with ventral
lesions were relatively slower to respond to invalidly cued targets, which are similarly
thought to capture bottom-up attentional processes. Dorsal/ventral distinctions in PPC
attentional function during episodic memory retrieval have also been suggested to mirror
those during episodic memory encoding (for review, see Uncapher & Wagner, 2009), where
encoding-related activity in the dorsal and ventral PPC is associated with the subsequent

success and failure of episodic recall, respectively (Uncapher, Hutchinson, & Wagner, 2011).

While more anterior regions of the VPC, namely the supramarginal gyrus and
temporoparietal junction, appear to serve the reflexive attentional processes classically
ascribed to the wider VPC (Cabeza et al., 2011; Hutchinson, Uncapher, & Wagner, 2009;
Hutchinson et al., 2014), the posterior part, the AnG, presents a challenge to overarching
attentional accounts. In a recent fMRI study, Ciaramelli et al. (2020) manipulated study
repetitions and retrieval goals in a recognition memory task to test the dual-process
attentional account. They reasoned that since study repetitions should lead to more salient
memories, bottom-up attentional capture during recognition of repeatedly studied items
should lead to increased activity in the VPC versus items only studied once. While the
supramarginal gyrus showed this activation profile, the AnG showed the opposite, suggesting
an anterior/posterior subdivision within the VPC. Furthermore, disrupting VPC function does
not seem to affect performance in many studies were memory tasks involved direct
attentional manipulations. For example, Simons et al. (2010) showed that reducing the
behavioural relevance of mnemonic information critical to source recollection did not affect
performance in bilateral parietal lesion patients. Non-invasive brain stimulation techniques,
which can temporarily intervene in neural processing within targeted regions to establish their

causal role in behaviour, have brought further clarity on this issue. For instance, Yazar,
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Bergstrém, & Simons (2014) found in healthy younger adults that free recall was no more
impaired than cued recall of words following continuous theta burst stimulation targeting the
left AnG, contrary to what would be expected of disrupted bottom-up attentional processes.
In a later brain stimulation study using the same protocol, Bonnici et al. (2018) showed that
left AnG stimulation selectively reduces free recall of ABMs, replicating Berryhill et al.’s
(2007) findings, but not word pairs. As both forms of free recall are assumed to
spontaneously capture attention, these results reinforce the notion that this region of the VPCs
supports non-attentional processes. Indeed, the VPC is now widely accepted to be a
functionally heterogenous region, with respective anterior/posterior subdivisions in bottom-
up attentional and episodic functions (Ciaramelli et al., 2020; Hutchinson, Uncapher, &
Wagner, 2009; Hutchinson et al., 2014; Sestieri, Shulman, & Corbetta, 2017).

Another challenge to overarching attentional accounts for VPC mnemonic function
comes from findings indicating the region’s involvement in mnemonic representation. For
example, VPC activity has often been shown to covary with the amount of retrieved
information in functional neuroimaging studies (Guerin & Miller, 2011; Hayama, Vilberg, &
Rugg, 2012; Vilberg, Moosavi, & Rugg, 2006; Vilberg & Rugg, 2007; 2008; 2009a; 2009b;
Yu, Johnson, & Rugg, 2012). Similarly, left parietal old/new event-related potential effects
have been shown to index the quality and volume of contextual information during retrieval
(Doidge et al., 2017) and AnG fMRI activity tracks the fidelity with which episodic
memories are recollected (Richter et al., 2016). More recently, multivoxel pattern analysis
has been employed to decode the content of retrieval within the vicinity of the AnG (Bird et
al., 2015; Bonnici et al., 2016; Kuhl, Johnson, & Chun, 2013; Kuhl & Chun, 2014; Lee &
Kuhl, 2016; Rissman et al., 2016; St-Laruent, Abdi, & Buchsbaum, 2015; Thakral, Wang, &
Rugg, 2017). An alternative explanation for this latter set of findings, which are often
category-specific, is that such activity patterns might simply reflect the differential
engagement of category-specific cognitive processes rather than retrieved memory
representations (Davis & Poldrack, 2013). However, the decoding of individual multimodal
episodic memories from left AnG activity patterns (Bonnici et al., 2016) makes this
perspective less likely. However, it should be acknowledged that, whereas posterior ventral
PPC may represent retrieved episodic features independent of current retrieval goals (Guerin
& Miller, 2011), dorsal PPC may do so according to specific retrieval goals (Favila et al.,
2018), paralleling in some respects the functional divisions proposed in dual attentional

accounts.
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One question arising from the above findings is whether VPC regions such as the
AnNG support long-term stored mnemonic representations or instead temporarily buffer
retrieved memory contents. According to the cortical binding of relational activity (CoBRA)
account (Shimamura, 2011), the VPC functions as a convergence zone for multimodal
episodes, where distinct episodic features represented by disparate cortical regions are bound
and eventually stored during the final stages of memory consolidation. Supporting this view,
the AnG is well situated in the brain at a nexus between various sensory association cortices,
showing reciprocal white matter and strong resting-state connectivity with modality-specific
sensory association cortices (Seghier, 2013; Uddin et al., 2010). Moreover, functional
neuroimaging and causal brain stimulation evidence attest to the preferential retrieval
processing of multimodal episodes by the left AnG. In an fMRI study, Bonnici et al. (2016)
found greater fMRI activity in the left AnG during the retrieval of multimodal audio-visual
clips than unimodal audio or visual clips. Multivoxel pattern analysis further revealed that
individual multimodal episodes could be decoded from activity patterns within the same
region. Lending further support, Yazar, Bergstrom, & Simons (2017) demonstrated that
inhibitory continuous theta burst stimulation of the left AnG disrupts the episodic retrieval of
multimodal concurrent object-in-scene and spoken object name stimuli, but not either feature
separately. Inconsistent with CoOBRA theory, however, these multimodal retrieval effects are
observed in the left AnG soon after encoding, presumably before any significant degree of
memory consolidation could occur (but see Tibon et al., 2019). Consistent with information
buffering accounts (Humphreys & Lambon Ralph, 2015; Guerin & Miller, 2011; Rugg &
King, 2018; Vilberg & Rugg, 2008; Wagner et al., 2005), however, VPC activity scales with
the duration of stimulus presentation (Vilberg & Rugg, 2009a) and tracks the period over
which recollected information is maintained (Vilberg & Rugg, 2012; 2014). Thus, the current
evidence supports the view that the left AnG plays a role in the online representation of
multimodal episodes, rather than the reactivation of integrated long-term stored

representations as suggested by CoBRA theory.

Functional neuroimaging indicates semantic and episodic memory may recruit
overlapping networks of brain regions including the AnG (Binder et al., 2009; Binder &
Desai, 2011; Kim, 2016; Rajah & Mclntosh, 2005). Such findings raise the possibility that
different forms of declarative memory may in some cases be supported by the same
processes, mediated by the same brain regions. On this basis, some have proposed a central

role for the AnG in semantic processing, placing the region “at the top of a processing
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hierarchy underlying concept retrieval and conceptual integration” (Binder et al., 2009, p.
2776), although this perspective is difficult to reconcile with evidence establishing the
bilateral anterior temporal lobes as a critical amodal semantic hub (for review, see Lambon
Ralph, 2013). Binder & Desai (2011) later argued that the activity of a common declarative
memory network may reflect the retrieval of conceptual knowledge, which may serve as a
fundamental building block for mental scene construction during recollection. Under this
view, the AnG has been proposed to support even concepts “in which entities interact in
space and time” (Binder & Desai, 2011, p. 530) based on its importance to spatial cognition
and that of nearby parietal and posterior temporal regions to action and movement perception
(Kravitz et al., 2011). Others such as Seghier (2013) have instead proposed that the AnG
might serve as a domain-general crossmodal integrative hub where multimodal inputs
converge for integration and give rise to a variety of representations, depending on the task.
In their fMRI study, Bonnici et al. (2016) additionally examined the retrieval of words
associated with unimodal and multimodal features in a semantic relatedness task to test
whether the region plays a role in multimodal semantic integration. However, the results were
ambiguous as unlike multimodal episodic memory retrieval, unimodal and multimodal
semantic retrieval engaged the AnG to an equivalent degree, which might simply reflect the

potentially inherently multimodal or amodal nature of semantic memory representations.

It should be noted that the AnG is not universally accepted to be an important region
for semantic memory retrieval. Contrary its response profile during episodic tasks, the AnG
often shows deactivation during semantic tasks relative to rest (Humphreys et al., 2021; 2022;
Humphreys & Lambon Ralph, 2017; Humphreys, Jung, & Lambon Ralph, 2022; King &
Rugg, 2018). Furthermore, the extent of AnG deactivation during semantic memory retrieval
may be related to domain-general task difficulty rather than semantic processing (Humphreys
& Lambon Ralph, 2017; Humphreys, Jung, & Lambon Ralph, 2022). Indeed, semantic
contrasts typically compare easy versus hard conditions (e.g., words versus pseudowords or
concrete versus abstract words). However, other work combining multiple fMRI studies has
identified separable effects of domain-general task difficulty and domain-specific semantic
processing demand within the bilateral AnG, with stronger difficulty effects in anterior than
posterior subregions and stronger semantic effects in left than right hemispheres (Kuhnke et
al., 2023). Additionally, the AnG showed an inconsistent response polarity across these
studies when rest was used as a baseline condition, but consistent relative differential activity

between semantic and non-semantic task conditions. Based on this evidence, the authors
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argued that rest may not be an appropriate baseline condition when investigating semantic
processing as rest is not process-neutral (Stark & Squire , 2001; Morcom & Fletcher, 2007)
and may also involve some degree of semantic processing. Nevertheless, task difficulty
effects are an important potential confound to consider when evaluating evidence for AnG

involvement in semantic functions.

More recent unifying proposals such as the parietal unified connectivity-biased
computation (PUCC) model (Humphreys & Lambon Ralph, 2015) have instead focused on
temporary online multimodal information buffering of spatiotemporally extended
representations as a key and shared AnG-mediated function underpinning the conscious and
dynamic reflection on one’s episodic and semantic memories (Humphreys, Lambon Ralph, &
Simons, 2021). This core process of information buffering may be shared across the wider
lateral parietal cortex, where regional/subregional differences in connectivity shape its
expression (Humphreys & Tibon, 2022). Supporting the notion of more domain-general
information buffering within the AnG, non-episodic tasks involving the “temporal unfolding
of information” like the integration of semantic information during the reading of narratives
have been shown to activate the AnG (Branzi et al., 2020). Online TMS of the same region
during narrative reading has also recently been demonstrated to disrupt online context-

dependent integration (Branzi et al., 2021).

As noted by Humphreys & Tibon (2022), the PUCC model may account for a wider
range of observations than other models. For example, a temporo-spatial information buffer
may serve episodic processing more generally, aiding both the recollection of previous events
and simulation of future ones (Thakral, Madore, & Schacter, 2017). Due to reduced
connectivity with the prefrontal cognitive control regions, the engagement of more automatic
information buffering in the ventral parietal cortex specifically may also explain
dorsal/ventral functional distinctions attributed to attentional processes by others (e.g.,
Cabeza, Ciaramelli, & Moscovitch, 2012). Long-term statistical learning may also result from
repeated information buffering (Humphrey, Lambon Ralph, & Simons, 2021), giving rise to
the formation of generalisable mental frameworks/associative knowledge structures (i.e.,
schemas), an aspect of cognition also attributed to the AnG (Wagner et al., 2015). Indeed,
AnG involvement has been suggested in myriad functions beyond episodic and semantic
memory retrieval. These include visuospatial attention, body awareness and motor planning,
number processing, word reading and comprehension, social cognition, and spatial cognition
(for reviews, see Seghier, 2013; 2023; Wagner & Rusconi, 2023), although it should be noted
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that much previous work has mixed AnG with neighbouring regions (Seghier, 2013). Thus,
the PUCC model may help resolve apparent inconsistencies between more domain-specific
accounts of AnG function (and possibly that of wider lateral parietal cortex) by providing a
fundamental information buffering mechanism that, depending on local variations in network

connectivity, may support an array of cognitive activities.

The Subjective Experience of Remembering

While parietal lesion patients can indeed exhibit intact episodic retrieval, particularly
when recall is cued (Berryhill et al., 2007; Simons et al., 2008; but see Ben-Zvi, Soroker, &
Levy, 2015), their memory is not entirely normal. For example, Davidson et al. (2008) and
Drowos et al. (2010) showed that despite largely intact performance on a variety of episodic
memory tasks, parietal-damaged patients make less frequent recollection-based “remember”
responses than age-matched neurologically healthy controls in remember/know tasks that
probe the subjective experience of episodic retrieval. Simons et al. (2008; 2010) additionally
demonstrated that such patients also report less confidence in their memory and diminished
vividness of recollection, despite normal source memory accuracy. Finally, Hower et al.
(2014) used a receiver-operating characteristic analysis to show that old/new recognition
decision criteria for unstudied new items is unaffected by bilateral parietal lesions, but the
willingness to endorse studied old items with high confidence is reduced. Consistent with
prior findings, these patients did not show impairments in recognition accuracy either.

Similar patterns of performance to the parietal-damaged patients have been replicated
in healthy younger adults using non-invasive brain stimulation. As noted previously, Yazar,
Bergstrom, & Simons (2014) found no effect of inhibitory AnG stimulation on free recall of
word pairs. Participants in this study further showed no deficits in objective memory
performance more generally as assessed by a battery of old-new recognition, cued recall, and
source recollection tasks. However, a selective left AnG stimulation effect was found on
confidence in source memory and no other task. Relatedly, inhibitory AnG stimulation has
been found to alter response bias in source memory tasks (i.e., the tendency to provide a
given source response regardless of the ability to accurately discriminate the source) (Sestieri
et al., 2013) as well as the perceived difficulty of episodic, but not non-episodic, tasks
(Bonnici et al., 2018; Thakral, Madore, & Schacter, 2017). Functional neuroimaging also
indicates regions of the PPC to be sensitive to the qualitative richness of episodic memories.
For instance, Richter et al. (2016) used a continuous memory paradigm allowing the

behavioural and neural separation of the overall success and precision of episodic memory
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retrieval, and showed that fMRI activity in the left AnG tracks the fidelity with which visual
scenes are remembered, whereas HPC activity was associated with whether those scenes

were remembered overall.

First based on the apparent disagreement between objective and subjective aspects of
episodic memory in parietal lesion patients, the subjective experience of remembering
hypothesis (Ally et al., 2008; Simons, 2008; see also Davidson et al., 2008; Moscovitch et al.,
2016) posits that the VPC supports processes enabling the subjective reliving of past
experiences. Later formulations of the subjective memory account (Yazar, Bergstrom, &
Simons, 2012; 2014; 2017; for current review, see Simons, Fernyhough, & Ritchey, 2022)
have proposed the left AnG to support vivid reminiscence by integrating multisensory
features within an egocentric (i.e., self-referential) framework during retrieval. As noted by
Moscovitch et al. (2016), the absence of objective source memory effects in much of the
patient evidence may simply reflect the fact that such tasks do not typically encourage
multimodal episodic retrieval, instead probing specific aspects of recollection. Indeed, as
outlined previously, functional neuroimaging (e.g., Bonnici et al., 2016) and causal brain
stimulation (e.g., Yazar, Bergstrom, & Simons, 2017) work, which directly manipulated
stimulus modality, has since accrued good evidence for the preferential processing by the left

AnG of multimodal episodes during retrieval.

The second part of the subjective experience of remembering hypothesis—that AnG-
supported episodic retrieval processes operate within an egocentric framework—was initially
motivated by findings indicating the PPC supports egocentric aspects of cognition (e.g.,
Stein, 1992). One example is hemispatial neglect, a disorder of egocentric spatial awareness
that is classically associated with lesions to the PPC (Driver & Mattingley, 1998; Karnath &
Rorden, 2012). Furthermore, the AnG is a member of the default mode network (Buckner,
Andrews-Hanna, & Schacter, 2008), the activity of which is generally associated with self-
referential mental activities such as daydreaming and thinking about the personal past or
future. With respect to memory more specifically, Ciaramelli et al. (2010b) found evidence
suggesting that PPC damage impairs route navigation in remote spatial memory tasks. Route
navigation is thought to depend on an egocentric spatial reference frame due to the emphasis
it places on the relationship between one’s body and the environment (e.g., sequencing
landmarks along a route). This can be contrasted against map-like and viewpoint-independent
allocentric reference frames, which are instead associated with specific cell types in medial

temporal lobe structures such as the HPC and entorhinal cortex (Ekstrom et al., 2003; Epstein
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et al., 2017; Hafting et al., 2005; O’Keefe & Nadel, 1978). Most critically, Ciaramelli et al.
(2010Db) additionally found that PPC lesion patients reported weaker re-experiencing during

navigation, which additionally lacked a first-person (i.e., own-eyes) perspective.

An own-eyes first-person visual perspective fundamentally differs from an observer-
like third-person perspective in terms of its endogenous origin. As such, a first-person visual
perspective is inherently egocentric. In the context of episodic memory retrieval, a first-
person relative to a third-person visual perspective has consistently been behaviourally
associated more with the sensory/perceptual and internal details of personal events, which
comprise the feelings, sensations, and thoughts associated with those events (Berntsen &
Rubin, 2006; Mclsaac & Eich, 2002; Robinson & Swanson, 1993; Sutin & Robins, 2010).
Such a constellation of features attest to richness and variety of subjective recollective
experience. Indeed, subjective ratings of memory vividness have been shown to correlate
with autobiographical memory recall from a first-person perspective (e.g., Rice & Rubin,
2011).

As with egocentric spatial memory, investigation into the neural bases of first-person
perspective episodic remembering has implicated the involvement of different PPC regions.
For example, activity in the precuneus, a region located on the medial surface of the dorsal
PPC, has been linked to memory-related mental imagery (i.e., internal sensory experience of
some object, person, event, or scene in their physical absence) (Fletcher et al., 1995; Cavanna
& Trimble, 2006), and its volume has been positively correlated with first-person perspective
autobiographical memory recall (Freton et al., 2014; Hebscher, Levine, & Gilboa, 2018).
Furthermore, activity in both the precuneus and AnG has been tied to shifting from a first-
person own-eyes perspective to a third-person observer perspective during episodic recall
across several studies (Iriye & St. Jacques, 2018; Marcotti & St. Jacques, 2018; St. Jacques ,
Szpunar, & Schacter, 2017). Similarly, Russell et al. (2019) showed that patients with right
hemisphere parietal damage have deficits in judging whether 3D real world scenes were
previously viewed from their own or an observer’s perspective, despite exhibiting unimpaired
item and location memory. In the same study, but in a separate group of neurologically
healthy participants, Russell et al. used multi-voxel pattern analysis to further show that
patterns of activity around the AnG are sensitive to such perspective shift judgements.
Finally, Bonnici et al. (2018) showed that continuous theta burst stimulation of the left AnG
decreases the likelihood of recalling autobiographical memories from a first-person

perspective. Such findings have led to the proposal that a first-person visual perspective may
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be an essential factor underlying subjective memory reliving (Simons, Ritchey, &
Fernyhough, 2022; Zaman & Russell, 2022). However, while links between egocentric
memory retrieval and dorsal and ventral PPC have been established, the precise contributions

of these regions have remained elusive.

Thesis Overview

This thesis aimed to further develop the subjective memory hypothesis, with a focus
on the processes supported by the PPC that give rise to the feeling of episodic memory
reliving. To this end, | devised multiple custom experimental paradigms and used different
techniques to test different aspects of this hypothesis in different populations. In my first
experimental chapter, | will present a non-invasive brain stimulation study in which | causally
tested a potentially unifying account for AnG mnemonic function, that the region supports a
mechanism of multimodal feature integration common to episodic and semantic memory
retrieval. In my second experimental chapter, | will present a voxel-based morphometry study
that intended to help disentangle potential differences in the contribution of different PPC
regions to first-person episodic memory retrieval during normal ageing. Finally, in my third
experimental chapter, | will present an online behavioural study in which | explored potential
differences in the visual perspective and vividness of episodic memory in individuals with
weak mental imagery, a non-clinical condition referred to as “aphantasia” (see Zeman et al.,
2015).
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Chapter 2: The Angular Gyrus and Multimodal Feature Integration during Episodic

and Semantic Memory Retrieval

In my first experimental chapter, | present a non-invasive brain stimulation study in
which | tested the causal role of the left angular gyrus in multimodal feature integration
during episodic and semantic memory retrieval. To this end, continuous theta burst
stimulation was applied offline to left angular gyrus target and vertex control sites before the
retrieval phase of a newly-designed associative memory task, to assess its effects on
subsequent episodic associative recognition and semantic relatedness judgements made on
the same unimodal and multimodal object pairs. Angular gyrus stimulation was found to
selectively modulate response times in both episodic and semantic retrieval tasks, consistent
with AnG-mediated multimodal integration during both forms of declarative memory
retrieval. Contrary to predictions, however, this stimulation effect was facilitatory rather than
inhibitory, and was not accompanied by differences in objective or subjective measures of

episodic memory performance.
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Introduction

Long-term declarative memory entails the conscious recall of personal events (i.e.,
episodic memory) and factual knowledge (i.e., semantic memory) (see Squire, 2004 for
review). Much research has sought to dissociate episodic and semantic memory, yet work in
more recent decades has highlighted increasing overlap in both their underlying cognitive
processes and neural substrates (for reviews, see Binder et al., 2009; Brigard, Umanath, &
Irish, 2022; Greenberg & Verfaellie, 2010; Humphreys et al., 2021; Irish & Piguet, 2013,;
Irish & Vatansever, 2020; Renoult et al., 2019). One fundamental feature of both forms of
declarative memory is their fundamentally combinatorial nature, and several brain regions
have been proposed as information convergence zones where such processing may occur. For
example, the influential hub-and-spoke model of semantic memory holds the bilateral
anterior temporal lobes as an amodal hub (i.e., representations can be received and expressed
in any modality) that integrates sensory information of different modalities, represented in
distributed modality-specific cortices or ‘spokes’, to form generalisable concepts (Patterson
et al., 2007; Patterson & Lambon Ralph, 2016; Rogers et al., 2004; but see Bonner & Price,
2013). In the episodic memory literature, the hippocampus (HPC) of the medial temporal
lobe has been advanced as a key subcortical structure supporting the associative/relational
processing of contextual event information during episodic memory encoding (Olsen et al.,
2012) and retrieval (Horner et al., 2015). However, another region of the brain, the left
angular gyrus (AnG) of the posterior parietal cortex, has been linked to both episodic and
semantic memory retrieval processes (for reviews, see Humphreys et al., 2021; Seghier,
2013). Moreover, the AnG is viewed as an ideal candidate for multisensory processing, being
located near several sensory-motor processing streams and having reciprocal white matter
and strong resting-state functional connectivity with modality-specific sensory association
cortices (Seghier, 2013; Uddin et al., 2010).

Numerous functional neuroimaging reviews have implicated the left AnG in episodic
memory retrieval (Rugg & King, 2018; Rugg & Vilberg, 2013; Sestieri, Shulman, &
Corbetta, 2017; Wagner et al., 2005). The left AnG is a prominent member of the core-
recollection network (Rugg & Vilberg, 2013; Kim, 2010), which along with the prefrontal
cortex and temporal lobe structures such as the HPC, shows increased neural activity during
successful recollection of contextual event details when compared against memory decisions
based on the vague, acontextual sense of familiarity (Skinner & Fernandes, 2007; Thakral,
Wang, & Rugg, 2017; Trelle, 2014; Vilberg & Rugg, 2008). The left AnG also belongs to the
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default mode network (Buckner, Andrews-Hanna, & Schacter, 2008), which anatomically
overlaps with the core recollection network and is characterised by increased resting-state
connectivity during various introspective mental activities such as daydreaming, thinking
about the past, or imagining the future. In remember/know tasks probing the subjective level
of awareness accompanying episodic retrieval, “remember” responses reflecting the
experience of recollection are associated with greater left AnG activity than familiarity-based
“know” responses (Vilberg & Rugg, 2008). Greater left AnG engagement is also observed
when the specific study context of items (i.e., source) is tested relative to when memory for
the items themselves is tested (Vilberg & Rugg, 2008). Furthermore, memory for inter-item
associations, which is similarly thought to primarily tap recollection, is associated with
elevated left AnG activity (Chastelaine et al., 2016). Together, these data indicate the left

AnNG is involved in conscious episodic memory retrieval.

Curiously, patients with parietal lesions are typically not overtly amnesic, especially
when retrieval is supported with cues (Berryhill et al., 2007; Simons et al., 2008; but see also
Ben-Zvi, Soroker, & Levy, 2015). However, the subjective experience of recollection is often
reported to be diminished in such patients (Ally et al., 2008; Simons et al., 2010; Hower et
al., 2014). Compared against neurologically healthy age-matched controls, parietal lesion
patients produce fewer “remember” responses in remember/know tasks (Davidson et al.,
2008; Drowos et al., 2010) as well as describe less vivid recollection and report significantly
reduced memory confidence (Simons et al., 2008; 2010). Similarly, transient disruption of
left AnG function in neurologically healthy younger adults via inhibitory repetitive
transcranial magnetic stimulation (TMS) reduces subjective source memory confidence while
leaving objective source and item memory performance unaffected (Yazar, Bergstrom, &
Simons, 2014). Inhibitory repetitive TMS also increases the perceived difficulty of episodic
autobiographical memory and simulation tasks (Bonnici et al., 2018; Thakral, Madore, &
Schacter, 2017) and alters source memory response bias (i.e., the tendency to provide a given
source response regardless of the ability to accurately discriminate the source) (Sestieri et al.,
2013). Such patient and non-invasive brain stimulation evidence has led to the proposal that
the left AnG carries out processes necessary for the subjective experience of recollection
(Ally et al., 2008; Moscovitch et al., 2016; Simons et al., 2022). Moreover, recent TMS
evidence suggests the left AnG might mediate related metacognitive judgements (Sestieri et
al., 2013) by possibly gauging the vividness of memory contents themselves (Zou & Kwok,
2022).
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Activity in the left AnG often covaries with the amount of recollected visual or verbal
episodic information (Bellana et al., 2019; Vilberg & Rugg, 2007; 2009a; 2009b). Consistent
with this view, continuous measures of episodic memory have shown left AnG activity to
scale with the visual fidelity of recollection (Richter et al., 2016). AnG activity has been
shown to carry information about stimulus category and event-specific information. For
example, individual visual episodic memories of common objects, faces, and scenes have
variously been decoded from multivoxel patterns of fMRI activity in regions of the
ventrolateral parietal cortex (VLPC) including the AnG (Favila et al., 2018; Kuhl & Chun,
2014; Lee & Kuhl, 2016). However, Kuhl & Chun (2014) speculated that such memory
representations may not be purely visual. Further to this, univariate fMRI analysis of left
AnNG activity has also shown the region to be preferentially engaged during the recollection of
multimodal audio-visual video clips versus recollection of unimodal audio or visual clips
(Bonnici et al., 2016). Moreover, the left AnG shows greater recruitment during the retrieval
of multimodal audio-visual than unimodal audio or visual pair associates, both when encoded
intentionally (Tibon et al., 2019) and incidentally (Jablonowski & Rose, 2022). Multivoxel
pattern analysis has additionally been used by Bonnici et al. (2016) to decode individual
multimodal episodic memory representations within the left AnG, with classifier accuracy
tracking the vividness of recollection. Finally, repetitive TMS of the left AnG has been
shown to selectively disrupt the accuracy of source memory judgements on multimodal
concurrent audio-visual scenes and not multiple or single scene features of the same modality
(YYazar, Bergstrom, & Simons, 2017). Based on such findings, the left AnG is thought to play
an important role in enabling the subjective experience of remembering by integrating
sensory event features into richly detailed, holistic, multimodal episodic memory
representations during retrieval (Simons, Ritchey, & Fernyhough, 2022).

Evidence from a traditionally separate body of work has suggested the left AnG might
also be involved in semantic memory retrieval (for challenges to this view, see Humphreys et
al., 2017; 2022; Humphreys, Jung, & Lambon Ralph 2022; Humphreys & Tibon, 2023,
Lambon Ralph et al., 2017; but see also Kuhnke et al., 2023). Tasks involving the integration
and retrieval of conceptual knowledge commonly elicit increased activity in VLPC (for
reviews, see Binder et al., 2009; Binder & Desai, 2011; Price et al., 2015; Seghier, 2013). For
example, difficult semantic relatedness judgements on auditorily presented word triplets are
associated with increased activity in left AnG (Sharp et al., 2010). Activity in ventral left

ANG is also modulated by semantic matching tasks in which participants search for shared
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semantic features across pictures of objects or their written names (Seghier, Fagan, & Price,
2010). Furthermore, repetitive TMS applied to the left AnG disrupts word-to-picture
matching, particularly when thematic associations are strong (Davey et al., 2015). In another
brain stimulation study, high-definition anodal transcranial direct current stimulation of the
left AnG has been shown to facilitate faster comprehension of semantically meaningful
adjective-noun pairs versus nonsense pairs (Price et al., 2016). Finally, activity within the
ANG covaries with the amount of semantic information that can be extracted from a given

input (Binder, 2016), suggesting the representation of conceptual information.

In an early electroencephalography study in humans (Stein et al., 1999), the coherence
in population activity between temporal and parietal cortices was shown to be enhanced
during the presentation of objects across different stimulus modalities (i.e., pictures, spoken
words, or written words), which was interpreted as indicating the binding of multimodal
semantic entities into supramodal representations. In more recent fMRI studies, AnG activity
has been associated with semantic categories of varying sensory-motor features during
retrieval (Bonner et al., 2013; Démonet et al., 1992; Price et al., 2015; Stein et al., 1999;
Vandenberghe et al., 1996). Such findings, and those from the episodic memory literature,
raise the question as to whether the left AnG integrates multimodal information across
different forms of declarative memory retrieval. As noted previously, the AnG is
anatomically well suited for performing such processing, perhaps contributing to the broad,
integrated representation of concepts in the case of semantic retrieval (Binder & Desai, 2011;
Bonner et al., 2013; Seghier, 2013). Under the parietal unified connectivity-biased
computation (PUCC) model (Humphreys & Lambon Ralph, 2015; Humphreys, Lambon
Ralph, & Simons, 2021; Humphreys & Tibon, 2022), the AnG may achieve integrative
semantic processing via the domain-general temporary buffering of spatiotemporal
information. Typically, parietal activity that is shared across unimodal stimuli of different
sensorimotor categories has been interpreted as evidence for multimodal semantic processing.
However, it can be argued that such data are inconclusive as comparison with truly

multimodal stimuli is needed to adequately test this view.

Considering the above limitations, Bonnici et al. (2016) investigated whether left
ANG supports multimodal feature integration during episodic and semantic memory retrieval
by contrasting fMRI activity elicited by unimodal and multimodal stimuli in corresponding
retrieval tasks. In the episodic retrieval task, participants mentally replayed multimodal

audio-visual video clips and unimodal audio or silent visual clips. In the semantic retrieval
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task, participants generated word associations to unimodal and multimodal cues. Consistent
with the multimodal feature integration account, multimodal episodic retrieval was associated
with significantly greater activity in the left AnG than unimodal episodic retrieval. However,
the left AnG was activated to a statistically equivalent degree under both unimodal and
multimodal semantic retrieval conditions. One explanation for this finding is that semantic
representations within the AnG may be amodal in nature and thus lack sensory detail.
However, this seems inconsistent with the causal evidence for its role in integrating
multisensory features during episodic memory retrieval (Yazar, Bergstrom, & Simons, 2017).
Alternatively, semantic memories may be inherently multimodal, reactivating assorted
sensory-perceptual associations regardless of presentation modality. This explanation also
seems unlikely, however, given that unimodal semantic memories activated distinct
unisensory cortical regions, which were activated to an intermediate degree during
multimodal semantic retrieval. Yet another possibility is that the modality manipulation did
not affect both retrieval tasks. Indeed, the modality of semantic retrieval was not explicitly
controlled by Bonnici et al., despite screening the word association stimuli for dominance in
one or both sensory modalities. Therefore, the activation differences observed in their study
might simply have reflected differences in the materials used to probe episodic and semantic

retrieval.

The study presented in the current chapter used non-invasive brain stimulation to test
whether the left AnG plays a causal role in multimodal feature integration during episodic
and semantic retrieval. A within-subjects design was employed in which the effects of
continuous theta burst stimulation (cTBS; Huang et al., 2005), applied offline either to the
left AnG or a vertex control site, were examined on performance in a custom associative
memory task that manipulated stimulus modality. Critically, this task format permitted both
associative recognition and semantic relatedness judgements to be made on the same tested
pair associates, thereby permitting episodic and semantic memory retrieval to be assessed
using the same materials. Moreover, these episodic and semantic retrieval tasks were selected
based on their shared emphasis on integrative processing. As with other variants of repetitive
TMS, cTBS can establish which brain regions are necessary for task performance by
interfering with the neural processing therein. Based on previous neuroimaging evidence for
left AnG involvement in multimodal integration during episodic (Bonnici et al., 2016; see
also Jablonowski & Rose, 2022; Tibon et al., 2019) and possibly semantic memory retrieval

(Bonnici et al., 2016), it was predicted that left AnG cTBS would increase response latencies
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in multimodal but not unimodal trials of the corresponding retrieval tasks, relative to vertex
control stimulation. Additionally, given the proposed importance of multimodal episodic
feature retrieval in enabling the subjective reliving of past experiences (Simons, Ritchey, &
Fernyhough, 2022), left AnG cTBS was predicted to selectively disrupt both multimodal
accuracy (Yazar, Bergstrém, & Simons, 2017) and confidence (Yazar, Bergstrom, & Simons,

2014) in the associative recognition task.

Materials and Methods

Participants

23 right-handed young adults aged 19 — 34 years (M = 26.13, SD = 4.40) were tested
and analysed. A further six participants were tested but excluded from analysis owing to
chance-level performance, excessive anticipatory responses, or technical issues with the TMS
system. A seventh participant was excluded after reporting an unusually elevated mood,
tingling sensations, and involuntary twitching approximately 35 hours following vertex
stimulation in their second session. These symptoms abated soon thereafter. This participant
had previously completed another cTBS study without incident and, as with all participants,
established safety protocols were adhered to in the present study (for details, see cTBS
procedure section). All participants were screened for contraindications to TMS and none
reported current or historical diagnoses of developmental, psychiatric, or neurological
conditions. Additionally, all participants reported native-like English proficiency and had
normal or corrected-to-normal vision and hearing. Participants also gave written informed
consent before beginning the study and were remunerated for participating in a manner

approved by the University of Cambridge Human Biology Research Ethics Committee.

Stimuli

Stimuli were 256 unique common objects presented as 128 colour line drawings and
128 short audio clips. The pictorial stimuli were a subset of those used by Tibon & Levy
(2014), had a 256 x 256-pixel resolution, and occupied a 3-in screen area on a 17-in computer
display with a 1920 x 1080-pixel resolution. The auditory stimuli were sourced from the
Internet and represented typical sounds associated with common objects (e.g., a car horn
blaring, a dog barking, or a guitar being strummed). These stimuli were processed using
Audacity audio editing software (v2.1.3;

https://qithub.com/audacity/audacity/releases/tag/Audacity-2.1.3) to normalise volume, trim

length to 4 seconds (s), and equate the sample rate and bit depth to 44 kHz and 16 bits,

respectively. Additionally, these stimuli were presented binaurally via headphones along with
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an on-screen speaker icon of equivalent dimensions to the pictorial stimuli. The objects
represented by these auditory stimuli were identified with a mean accuracy of 97% (SD =

7%) by an independent set of raters (n = 6).

Task procedure

In a within-subjects design, participants performed the same episodic and semantic
retrieval tasks on object pairs in two different sessions: one experimental (i.e., AnG
stimulation) and one control (i.e., vertex stimulation). Session order (and therefore,
stimulation site) was counterbalanced across participants. These sessions were spaced at least
48 hours apart to minimise potential stimulation carryover effects. The mean inter-session
interval was 5.42 days (SD = 2.21 days, range = 2 — 12 days). At the start of each session,
participants were instructed on the memory task, which they also practiced. The main task
followed and involved a single testing block consisting of an initial study phase, a short
break, and then a test phase (see Figure 1 for a schematic illustration). In short, the study
phase involved memorising pairs of objects, whose presentation modality was manipulated.
During the break, participants received brain stimulation and completed a perceptual
distractor task. Finally, in the test phase, participants made episodic associative recognition
and semantic relatedness judgements on pairs of studied objects, which either remained in
their original pairings or were rearranged using objects from different studied pairs. The task
was coded in MATLAB 2017b (The MathWorks), and stimuli were presented using the
‘Psychophysics Toolbox’ (v3.0.14; http://psychtoolbox.org/download.html).

In the study phase, participants memorised pairs of common objects. A separate
behavioural pilot study (n = 18 participants) was conducted to adjust associative recognition
task difficulty by varying the number of studied object pairs, which resulted in 64 study trials
per session. The beginning of each study trial was indicated with the presentation of a red
fixation cross in the centre of the screen for 1s. Next, two different objects comprising a pair
were presented in the following sequence: the first object for 4s, followed by a black central
fixation cross for 500ms, then the second object for another 4s. Presentation modality was
split equally across object pairs, yielding 32 unimodal (i.e., composed of 16 audio-audio and
16 visual-visual object pairs) and 32 multimodal (i.e., 16 audio-visual and 16 visual-audio
object pairs) study trials per session. In the final stage of study trials, participants had up to
10s before timeout to encode each object pair by pressing the ‘z’ and ‘m’ keyboard keys to
indicate whether the first or second object was bigger in real life. The order of study trials

was pseudorandomised so that no more than three trials of the same type were repeated.
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After completing the study phase, participants had a 10-minute break during which
they received brain stimulation. Earlier pilot work indicated a study-test interval of this length
was necessary to bring associative recognition performance down from ceiling to an
acceptable level. Participants spent the first five minutes of the break reading a magazine or
book, which they were instructed to bring in advance. This was intended to discourage
rehearsal of studied object pairs in working memory. Once five minutes had elapsed, cTBS
was then delivered either to the left AnG or a vertex control site, depending on the session
counterbalancing. Following brain stimulation, participants were instructed to spend the
remaining minutes of the break copying either a Rey—Osterrieth or Modified Taylor complex
figure as precisely as they could by eye. These perceptual tasks were administered post-
stimulation, before participants began the test phase, to ensure that all were engaged in the
same non-memory related activities before performing the retrieval tasks. While perceptual
copy difficulty is thought to be comparable for these complex figures (Hubley & Tremblay,
2002; but see Hubley, 2010), their order was nevertheless counterbalanced across

participants.

During the test phase, participants made episodic associative recognition and semantic
relatedness judgements on pairs of the objects they studied earlier in the session. As in the
study phase, test trials started with the presentation of a red central fixation cross for 1s. A
unimodal or multimodal object pair was then presented in sequence (also as in the study
phase). However, only half these objects remained in their studied pairings (i.e., 32 intact
trials). The other half were recombined using objects from different studied pairs of the same
presentation modality (i.e., 32 rearranged trials). Like the study phase, presentation modality
was divided equally among intact and rearranged trials (i.e., both comprised 16 unimodal and
16 multimodal objects pairs). After an object pair was presented, prompts for the associative
recognition and semantic relatedness judgements were displayed one after the other. This
permitted both forms of declarative memory retrieval to be assessed using the same materials.
However, as one form of retrieval might subsequently affect the other, the order of these
retrieval tasks was counterbalanced across participants. The two retrieval task prompts were
separated by a 500ms-long black central fixation cross, and both remained onscreen until a
response was given or the 10s response deadline was reached. The associative recognition
judgements required participants to rate their level of confidence that an object pair had
remained intact or was rearranged. To encourage more effortful processing, semantic

relatedness judgements involved rating the degree to which the objects presented at test were
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related to one another. Responses were made using a six-point scale that was displayed below
both retrieval task prompts. For the associative recognition task, this corresponded to 1 =
“definitely intact”, 2 = “maybe intact”, 3 = “guessing intact”, 4 = “guessing rearranged”, 5 =
“maybe rearranged”, and 6 = “definitely rearranged”. By contrast, the scale used for the
semantic relatedness task ranged from 1 (“very unrelated”) to 6 (“very related”). As in the

study phase, test trial order was pseudorandomised.

A

Mew trial

Unimodal
L

) Multimodal
Mew trial 1

(AnGlvertex)

Intact trial

either i
' Rearranged trial

F 3

Figure 1. Schematic illustration of the memory task. A) First, participants studied pairs of sequentially
presented objects in the study phase. These object pairs were presented either as two images or two
sounds (i.e., unimodal) or a combination of the two (i.e., multimodal). Halfway through a 10-minute
break cTBS was delivered either to the left AnG or a vertex control site to disrupt subsequent declarative
memory retrieval. B) During the test phase, participants made episodic associative recognition and
semantic relatedness judgements on the same intact and rearranged object pairs. Note that text within

the displays has been abbreviated for clarity.

cTBS procedure

Neuronavigation was performed using a Brainsight computerised frameless
stereotaxic system (Rogue Research, Canda) and Polaris Vicra optical 3D tracking system
(Northern Digital, Canada). Each participant’s T1-weighted structural MRI head scan was
prepared ahead of the testing sessions using the Brainsight software. First, the anterior and

posterior commissures were manually identified, and a bounding box was adjusted to fit the
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edges of each brain. This enabled automatic conversion between native participant space and
standard Montreal Neurological Institute (MNI) space using an affine transformation.
Anatomical landmarks consisting of the nasal tip, nasion, and bilateral preauricular areas
were then identified on each participant’s scan to aid later co-registration. Finally, TMS coil
trajectories for each stimulation target site were set and optimised using the Brainsight

trajectory tool.

At the beginning of each testing session, participants were co-registered to their MRI
scan via the pre-defined anatomical landmarks. The mean co-registration error measured
across sessions was 3.87mm (SD = 2.45, range = 2 — 10mm). Following co-registration in the
first session, the resting motor threshold (RMT) of each participant was assessed using an
adaptive threshold-hunting approach based on maximum likelihood estimation (TMS Motor

Threshold Assessment Tool 2.0; https://www.clinicalresearcher.org/software.htm). Motor

responses were defined as an involuntary twitch of the right index finger or thumb induced by
single TMS pulses, which were applied to the motor cortex (and experimental sites) using a
Magstim Rapid? stimulator and a 70mm figure-of-eight TMS coil. Where motor responses
could not be elicited (n = 7 participants), 70% of the maximum stimulator output substituted

the RMT. The intensity of stimulation did not exceed this figure at any point during the study.

Both the left AnG and a vertex control site were stimulated in the main experiment.
The left AnG target site (MNI = [-43, -66, 38]) was centred on a recollection-sensitive VLPC
fMRI activation cluster from an influential meta-review of the parietal lobe and memory
(Vilberg & Rugg, 2008). Furthermore, TMS of this coordinate has previously been
demonstrated to disrupt multimodal episodic memory retrieval (Yazar, Bergstrom, & Simons,
2017). This coordinate is also located near a left AnG peak fMRI coordinate associated
semantic integration during narrative reading (Branzi et al., 2020), which was recently shown
to be disrupted with online TMS (Branzi et al., 2021). The vertex control site (MNI = [0, -15,
74]) was derived from a probabilistic anatomical atlas (Okamoto et al., 2004). This region is
often chosen as an active stimulation control site in TMS studies of memory due to its

apparent lack of involvement in relevant processes (see Yeh & Rose, 2019 for review).

Both experimental sites were administered a standard cTBS conditioning protocol
consisting of 600 TMS pulses delivered offline in 50Hz triplets repeated at 200ms intervals
for 40s (Huang et al., 2005). This protocol is thought to suppress post-stimulation cortical
excitability for up to 60 minutes through the modulation of long-term depression-like
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plasticity mechanisms (Huang et al., 2005; Huang et al., 2011; Lazzaro et al., 2005), making
cTBS well suited for investigating long-term memory retrieval processes. To ensure that
stimulation effects were maximal during memory retrieval, cCTBS was administered five
minutes before the test phase (Huang et al., 2005). Additionally, cTBS dosage was
individualised for each participant at 70% of their RMT as is typical for studies of this kind
(Bonnici et al., 2018; Kwon et al., 2022; Yazar, Bergstrom, & Simons, 2014; 2017). Thus,
cTBS had a mean intensity of 45% of the maximum stimulator output (SD = 5%, range = 35
— 49%). During cTBS administration, the centre of the TMS coil deviated from the left AnG
target site by no more than 2.36mm (M = 1.13mm, SD = 0.57mm). All TMS procedures
followed established safety guidelines (Rossi et al., 2009; 2021).

Behavioural measures and analysis

The main analysis concentrated on median semantic relatedness RT (in ms) in the
semantic relatedness task and median RT (in ms) of correct responses in the associative
recognition task (i.e., correctly identified intact pairs and correctly rejected rearranged pairs).
These tasks were analysed separately. Further analysis was conducted on mean response bias-
corrected associative recognition accuracy (Pr) and mean associative recognition memory
confidence level. Pr was computed as the proportion of correctly identified intact pairs (i.e.,
hit rate) minus the proportion of rearranged pairs incorrectly identified as intact (i.e., false
alarm (FA) rate). The resulting score ranges from 0 to 1, with a value of 0 indicating chance
level performance. Memory confidence was defined as the proportion of high confidence
correct responses (i.e., “definitely intact” or “definitely rearranged” responses), analogous to
the operationalisation of confidence in Yazar, Bergstrom, & Simons (2014). Associative
recognition performance was further examined with the analysis of separate signal detection
theory-derived parametric measures of recognition discriminability (d”) and response bias
(C). @’ indexes the ability to distinguish between intact and rearranged object pairs (i.c.,
sensitivity) and was calculated as the difference between z-transformed hit and FA rates.
Additionally, a Hautus (1995) adjustment was applied to d’ to account for extreme values. A
d' value of 0 indicates an inability to distinguish intact from rearranged object pairs, whereas
increasingly larger d’ values indicate a correspondingly greater ability to do so. By contrast,
C provides complementary information to d’ by capturing the tendency to endorse object
pairs as intact or rearranged, which was defined as the midpoint between z-transformed hit
and FA rates. A C value of 0 indicates an absence of response bias, whereas positive or

negative values reflect respective biases toward responding “intact” or “rearranged”. Data
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were minimally pre-processed in general to reduce Type-I error (Moris Fernandez & Vadillo,
2020), with only anticipatory responses (RTs < 300ms) and timed out trials being discarded

(1.5% of all semantic relatedness trials and 2% of all associative recognition trials).

All analyses were performed using R Statistical Software (version 4.1.2; R
Foundation for Statistical Computing, Vienna, Austria). Signal detection theory-based
measures were computed using the ‘psycho’ R package (v0.6.1; Makowski, 2018). Repeated
measures analysis of variance (ANOVAs) with the factors site (AnG, vertex) and modality
(unimodal, multimodal) was conducted on all measures using the ‘ez’ package (v4.4-0;
Lawrence, 2016). Power analysis using G*Power (v3.1.9.4; Faul et al., 2007; 2009) estimated
a sample size of 24 was needed to detect a medium effect size in these analyses (f = 0.25, a =
0.05, 1 — 8 =0.80). This sample size is comparable to those used in other within-subject
design TMS studies on AnG memory function (Bonnici et al., 2018; Koen, Thakral, & Rugg,
2018; Thakral, Madore, & Schacter, 2017; Yazar, Bergstrom, & Simons, 2017; Zou & Kwok,
2022). Sphericity was assumed for all repeated measures ANOVAs as no factor had more
than two levels. The assumptions of residual normality and homogeneous error variance were
evaluated using standard diagnostic residual plots. Data were transformed where these
assumptions were violated. The interquartile range method was used to identify outliers (i.e.,
values greater than 1.5x the interquartile range) as it makes no distributional assumptions. All
tests were two-tailed at a standard alpha level of 0.05 and p-values are reported to three
decimal places (unless p < 0.001). Complementary partial Eta squared (#%) and Cohen’s d
standardised effect sizes with 95% confidence intervals (Cls), computed using the ‘effectsize’
package (v0.6.0.1; Ben-Shacher, Lidecke, & Makowski, 2020), are also provided where
appropriate.

Results

Semantic relatedness and associative recognition response time

First, to assess the effect of AnG cTBS on multimodal semantic integration, a two-
way repeated measures ANOVA was conducted on semantic relatedness RTs (see Table 1 for
summary statistics). There was a significant main effect of modality (F(1, 22) =6.31, p =
0.020, #% = 0.22, 95% CI [0.02, 0.49])) but not site (F(1, 22) = 0.13, p = 0.725, % < 0.01,
95% CI [0.00, 0.21]). Consistent with a selective stimulation effect, the site x modality
interaction was significant (F(1, 22) = 6.51, p = 0.018, 7% = 0.23, 95% CI [0.01, 0.49]). This
interaction was decomposed with follow-up paired-sample t-tests on modality at both levels

of site. Semantic relatedness RTs did not significantly differ by modality under vertex cTBS
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(t(22) =0.13, p = 0.898, d = 0.03, 95% CI [-0.39, 0.45]). By contrast, AnG cTBS

significantly decreased multimodal versus unimodal semantic relatedness RTs (t(22) = 3.29,
p =0.003, d = 0.69, 95% CI [0.23, 1.16]), indicating stimulation-induced facilitation (rather
than predicted inhibition) of multimodal semantic relatedness responses (see Figure 2, left).

Table 1. Mean (SD in brackets) RT for the associative recognition and semantic relatedness tasks.

Modality Vertex AnG
Recognition Relatedness Recognition Relatedness
Unimodal 1344.91 (563.51) 2017.80 (597.63) 1489.64 (799.21) 2077.81 (862.59)
Multimodal 1389.49 (607.38) 2009.91 (684.34) 1333.56 (624.85) 1837.22 (764.45)
Semantic Relatedness Associative Recognition
B Unimodal I Multimodal B unimodal [l Multimodal
20001
15001
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Figure 2. Mean unimodal and multimodal semantic relatedness (left) and associative recognition

(right) median RTs following vertex and left AnG cTBS. Error bars represent standard error of the
mean.

Next, the effect of brain stimulation on multimodal integration during episodic
retrieval was investigated with a two-way repeated measures ANOVA on associative
recognition RTs. There were no significant main effects of site (F(1, 22) = 0.13, p = 0.725,
7% < 0.01, 95% CI [0.00, 0.19]) or modality (F(1, 22) = 2.03, p = 0.169, 2% = 0.08, 95% ClI
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[0.00, 0.35]). As in the semantic relatedness RT analysis, however, the site x modality
interaction was significant (F(1, 22) = 4.49, p = 0.046, #% = 0.17, 95% CI [0.00, 0.44]).
Based on the width of the Cls, it should be cautioned that the true population effects could
not be reliably estimated from these data, possibly due to small sample size. The significant
interaction was followed up on with paired samples t-tests on modality, conditioned on site.
Associative recognition RTs did not significantly differ by modality following vertex
stimulation (t(22) = -1.21, p = 0.239, d = -0.25, 95% CI [-0.68, 0.17]). Under AnG cTBS,
however, the difference between unimodal and multimodal associative recognition RTs was
not significant (t(22) = 1.98, p = 0.060, d = 0.41, 95% CI [-0.02, 0.85]; see Figure 2, right).

Several outlier RT observations (range = 2273.10 - 4245.40ms) that could not be
attributed to error were detected in the full associative recognition RT dataset. To check the
robustness of the results of the main analysis of this task, a sensitivity analysis was conducted
in which subjects contributing these outliers were excluded (n = 3). In this analysis, the site x
modality interaction lost significance (F(1, 19) = 2.14, p = 0.160, #% = 0.10, 95% CI [0.00,
0.39]), suggesting the stimulation effect observed for associative recognition RTs was driven
by a few subjects. As in the main analysis, no significant main effect of modality (F(1, 19) =
0.83, p =0.373, #% = 0.04, 95% CI [0.00, 0.30]) or site (F(1, 19) =0.58, p = 0.454, n?% =
0.03, 95% CI [0.00, 0.28]) was found.

It should also be noted that the residual plots for the analysis of raw associative
recognition RTs showed noteworthy positive skew and possible heteroscedasticity. As
ANOVAs are not robust to assumption violations in small samples (Oberfeld & Franke,
2013), these concerns were addressed by logarithmically transforming associative recognition
RT, which stabilised residual variance and reduced skew. Contrary to the analysis of raw
associative recognition RTs, the two-way repeated measures ANOVA on associative
recognition logio-RT did not reveal a significant site x modality interaction (F(1, 22) = 2.40,
p = 0.135, #% = 0.10, 95% CI [0.00, 0.36]), consistent with the absence of a selective
stimulation effect on RTs in this scale. Neither the main effect of site (F(1, 22) =0.04, p =
0.848, 7% < 0.01, 95% CI [0.00, 0.14]) nor modality (F(1, 22) = 1.11, p = 0.304, »? = 0.05,
95% CI [0.00, 0.29]) was significant.

Visual inspection of Figure 2 indicated possible speeding of multimodal semantic
relatedness RTs and slowing of unimodal associative recognition RTs following AnG
stimulation. This possibility was explored via post-hoc tests in both retrieval tasks to compare
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the effects of AnG versus vertex stimulation within each stimulus modality. These analyses
revealed no significant differences in unimodal (t(22) = -0.435, p = 0.668, d = -0.09, 95% CI
[-0.51, 0.33]) or multimodal (t(22) = 1.426, p = 0.168, d = 0.30, 95% CI [-0.13, 0.73])
semantic relatedness RTs following AnG stimulation. Likewise, there were no significant
differences in unimodal (t(22) = -0.962, p = 0.346, d = -0.20, 95% CI [-0.63, 0.22]) or
multimodal (t(22) = 0.492, p = 0.628, d = 0.10, 95% CI [-0.32, 0.52]) associative recognition
RTs after AnG stimulation.

Finally, exploratory correlation analyses were run in both retrieval tasks to test
whether the strength of the RT effects, defined as the difference score between multimodal
and unimodal RT under AnG stimulation, was correlated with the level of stimulation. Rank-
based Kendall correlations were chosen to account for the right-skewed distribution of cTBS
intensity delivered to participants. This correlation was not significant in the semantic
relatedness task (tb < 0.01, p = 0.978) or in the associative recognition task (tb =0.27, p =
0.087).

Associative recognition performance and confidence

Turning to associative recognition task performance (see Table 2 for descriptive
statistics), the two-way repeated measures ANOVA on response-bias corrected accuracy (Pr)
did not find a significant site x modality interaction (F(1, 22) = 0.02, p = 0.895, 2, < 0.01,
95% CI [0.00, 0.12]) or significant main effects of site (F(1, 22) = 0.18, p = 0.679, 5% < 0.01,
95% CI [0.00, 0.20]) or modality (F(1, 22) = 0.89, p = 0.356, 52 = 0.04, 95% CI [0.00,
0.28]). An additional exploratory two-way repeated measures ANOVA was performed on the
correct rejection (CR) rate based on observed numeric patterns of performance consistent
with predictions. However, no significant site x modality interaction (F(1, 22) = 0.70, p =
0.41, n*p = 0.03, 95% CI [0.00, 0.26]), main effect of site (F(1, 22) =0.09, p =0.77, n?p <
0.01, 95% CI1[0.00, 0.17]), or main effect of modality (F(1, 22) =0.49, p = 0.49, n?p = 0.02,
95% CI [0.00, 0.24]) was revealed.

Table 2. Mean (SD in brackets) performance measures for the associative recognition task.

Modality Vertex AnG AnG
Pr d C Conf. Pr d C Conf.
Unimodal 0.60 1.87 0.10 0.53 0.59 1.76 0.14 0.51
(0.20) (0.83) (0.42) (0.16) (0.18) (0.73)  (0.31) (0.17)
Multimodal  0.57 1.77 0.15 0.51 0.55 1.71 0.10 0.51

(0.22)  (0.89)  (0.34)  (0.18)  (0.21)  (0.80)  (0.44) (0.15)
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The two-way repeated measures ANOVA on memory confidence found no significant
site x modality interaction (F(1, 22) = 0.1204, p = 0.732, 5%, < 0.01, 95% CI [0.00, 0.18]),
main effect of site (F(1, 22) = 0.4942, p = 0.490, #% = 0.02, 95% CI [0.00, 0.24]), or main
effect of modality (F(1, 22) = 0.35, p = 0.561, #% = 0.02, 95% CI [0.00, 0.24]). As the a
priori analysis of memory confidence was restricted to high confidence correct responses
(YYazar, Bergstrom, & Simons, 2014), further analyses were conducted to explore possible
effects of AnG cTBS on alternative formulations of memory confidence. However, no
significant main effects or interactions were found when examining the proportion of high
confidence responses irrespective of accuracy, overall guess rate, or any confidence measure

separated by intact and rearranged trial types (all Fs < 1.76 and all ps > 0.198).

Next, the effects of AnG cTBS on separate measures of associative recognition
discriminability (d”) and response bias (C) were examined. Mirroring the previous analyses,
the two-way repeated measures ANOVA on d’, neither the site X modality interaction (F(Z1,
22) =0.06, p = 0.802, % < 0.01, 95% CI [0.00, 0.16]) nor the main effects of site (F(1, 22) =
0.32, p =0.580, 7% = 0.01, 95% CI [0.00, 0.22]) and modality (F(1, 22) = 0.26, p = 0.618, #2%
=0.01, 95% CI [0.00, 0.21]) were significant. The two-way repeated measures ANOVA on C
similarly showed no significant site x modality interaction (F(1, 22) = 0.49, p =0.490, %, =
0.02, 95% CI [0.00, 0.24]) or main effects of site (F(1, 22) =0.01, p = 0.94, #%,< 0.01, 95%
CI1[0.00, 0.07]) or modality (F(1, 22) < 0.01, p =0.974, %, < 0.01, 95% CI [0.00, 0.00]).
Excluding subjects from whom no motor response could be elicited (n = 7) did not change
the results of any of the associative recognition analyses reported here or the overall pattern

of results in the main RT analyses.

Recent evidence indicates substantial interindividual variability in response to theta
burst stimulation (Corp et al., 2020; Jannati et al., 2017; Lowe & Hall, 2018), which might
have masked genuine stimulation effects in the current study. To address this concern,
associative recognition task performance and confidence were re-analysed according to the
direction of the AnG cTBS effect based on associative recognition RT. This was determined
for each participant by computing the difference score between multimodal and unimodal RT
under AnG stimulation (see Figure 3 for subject plot). Participants with slower multimodal
than unimodal RT were considered to show an inhibitory effect whereas those with
comparatively faster multimodal RT were classed as showing a facilitatory effect. When
analysed separately, neither subgroup showed a significant site x modality interaction for any

measure (all Fs < 0.18 and all ps > 0.225). These exploratory results and those from the main
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analysis indicate that AnG cTBS had little overall effect on associative recognition task

performance and confidence.

Subject
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Figure 3. By-subject modality difference scores for associative recognition RTs following vertex and
left AnG cTBS.

To account for potential interindividual variability in cTBS effects, the trial-level data
for the associative recognition task (n = 2,888 observations) were submitted to a binominal
linear mixed model, implemented in the ‘lme4’ package (Bates et al., 2015). Responses in
each trial were coded dichotomously as correct/incorrect. This model included fixed factors
of site and modality, which were represented using an effects coding scheme to permit an
ANOVA-like interpretation of results (Singmann & Kellen, 2019). As the trial-level data did
not support the maximal random effects structure, random effects were eliminated in the
manner recommended by Barr et al. (2013) to prioritise capturing interindividual variability
in the site x modality interaction of interest (i.e., the stimulation effect). This resulted in by-
subject random slopes only for the interaction and not the main effects or intercept (model

e
=

specification in Ime4 syntax: isTrialCorrect ~ site modality + (0 + site :
modality | subject)). The binomial model on trial-level associative recognition
performance had a significant intercept ( = 1.48, SE = 0.10, z = 14.26, p < 0.005). As in the
subject-level analyses, however, the site x modality interaction remained non-significant after
accounting for interindividual variability in the stimulation effect (# = -0.01, SE = 0.05, z = -
0.13, p = 0.90). There were no significant main effects of site (5 =-0.04, SE = 0.06, z = -0.68,

p = 0.49) or modality (# = -0.05, SE = 0.06, z =-0.89, p = 0.37) either.
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As the AnG is thought to support detailed recollection, the cTBS manipulation might
have failed to modulate associative recognition task performance in the present study due to
participants relying more on acontextual familiarity-based responses. While associative
recognition judgements are typically based on recollection (Yonelinas et al., 2010),
familiarity may also contribute when associates are processed as a single unit during
encoding (i.e., unitized; Graf & Shacter, 1989). This possibility was graphically explored by
examining receiver-operating characteristic (ROC) curves, which plot hit and false alarm
rates against increasingly strict response criteria (here, confidence level). According to the
influential dual-process signal detection model (DPSD; Yonelinas, 1994), recognition
memory is supported by separable threshold-based and strength-based memory processes
(i.e., recollection and familiarity, respectively). Under the DPSD model, recollection and
familiarity are predicted to produce different ROC curves: responses based exclusively on
familiarity lead to a symmetrical, curvilinear ROC curve whereas exclusively recollection-
based responses lead to a mostly linear, ‘hockey-stick’-shaped ROC curve (for reviews, see
Yonelinas & Parks, 2007; Yonelinas et al., 2010). However, a mixture of these two ROC
curves is often observed, ostensibly reflecting the combined contributions of both processes
to recognition memory. In this case, the intercept indexes recollection whereas the degree of
curvilinearity provides a measure of familiarity. In the present study, a symmetrical and
curvilinear ROC curve was found across stimulation sites and modality conditions, which is

consistent with predominantly familiarity-based recognition judgements (see Figure 4).
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Figure 4. ROC curves in probability space (left) and standardised z-space (right) for each stimulation
site and modality condition. These plots were created in MATLAB using ‘ROC Toolbox’ (v1.1.4;
https://github.com/jdkoen/roc _toolbox; Koen et al., 2017).

Discussion

The study presented in this chapter used cTBS and a custom associative memory task
that varied stimulus modality to test whether the left AnG plays a causal role in multimodal
integration during both episodic and semantic memory retrieval. Critically, stimulus modality
was manipulated while holding the number of objects in each pair constant across conditions.
This allowed the distinction between general feature integration and more specific
multimodal feature integration to be drawn. Relative to vertex control stimulation, left AnG
cTBS modulated multimodal RT in both episodic and semantic retrieval tasks, consistent
with the domain-general integration of multimodal information during declarative memory
retrieval. Contrary to predictions, however, left AnG cTBS was found to facilitate rather than
inhibit RT. Additionally, left AnG cTBS did not significantly affect objective measures of
associative recognition performance or subjective memory confidence measures, indicating a
weak overall stimulation effect. These null results may be explained by insufficient statistical
power, although the sample size collected in the present study was in line with a priori power
estimations and those of similar cTBS studies on left AnG memory function (e.g., Yazar,
Bergstrom, & Simons, 2014; 2017). However, the wide confidence intervals reported in many
of the present analyses indicate a high degree of uncertainty in estimates, which may be
attributable to the stimulation protocol used in this study. Moreover, the RT effects indicated

in the main analyses were not significantly correlated with the intensity of stimulation,
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although this may be due to low variability in the latter variable. In light of these caveats, the

interpretation of cTBS effects on RT is done tentatively.

The selective left AnG cTBS modulation of multimodal versus unimodal episodic
associative recognition and semantic relatedness RTs is consistent with a domain-general
sensitivity to the sensory modality of information during declarative memory retrieval. This
broadly agrees with previous neuroimaging evidence (Bonnici et al., 2016) and conceptually
replicates the brain stimulation findings of Yazar, Bergstrom, & Simons (2017), who tested
multimodal integration during episodic retrieval only. However, it should be cautioned that
using the same testing materials in both retrieval tasks might have confounded episodic and
semantic memory retrieval effects in the main RT analyses. As noted previously, the
importance of AnG in semantic processing is controversial (Humphreys et al., 2017; 2022;
Humphreys, Jung, & Lambon Ralph 2022; Humphreys & Tibon, 2023, Lambon Ralph et al.,
2017). Thus, it is possible that the cTBS effect on semantic relatedness RT is instead related
to incidental episodic memory retrieval. This may explain the relatively longer RTs observed
in the former task. However, the stronger stimulation effect on semantic relatedness RT
rather than associative recognition RT argues against this interpretation, as the latter should
capture episodic retrieval processes more purely. Furthermore, exploratory analysis
examining potential opposing stimulation effects on episodic and semantic memory retrieval
found no significant differences. Critically, analysis of associative recognition task
performance and confidence ratings suggested little contribution of recollection-based
episodic memory retrieval, which the AnG is thought to support (see Hutchinson et al., 2009;
Vilberg & Rugg, 2008; Wagner et al., 2005 for reviews). Nevertheless, future work testing
domain-general accounts for AnG mnemonic function should endeavour to adequately

separate episodic and semantic memory processes.

One way in which the apparently similar processing carried out by the AnG may
differ from other integrative hubs is the nature of information operated on. It has long been
held that semantic knowledge is represented at different levels of abstraction (Collins &
Quillian, 1969; Rosch, 1978). If the ATL serves as a high-level amodal semantic hub
(Patterson et al., 2007; Patterson & Lambon Ralph, 2016), then the AnG might act as a lower-
level multimodal hub, facilitating the linking of sensory-perceptual representations with
symbolic ones for conceptual elaboration (Kuhnke et al., 2023; Peelen & Caramazza, 2012;
Reilly et al., 2016). With respect to episodic memory retrieval, integrative processing within

the AnG may differ from that within the HPC in terms of its spatial framework. That is,
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egocentric (i.e., self-referential) processes supported by the AnG (e.g., Ciaramelli et al.,
2010b), possibly in coordination with other parietal regions such as the precuneus (Cavanna
& Trimble, 2006), may mentally place the rememberer within previously experienced scenes,
reconstructed from allocentric map-like representations supported by the HPC (Bird &
Burgess, 2008; Burgess, Maguire, & O’Keefe, 2002). Indeed, recent brain stimulation
(Bonnici et al., 2018) as well as functional neuroimaging and patient evidence (Russell et al.,
2019) suggests a first-person visuospatial perspective may be critical to the subjective
reliving of past experiences (Simons, Ritchey, & Fernyhough, 2022; Zaman & Russell,
2022).

Information buffering accounts such as the PUCC model (Humphreys & Lambon
Ralph, 2015), which may provide a unifying explanation of episodic and semantic memory
findings, have argued that, rather than integrating consolidated long-term stored multimodal
representations (Shimamura, 2011), the key function of the AnG might instead be the
temporary online buffering of multisensory spatiotemporally extended representations
(Humphreys, Jackson, Lambon Ralph, 2020; Humphreys, Lambon Ralph, & Simons, 2021,
Humphreys & Tibon, 2022; Humphreys et al., 2022). The present findings are compatible
with the PUCC model given that left AnG stimulation was found to modulate RTs during
episodic and semantic memory retrieval of stimuli presented over an extended time window
(i.e., pair associates studied and tested sequentially over the span of several seconds). This is
also consistent with previous fMRI and TMS findings implicating the region in time-
extended information integration during narrative reading (Branzi et al., 2020; 2021) and
evidence that temporoparietal lesions in semantic aphasia patients impairs the ability to
flexibly use and manipulate information (Jefferies & Lambon Ralph, 2006), which

presumably would require a multimodal spatiotemporal information buffer.

While the facilitatory stimulation effect observed on RT in the current study was
unexpected given the traditionally assumed inhibitory effect of cTBS, such discrepancies are
not unheard of in non-invasive brain stimulation studies. For example, Bonni et al. (2015)
found cTBS applied to the left precuneus of the medial parietal cortex, which resulted in
improved contextual retrieval as evidenced by a selective decrease in memory errors. Wynn
et al. (2018) delivered conventionally inhibitory 1Hz repetitive TMS to the left AnG and
found recollection to be unaffected whereas both familiarity and subjective memory
confidence were improved in low baseline performance participants. Recent evidence

suggests the direction stimulation effects on memory processes may depend on brain-state at
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the time of stimulation (e.g., Ezzyat et al., 2017), with stimulation decreasing memory
performance only when it is delivered during optimal states (HansImayr & Roux, 2017).
Considering this, it possible that the reading and perceptual copy tasks participants performed
during the break period of the present study (during which cTBS was administered) might
have had the unintended consequence of enhancing subsequent declarative memory retrieval.
Additionally, the high mean baseline level of associative recognition performance in the
present study compared to others employing more challenging source memory tasks (e.g.,
Yazar, Bergstrom, & Simons, 2017), may explain why the same facilitatory cTBS effects

were not found on objective and subjective associative recognition performance measures.

Given increasing evidence for substantial intra- and interindividual variability in
susceptibility to theta burst stimulation (Corp et al., 2020; Jannati et al., 2017; Lowe & Hall,
2018), the stimulation protocol used in this study might have contributed to the lack of
stimulation effects on non-RT measures in the associative recognition task. Moreover,
although shorter trains such as the one employed in here are typical in cTBS studies, longer
trains may be more consistent in eliciting neurophysiological effects as determined by motor
evoked potentials (McCalley et al., 2021; but see Gamboa et al., 2010). Such interindividual
variability might therefore have obscured true but divergent stimulation effects on the
objective and subjective associative recognition measures, the possibility of which was
explored by re-analysing participants according to the direction of their RT effect. No
significant selective AnG stimulation effects were found in either subgroup. Likewise, more
granular trial-level analysis accounting for interindividual variability in the stimulation effect
did not uncover any significant differences either. However, these exploratory analyses were
most likely underpowered. Therefore, future theta burst stimulation studies may instead
benefit from a multi-level modelling approach to analysis, which can statistically account for

variability in response to brain stimulation at the subject level.

The absence of AnG cTBS effects on objective associative recognition performance
may be attributable to the memory task itself. In the present study, participants were tested on
sequentially presented colour line drawings of objects and/or sounds associated with objects.
In comparison, others have used time-extended audio-visual clips (Bonnici et al., 2016) or
concurrently presented object-in-scene photographs and spoken object names (Yazar,
Bergstrom, & Simons, 2017) to investigate AnG involvement in multimodal episodic
retrieval. Thus, the stimuli used here lacked a spatial context, which might be an essential

element of episodic memory representations (Herwig et al., 2020; Robin, Buchsbaum, &
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Moscovitch, 2018). If the left AnG enables the subjective re-experiencing of past events
through holistic memory retrieval (Simons, Ritchey, & Fernyhough, 2022), then it is possible
that retrieval of multimodal stimuli alone may not be sufficient to recruit the region.
However, hippocampal-targeted high-frequency repeated TMS of posterior parietal cortex,
repeated over several days before test, has previously been shown to enhance subsequent
cued recall of multimodal face-word associations (Wang et al., 2014). Moreover, a large
sample of (predominantly right-hemisphere) parietal lesion patients (n = 60) exhibited the
greatest cued recall deficits for multimodal object picture-sound pairs and not unimodal
object picture or sound pairs (Ben-Zvi, Soroker, & Levy, 2015; but see Berryhill, Drowos, &
Olson, 2009, whose patients had normal associative recognition accuracy for audio-visual
pairs but reduced confidence). Lesion-symptom mapping in these same patients implicated
the AnG specifically multimodal associative recognition impairments.

While associative recognition is thought to rely primarily on recollection (Donaldson
& Rugg, 1998; Hockley & Consoli, 1999; Yonelinas, 1997), its relative contribution can
diminish in favour of acontextual familiarity when associates are unitized during encoding
(Graf & Schacter, 1989), thus bypassing the need for contextual episodic retrieval. This
possibility is supported by the shape of ROC curves derived from the present data, which
indicate largely familiarity-based episodic recall. Moreover, the AnG is associated with
recollection whereas more dorsal lateral parietal cortex is associated with familiarity (for
reviews, see Hutchinson et al., 2009; Vilberg & Rugg, 2008; Wagner et al., 2005). Thus,
AnG involvement may not have been necessary for successful episodic memory task
performance in this study. Nevertheless, several aspects of the current associative recognition
task should have discouraged unitization. First, no unstudied objects were tested. Therefore,
the intact and rearranged pairs, the latter of which were created by simply recombining
different studied pairs, should have had similar levels of familiarity. Second, the sequential
rather than concurrent presentation of objects in each study pair should have made perceptual
unitization more challenging (Parks & Yonelinas, 2015). However, it should be noted that
unitization can operate at an abstract level (Li et al., 2019). Finally, the relative size encoding
task should have emphasized the differences between objects in each pair rather than their
similarities, similarly discouraging unitisation (Opitz & Cornell, 2006). Admittedly, however,
it is possible that the 10s response deadline for these judgements was too generous, thus
permitting reliance on alternative strategies that promote more holistic processing fostering

unitization (e.g., visualising the objects together in scenes or forming short narratives).

41



Chapter 2

Finally, the lack of AnG cTBS modulation of subjective confidence in the associative
recognition memory judgements is intriguing given the proposed role of the region in the
subjective experience of remembering (Simons, Ritchey, & Fernyhough, 2022). For example,
ANnG cTBS in neurologically healthy younger adults has previously been shown to reduce
confidence in source memory judgements and not in simple item recognition or cued recall
judgements (Yazar, Bergstrom, & Simons, 2014), which is similarly corroborated by parietal
patient data (Simons et al., 2010). More recent work suggests the AnG may not be directly
involved in memory confidence judgements. Rather, the AnG might promote mnemonic
metacognition by gauging the subjective vividness (Zou & Kwok, 2022; but see Ye et al.,
2018, who implicate the precuneus) of the high fidelity representations it supports (Richter et
al., 2016). However, functional neuroimaging has implicated the precuneus in episodic
memory-related mental imagery (see Cavanna & Trimble, 2006 for review), and Sreekumar
et al. (2018) related multivoxel patterns of activity within the right precuneus to detailed
subjective content representations during autobiographical recollection, indicating that
different PPC regions might work together to gauge subjective vividness. Thus, further work
is needed to delineate the specific contributions of the AnG and precuneus in this regard.
Moreover, it is possible that associative recognition tasks such as the present one do not
facilitate the formation of particularly high fidelity or vivid representations, which may

therefore not require metacognitive processes supported these PPC regions.

To conclude, the experiment reported in this chapter investigated whether the left
ANG is necessary for integrating multimodal information during episodic and semantic
memory retrieval. This hypothesis was tested by examining the effects of left AnG cTBS,
relative to vertex control stimulation, on episodic associative recognition and semantic
relatedness retrieval tasks involving unimodal and multimodal associates. Left AnG cTBS
was found to selective modulate RT in both retrieval tasks, proving some of the first causal
brain stimulation evidence for a domain-general integrative role for the region during
different forms of declarative memory retrieval. However, this stimulation effect was
unexpectedly facilitatory, and no additional stimulation effects were found on objective or
subjective associative recognition performance measures. Further research is needed to
explore the nature of information processing operations carried out within the left AnG
during declarative memory retrieval, which may differ by subregion (Nelson et al., 2010;

Nelson et al., 2013), as well its interactions with other integration hubs.
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Chapter 3: First-Person Recall and its Neuroanatomical Correlates in Normal Ageing

This study originally aimed to test the causal role of the left AnG in first-person
episodic recall using non-invasive brain stimulation in healthy younger adults. For this
purpose, | developed a custom 3D object location memory task that varies both encoding and
retrieval perspective, as well as a custom trial-locked online repetitive transcranial magnetic
stimulation procedure. However, the COVID-19 pandemic intervened before this version of
the study could be realised. Instead, | adapted my research question to investigate first-person
episodic recall in normal ageing, developing an online version of the object location memory
task that could be administered to both healthy younger and older adults via the internet. As
the older adult participants had previously been scanned using MRI, I additionally used
voxel-based morphometry to identify the parietal neuroanatomical correlates of first-person
recall in the elderly. The results from this study support a general age-related deficit in first-
person recall, regardless of the original encoding perspective. A less pronounced but more
specific age impairment was also found for third-person recall when object locations were
encoded from the same perspective and not a first person one. Furthermore, | found grey
matter volume within the left angular gyrus (and to a lesser extent, the precuneus) to
positively correlate with the adoption of a first-person perspective during recall. No such
association was found with first-person recall more generally, however. Both left angular
gyrus and precuneus volumes were shown to decline with age. These findings illustrate
objective age differences in first-person recall and identify the left angular gyrus as a possible

neural substrate for the adoption of this recall perspective more specifically.
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Introduction

Different visuospatial perspectives can be adopted during episodic recall, which can
shape recollective experience (Nigro & Neisser, 1983). For example, recalling personal
events from an own-eyes or “field” (i.e., first-person) perspective tends to evoke the sensory
and internal details of that event including associated feelings, sensations, and thoughts
(Berntsen & Rubin, 2006; Mclsaac & Eich, 2002; Robinson & Swanson, 1993; Sutin &
Robins, 2010). In contrast, events recalled from an external or “observer” (i.e., third-person)
vantage point are often lacking in perceptual imagery, rated as less self-relevant, contain
more spatial information, and are possibly more semantic in nature (Berntsen & Rubin, 2006;
Brewer, 1996; Frank & Gilovich, 1989; Mclsaac & Eich, 2002; Mooren et al., 2016).
Critically, subjective ratings of memory vividness have been correlated with first-person
perspective autobiographical memory (ABM) recall (Rice & Rubin, 2011). Considering these
phenomenological differences, a first-person visual perspective has been proposed as an
integral factor in enabling the subjective re-living of past experiences through episodic
memory (Simons, Ritchey, & Fernyhough, 2022), as well as in broader autonoetic
consciousness (Zaman & Russell, 2022) and self-consciousness (Vogeley et al., 2004).

While personal events are typically experienced and recalled from a first-person
perspective, there are many exceptions. For example, highly stressful or emotionally negative
(MccCarroll, 2017), even traumatic (Mclsaac & Eich, 2004), events can also be experienced
and recalled from a third-person observer perspective, possibly as a psychological distancing
mechanism. False memories (Heaps & Nash, 2001) and memories that conflict with one’s
current self-beliefs (Libby & Eibach, 2002) are also often visualised from a third-person
perspective. Additionally, memories from childhood are associated more with a third-person
observer perspective than memories formed during adulthood (Lorenz & Neisser, 1985). The
visual perspective of episodic recall changes even as memories themselves age, with remote
memories more prone to being remembered from a third-person perspective than recent ones
(Mclsaac & Eich, 2002; Rice & Rubin, 2009; Robinson & Swanson, 1993). Recall
perspective can also be experimentally manipulated. For example, Marcotti & St. Jacques
(2022) recently showed that reviewing photographs of events experienced in first person, but
presented from a third-person perspective, promotes the adoption of an observer perspective
when remembering those events. In immersive virtual reality tasks, third-person perspective
experiences during encoding have also been demonstrated to create third-person memories as

indicated by increased ratings of observer-like perspectives during remembering (Iriye & St.
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Jacques, 2021). Relatedly, perceptual out-of-body illusions induced by synchronous
visuotactile stimulation during simulated social interactions leads to reduced delayed recall
from a first-person perspective relative to recall of interactions encoded in an in-body control
condition (Bergouignan, Nyberg, & Ehrsson, 2022).

Evidence from patients suggests overlapping regions of the parietal cortex may be
critical for the conscious sense of embodied self-location from a first-person perspective (for
review see lonta, Gassert, & Blanke, 2011) and episodic memory (Bréchet et al., 2018). Out-
of-body experiences, a form of autoscopic phenomena characterised by hallucinatory
disembodied visual perspectives, can be induced either spontaneously in epileptic patients
with seizures originating around the temporo-parietal junction (Hoepner et al., 2015) and in
neurological patients with damage localised to the same area (Blanke et al., 2004), or
intentionally in epileptic patients using focal electrical stimulation of the AnG (Blanke et al.,
2002). Patients with left- or right-hemisphere posterior parietal cortex damage exhibit deficits
in egocentric (i.e., self-referential) spatial navigation ability as well as impoverished and
disembodied re-experiencing in remote spatial memory tasks (Ciaramelli et al., 2010b). In
perspective shifting tasks, right-hemisphere parietal patients with lesions encompassing the
angular gyrus (AnG) of the inferior parietal lobule are impaired at judging whether scenes
were studied from their own first-person perspective or an alternative observer viewpoint,

despite normal item location and recognition memory (Russell et al., 2019).

In neuroimaging studies of neurologically healthy younger adults (YAs), left AnG
involvement has frequently been observed during detailed recollection (for reviews, see
Vilberg & Rugg, 2008; Rugg & King, 2017; Rugg & Vilberg, 2013). Functional magnetic
resonance imaging (fMRI) indicates the region is preferentially engaged during the retrieval
of multimodal audio-visual versus unimodal audio or visual episodic memories (Bonnici et
al., 2016; Tibon et al., 2019). Additionally, individual multimodal episodic memories have
been decoded from activity patterns within the left AnG using multivoxel pattern analysis, the
classification accuracy of which tracked subjective memory vividness (Bonnici et al., 2016).
Non-invasive brain stimulation techniques producing temporary “virtual lesions” in targeted
brain regions have also been used to establish the AnG’s causal role in episodic memory
recall. Continuous theta burst stimulation (cTBS) of the left AnG has been shown to cause a
selective reduction in source memory confidence ratings while leaving performance in
various episodic memory tasks unaffected (Yazar, Bergstrom, & Simons, 2014). Left AnG

stimulation under the same protocol has further been shown to disrupt the retrieval of
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multimodal but not unimodal episodic memories in 2D scene memory task (Yazar,
Bergstrom, & Simons, 2017). As in parietal epilepsy patients (Blanke et al., 2002), anodal
versus sham high-definition transcranial direct current stimulation of the right AnG in healthy
Y As can result in out-of-body illusions as well as reduce the ability to discriminate self from
other perspectives (Boer et al., 2020). Left AnG cTBS has also recently been shown to
disrupt the relationship between memory fidelity and the ability to distinguish perceived from
imagined self-initiated actions, but not those initiated by another agent, in a reality
monitoring task (Kwon et al., 2022). Finally, repetitive transcranial magnetic stimulation of
the left AnG has been found to reduce the number of internal details produced during
episodic simulation and first-person ABM recall tasks (Thakral, Madore, & Schacter, 2017),
and cTBS thereof decreases the tendency to report experiencing a first-person perspective
during ABM recall (Bonnici et al., 2018). Such findings have led to the proposal that the left
AnNG is necessary for integrating multimodal memory representations within an egocentric

framework during recollection (Simons, Ritchey, & Fernyhough, 2022).

The precuneus of the medial superior parietal lobule has, like the AnG, been
implicated in various processes related to recollection in healthy YAs (for review, see
Cavanna & Trimble, 2006). In an influential early positron emission tomography study,
activity in the precuneus was associated with memory-related imagery (Fletcher et al., 1995).
In more recent fMRI studies, precuneus activity has been observed in change detection tasks
during mental viewpoint and object array rotation (Lambrey et al., 2012) and when novel
visual perspectives are adopted during ABM recall (Faul et al., 2020). Moreover, fMRI
activity in the precuneus has been tied to first-person perspective taking (Ruby & Decety,
2001; Vogeley & Fink, 2003), and its grey matter volume (GMV) has been associated with
the propensity for first-person ABM recall (Freton et al., 2014; Hebscher, Levine, & Gilboa,
2018). Like the AnG (Bonnici et al., 2016), activity within the precuneus has been shown to
track the subjective vividness of recall in complex episodic memory tasks (Richter et al.,
2016), and representations of memory contents have likewise been decoded from activity
patterns within the region during vivid versus non-vivid ABM recall (Sreekumar et al., 2018).
In combined cTBS and magnetoencephalography studies, left precuneus stimulation has been
shown to modulate oscillatory activity associated with complex memory retrieval and a
parietal signature of ABM perspective ratings (Hebscher, Meltzer, & Gilboa, 2019), but not
perspective ratings themselves (Hebscher, Ibrahim, & Gilboa, 2020). Recently, activity

within both the precuneus and AnG has been associated with shifting from a first-person
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own-eyes to a third-person observer perspective during recall (Iriye & St. Jacques, 2018;
Marcotti & St. Jacques, 2018; St. Jacques, Szpunar, & Schacter, 2017), suggesting each
parietal region makes potentially subtly different contributions to first-person recollection.

Memory difficulties are commonly reported by the elderly (Steinberg et al., 2013) and
often presage future cognitive impairment (Begum et al., 2012; Jonker, Geerlings, &
Schmand, 2000; Mogle, Hill, & McDermott, 2017; Reid & Maclullich, 2006). Even in
normal ageing, memory complaints frequently accompany behavioural and
phenomenological changes in remembering. For example, older adults (OAS) report fewer
internal details relative to external ones when recalling events from their lives (Gaesser et al.,
2011). Compared against YAs, OAs have also reported an increased tendency to experience
recent ABMs from a third-person “observer” perspective rather than a first-person “field”
perspective (Piolino et al., 2006; 2009). In the same studies, Piolino et al. additionally probed
the subjective experience of ABM recall using the remember/know procedure, where
“remember” and “know” responses can be taken as proxies for the level of subjective re-
experiencing. During recent ABM recall, OAs were found to give more “know” than
“remember” responses, indicating diminished recollective richness (See also St. Jacques &
Levine, 2007). However, not all studies of ABM have found age differences in recall
perspective, both when the age of the memories is accounted for (Kapsetaki et al., 2022) and
when it is not (Rathbone et al., 2015). OAs also somewhat paradoxically tend to report
equivalent or greater levels of subjective memory vividness in standard lab-based memory
tasks despite poorer objective memory performance when compared against YAs (e.g.,
retrieving fewer episodic details). This dissociation has been taken as evidence for age
differences in gauging memory vividness (for review, see Folville et al., 2021) and linked to
reduced precuneus activity in OAs relative to YAs (Folville et al., 2020). The mixed findings
from subjective ABM reports in particular highlight the need for more objective measures of
visual perspective in OAs, especially when potential age-related deficits in first-person recall
are likely to be more subtle than those indicated in parietal patients.

Different visual perspectives are associated with the adoption of certain spatial frames
of reference, which change the relationship between an individual and their environment. A
first-person, ground-level point of view has been shown to facilitate object-to-self (i.e.,
egocentric) spatial relations whereas a third-person, aerial viewpoint encourages object-to-
object (i.e., allocentric) relations (Torok et al., 2014). As with a first-person visual

perspective, an egocentric spatial framework centred on one’s body is typically favoured,
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although reference frames can be flexibly switched or combined when necessary (Burgess,
2006; Ekstrom, Arnold, & Laira, 2014; Rice & Rubin, 2011). While this egocentric
preference appears to be mostly intact for spatial navigation in the elderly, the existence of
age-related egocentric spatial memory deficits is less clear (for review, see Colombo et al.,
2017). Such deficits have been found in OAs when egocentric spatial memory is tested
exclusively (Korman et al., 2019; Pouliot & Gagnon, 2005) or sometimes alongside
allocentric impairments (Fernandez-Baizan, 2019; Fernandez-Baizan, Arias, & Mendez,
2020; Lopez et al., 2019; Merriman et al., 2016; Merriman et al., 2018; Yamamoto &
DeGirolamo, 2012). Moreover, large sample studies investigating both egocentric and
allocentric spatial memory abilities across the lifespan have found comparatively greater
decline in egocentric memory ability in adults aged 60 years or older (lachini, Ruggiero, &
Ruotolo, 2009; Ruggiero, D’Errico, & Iachini, 2016). Similar to observations by Piolino et al.
regarding ABM (2006; 2009), fewer OAs than Y As have reported imagining learned routes
from a first-person perspective and in less perceptually detail with a reduced sense of re-
experiencing (Rosenbaum et al., 2012). However, there is currently a dearth of studies
comparing memory abilities of the elderly across different spatial reference frames.

More recently, spatial memory tasks have been leveraged to directly examine age
effects on egocentric/first-person recall. Using a novel in-person 3D scene memory task,
Russell et al. (2019) showed that healthy OAs were less able than Y As to discriminate
whether tested scenes composed of object arrays were encoded from their own first-person
perspective or shifted to a third-person observer perspective, despite normal item recognition
and location memory. In the same study, the authors found bilateral activity in ventral parietal
regions including the AnG to be sensitive to such perspective shift judgements in OAs. The
behavioural finding by Russell et al. that OAs are less able to identify their own encoding
perspective was conceptually replicated in a follow-up study Kapsetaki et al. (2022), who
used a similar 3D scene memory task. However, the OAs in Kapsetaki et al.’s study did not
differ from Y As when additionally interviewed about the visual perspective of their
recollective experience, although the authors speculated that this may be attributable to the
manner of questioning. Ladyka-Wojcik et al. (2021) used an immersive 3D virtual reality
object location memory task to investigate the behavioural effects of switching bi-
directionally between egocentric and allocentric spatial reference frames in normal ageing by
manipulating visual perspective. They found OAs recalled object locations less accurately

when tested in a first-person perspective versus a third-person perspective. Furthermore, a
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directional switch cost was discovered for third-person recall of object locations that were
learned egocentrically, in a first-person perspective. No YA comparison group was included
in this study, however. While suggestive, it is presently unclear from this evidence whether
first-person recall or more general perspective switching ability is affected in normal ageing.

The study presented in this chapter tested whether first-person perspective episodic
recall, which may play an important role in facilitating subjective memory reliving (Simons,
Ritchey, & Fernyhough, 2022; Zaman & Russell, 2022), is impaired with age. To this end, a
mixed design was employed in which healthy YA and OA age groups completed a custom
3D object location memory task. In this task, participants studied object locations in familiar
virtual environments from either a first-person or third-person perspective. Critically, the
perspective from which these object locations were subsequently recalled during test varied
between the same and alternative studied perspectives. This resulted in four task conditions:
stay first person (i.e., studied and tested in a first-person perspective), switch first person (i.e.,
studied in third person but tested in first person), stay third person (i.e., studied and tested in a
third-person perspective), and switch third person (i.e., studied in first person but tested in
third person).

Based on evidence from healthy Y As indicating that third-person remembering
benefits spatial memory accuracy (Iriye & St. Jacques, 2021), first-person recall of object
locations was predicted to be comparatively less accurate and have longer response times
(RTs) in both YAs and OAs. Switching visual perspective between study and test phases was
expected to lead to lower recall accuracy and slower RTs than when the perspective remained
unchanged (Marcotti & St. Jacques, 2018). As perspective switching might place greater
demands on cognitive control abilities (Bradford, Jentzsch, & Gomez, 2015; Qureshi,
Apperly, & Samson, 2010; but see also Qureshi & Monk, 2018), which are thought to decline
with age due to structural and functional changes in the prefrontal cortex (Braver & Barch,
2002; Paxton et al., 2008; Raja & D’Esposito, 2005), OAs were predicted to show a greater
switch cost relative to YAs. Finally, OAs were predicted to have worse overall performance
and longer RTs than YAs, consistent with general age-related memory decline and cognitive
slowing (Hedden & Gabrieli, 2004).

Three possible hypotheses regarding the roles of the left AnG and precuneus in the
visual perspective of recall were investigated in OAs using voxel-based morphometry
(VBM), an automated technique that allows voxelwise analysis of GMV (Ashburner &

Friston, 2000). It was predicted that if either of these regions support the general ability to
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adopt alternative visual perspectives, then a positive correlation between its GMV and switch
trial performance, irrespective of the test perspective, should be observed. If, instead, the left
AnNG or precuneus supports the specific adoption of a first-person perspective, then a positive
correlation is predicted between its GMV and switch trial performance when the test
perspective is first person. However, if either region supports first-person memory
representation more directly, then its GMV should positively correlate with performance on
trials in which object locations were both studied and tested in a first-person perspective.
Based on observations of higher-than-average age-related atrophy in the parietal lobes (Fjell
et al., 2009; Habes et al., 2016; Raz et al., 2004; Resnick et al., 2003; Salat et al., 2004), OAs

were additionally predicted to have lower parietal GMV when compared against Y As.

Materials and Methods

Participants

Older adults. 27 OAs (56% male) aged 65 — 84 years (M = 74.37, SD = 4.72) whose
mean level of formal education was 17 years (SD = 5.20, range = 8 — 34) were included in all
analyses. Structural MRI (sMRI) scans (and neuropsychological measures) were previously
acquired for all OAs as part of an unrelated study, 2.39 — 4.90 years (M = 3.92, SD = 1.03)
before participation in the present study. All OAs tested in the present study were screened
before scanning for cognitive decline beyond that which is expected in normal ageing
(Petersen et al., 1999) using the Montreal Cognitive Screening Assessment (MoCA,;
Nasreddine et al., 2005). These participants had MoCA scores within the normal range of 26
—30 (M =27.70, SD = 1.35). During the same period, the Trail Making Test (Tombaugh,
2004) and a custom recognition memory test were also administered to measure respective
general executive and memory abilities. These measures are reported here as the difference in
completion time (in seconds) between parts B and A of the Trail Making Test (Sanchez-
Cubillo et al., 2009) and the standardised response bias-corrected recognition score (as in the
previous chapter). A further 16 OAs were tested in the present study but excluded due to
MoCA scores indicating mild cognitive impairment (MoCA < 26), below chance-level

performance on the main task, withdrawal from the study, or technical issues.

Younger adults. 17 YAs (53% male) aged 18 — 33 years (M = 24.12, SD = 4.27)
whose mean formal education level was 18.06 years (SD = 1.95, range = 15 — 21) were
included in the behavioural analysis of memory performance. One participant, however, was
excluded from the analysis of RTs due to a suspected technical issue affecting measurement

accuracy. An additional YA was tested but excluded for not completing the study. In contrast
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to the OAs, sMRI scans were only available for 8 YAs. These participants were scanned 2.17
—4.26 years (M = 3.03, SD = 0.59) prior to testing. The remaining 9 YAs without scans
participated in the final behavioural pilot study for the object location memory task, which
was identical to the version presented here. Unlike the OAs, no cognitive measures were

available for any of the YAs.

All participants in both age groups were right-handed native English speakers with
normal or corrected-to-normal vision. No participants reported current or historical diagnoses
of developmental, psychiatric, or neurological conditions at the time of testing. The OAs
were members of local church and community groups in Cambridge including the University
of the Third Age, whereas the YAs were students at Cambridge University. Due to pandemic-
related restrictions precluding the acquisition of more current MRI and cognitive data, all
participants were recruited from research volunteer databases maintained by the Cambridge
Memory Laboratory and the MRC Cognition and Brain Sciences Unit participant panel. This
limited the pool of eligible participants and prevented the matching of age group sample
sizes. All participants gave informed consent before commencing the study and were
remunerated in a manner approved by the University of Cambridge Human Biology Research

Ethics Committee.

Stimuli

Stimuli consisted of 80 target and 40 landmark object images in the main task.
Targets were unique 256 x 256 pixel colour images of common objects. Landmarks were
images of distinctive natural and artificial environmental features 512 pixels high, with
varying widths (M = 526, SD = 244.8, range = 167 — 1134). Both targets and landmarks were
rendered as view plane-aligned 2D sprites so that the same object face was always shown,
which ensured the same object information was presented in first-person and third-person
viewpoints (see Figure 1 for example stimuli). In the testing environment, targets had a true
height and width of 1.25 virtual meters (vm) whereas landmarks were 2.5vm tall. Stimuli
were obtained from various internet sources and processed using Paint.NET (v4.3.2;
Brewster, 2021) and custom MATLAB scripts (v2021b; The MathWorks, 2021).
Testing environment

Participants were tested within a 3D virtual circular environment 50vm in diameter
with a solid light grey floor and bounded by a 4vm high solid dark grey wall (see Figure 2).
These dimensions were comparable to those employed in similar object location memory

tasks (e.g., Bellmund et al., 2020). Four equally spaced distal landmarks were placed 5vm
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beyond the boundary wall, with one situated at each cardinal direction (i.e., North, South,
East, and West). Landmark sets persisted for the duration of each testing block, serving as
both locational memory aids and stable orientation cues. The sky, which was visible only in
the first-person perspective, had a naturalistic blue gradient but was featureless. Participants
viewed the environment in a standard 16:9 aspect ratio. The first-person camera had a fixed
60° field of view (FOV), was oriented perpendicular to the ground, and was placed 1.5vm
high to approximate the height of an average person. In contrast, the third-person camera had
a variable FOV (10 — 75°), was angled 90° down toward the ground, and had a fixed height
of 55vm. The virtual environment was created using the Unity game engine (v2019.4.19f1;
Epic Games, 2019).

Movement and camera controls

In both perspectives, participants pressed the ‘a’, ‘d’, ‘w’, and ‘s’ keyboard keys to
move left, right, forward, and backward with an acceleration of 0.3vm/second (s) and a
maximum speed of 25vm/s. This permitted quick traversal of the environment while
simultaneously allowing fine positional adjustments within the span of a trial. When in the
first-person view, participants could move their computer mouse to laterally rotate the camera
and their heading at 200 arbitrary units/s. In the third-person view, moving the computer
mouse adjusted camera FOV at 40 units/s, enabling closer inspection of target and landmark
objects. All rates of change were multiplied by the interval (in s) between the previous and
current frames to ensure consistency across devices. These movement and camera controls

were used in all phases of the object location memory task, except for the arithmetic phase.

Procedure

In a mixed design, the YA and OA groups completed a custom computer-based 3D
object location memory task in which visual perspective was manipulated within subjects
during both encoding and retrieval. Testing was completed online in a single session
involving one practice block followed by 10 testing blocks. All blocks consisted of
exploration, study, arithmetic, and test phases (see Figure 1 for a schematic representation of
the task). Briefly, the exploration phase allowed participants to familiarise themselves with
the virtual testing environment, which changed each block. During the study phase,
participants sequentially learned the location of several target objects relative to distal
landmarks and from either a first-person or third-person perspective. To discourage memory
rehearsal between study and test phases, participants solved simple arithmetic problems

during the arithmetic phase. In the test phase, participants reported the location of target
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objects from a perspective that either matched or opposed the studied one (see Appendix for
the full task instructions shown to participants). Participants completed a total of 80 test trials
in the main task, which were equally divided across the 10 testing blocks (i.e., 8 target object
locations were tested per block) and the four task conditions (i.e., 20 target object locations
were tested in stay first person trials, 20 in switch first person trials, 20 in stay third person
trials, and 20 in switch third person trials). A series of pilot studies were conducted to find the
optimal combination of target set size, landmark number, trial duration, and environment
size. The task was coded in C# and JavaScript, hosted on a private GitHub Page site, and run
in-browser using WebGL. Data were anonymously collected using a secure Google FireBase

realtime database.

First, participants began the exploration phase at the centre of the testing environment
with no target objects present, viewing it from either a first-person or third-person perspective
(see Figure 1 for example). After 15s elapsed, participants were placed once again at the
centre of the environment and viewed it for another 15s from the alternative perspective.
Initially, the first-person camera faced a random direction whereas the third-person camera
was placed at a height of 55vm with a 75° FOV so that all distal landmarks were fully visible.
Using the controls described in the previous section, participants could freely explore the
environment in both perspectives for greater immersion and to gain familiarity with the

landmarks, which were randomly selected and changed every block.

First-person explore (15s)

Third-person explore (15s)

Figure 1. Exploration phase of the object location memory task. In this first phase of a testing block,
participants initially familiarised themselves with the testing environment from third-person and first-

person perspectives. Note that these perspectives were shown in a random order within each block.
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Next, in the study phase, participants memorised eight target object locations relative
to the landmarks (see Figure 2). Targets were uniformly randomly distributed within the
environment but were constrained to within a 20vm radius to prevent occlusion by the
boundary wall. The location of each target was memorised sequentially, yielding eight study
trials per block. Study trials began with a central black fixation cross presented for 500ms
against a grey background, followed by a fixed 10s period in which participants memorised a
target location. Participants began this period at the centre of the environment, which they
viewed from either a first-person or third-person perspective. The studied perspective
randomly varied across trials and in equal proportion. Furthermore, the first-person camera
initially faced the target whereas the third-person camera was placed 55vm above the centre
of the environment. This equated the maximum amount of time available to study a target
location in both perspectives.

Fixation (0.5s)

First-person study (10s)
Fixation (0.5s)

Third-person study (10s)

Figure 2. Study phase of the object location memory task. Here, participants sequentially learned the

random locations of eight target objects from either a first-person or third-person perspective.

After memorising the target locations, participants completed the arithmetic phase,
which served as both a distractor task and attention check (see Figure 3). The arithmetic
phase lasted for 30s and involved solving simple addition and subtraction problems on
positive double-digit integers. Arithmetic trials were self-paced and began with a 500ms
central black fixation cross, followed by a randomly generated problem. Participants typed
their answer, which was displayed on-screen, using the number keys on their keyboard.
Mistakes could be deleted by pressing the ‘backspace’ key. Responses were submitted by
pressing the ‘space’ key.
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Fixation (0.5s)

Arithmetic (self-paced)
Fixation (0.5s)

Arithmetic (self-paced)

Figure 3. Arithmetic phase of the object location memory task. In this phase, participants were
discouraged from rehearsing target object locations in working memory by completing simple addition

and subtraction problems at their own pace.

Finally, in the test phase, participants were instructed to reproduce the studied target
locations from memory as precisely as possible (see Figure 4). No new targets were
presented, resulting in eight test trials per block. Test trials started with a 500ms central black
fixation cross presented against a grey background, then recall was cued with the presentation
of a target object for 1s. Following the cue, participants were placed at the centre of the
environment in which they had to give a response. YAs had up to 15s to respond before trial
timeout whereas OAs responded at their own pace. The response deadline was removed for
OA s to reduce confounding age differences in the ability to report memory with memory
performance. During the response period, participants moved a black crosshair to a
remembered target location and pressed ‘space’ to submit their response. The crosshair,
which facilitated precise indication of remembered target locations, was placed 6.75vm ahead
of the first-person camera whereas the third-person camera was centred above it. As in
previous phases, the third-person camera was initially placed at a height of 55vm. In contrast,
the first-person camera initially faced a random direction. Targets were tested in a random
order and the perspective randomly varied between studied and alternative perspectives (i.e.,

stay and switch trials, respectively).
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Perspective stay

Fixation (0.5s) Perspective switch

Target cue (1s) Either

Response window
(YA: up to 15s, OA: no deadline)

Figure 4. Test phase of the object location memory task. In this final phase, participants had to
precisely move the crosshair to the studied location of each target object, initially cued with the object
itself, from either the same study perspective (perspective stay condition) or alternative perspective
(perspective switch condition). Red lines indicate where a participant should move the crosshair to
indicate the example target object’s true studied location. Note that all studied target object locations
were tested, although the test perspective could be switched irrespective of the original study

perspective, and that OAs had no response deadline.

Behavioural measures and analysis

Performance in the object location memory task was analysed using mean memory
score (MS), derived from raw distance errors, and median RT (in s) measures. Distance error
was quantified as the Euclidean distance (in vm) between target and response locations.
However, as targets studied closer to an environment’s boundary have a larger maximum
possible distance error than those studied in its centre, a correction is needed to account for
varying difficulty across different target locations. This was achieved by computing the
accuracy percentile of a given response relative to all other possible responses as a MS
(Jacobs et al., 2016). MSs were computed by first generating 10,000 possible response
locations uniformly distributed throughout the environment. Next, the distance between each
possible response location and a given target location was calculated, yielding trial-specific
error distributions. Finally, the proportion of possible response errors less than the actual
response error was calculated for each target, resulting in a MS ranging from 0 to 1. A MS of
1 corresponds to perfect performance, a score of 0.5 to chance level performance, and a score
0 to the worst possible performance (i.e., the furthest possible location from a true target
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location). Trials in which participants gave no response or responded faster than 500ms were
discarded (4% and 2% of all trials for YAs and OAs, respectively).

All behavioural analyses were conducted using R Statistical Software (v4.1.1; R
Foundation for Statistical Computing, Vienna, Austria). Given the imbalance between YA
and OA sample sizes, linear mixed models (LMMs) were run on mean MS and median RT
using the ‘Ime4’ package (Bates et al., 2015). LMMs for both behavioural measures were
fitted via restricted maximum likelihood parameter estimation. All models included a
between-subjects fixed factor of age group (YA, OA) and within-subjects fixed factors of
switch status (stay, switch) and test perspective (first person, third person). As the
interactions between these factors were of interest, an effects coding scheme was used
(Singmann & Kellen, 2019). Therefore, the coefficient for each fixed factor represents the
deviation of each factor level from the grand mean as denoted by the intercept. To account
for non-independence of observations within subjects, all models included a by-subject
random intercept, which is the maximal random effects structure supported for aggregate data
(Barr, 2013; Barr et al., 2013). The full model specification, provided in Ime4 syntax, is as

follows:
responsevar ~ ageGroup * switchStatus * testPerspective + (1 | subject)

Given the skewed nature of RT data, additional Gamma and inverse Gaussian
generalised LMMs were run on median RT (Lo & Andrews, 2015). These models assumed
linear relationships between response and predictor variables (i.e., specified identity link
functions) and shared the same fixed factors as the standard LMMs. However, as they
initially failed to converge using the default optimiser, all three models were optimised using
bound quadratic approximation. Additionally, these models were (re)-fitted using maximum
likelihood parameter estimation to enable valid comparison of different model families.
Inferences were drawn from the best-fitting model as determined by the smallest attained

Akaike information criterion (AIC) and Bayesian information criterion (BIC) indices.

Model assumptions were checked by examining standard diagnostic residual plots.
Outliers were detected using the interquartile range method (i.e., values greater than 1.5x the
interquartile range), which makes no distributional assumptions. Analyses were re-run
without outlier subjects to assess the robustness of results. p-values for LMM fixed effects
were computed using Satterthwaite approximations for degrees of freedom (Satterthwaite,

1941), implemented in the ‘lmerTest’ package (Kuznetsova, Brockhoff, & Christensen,
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2017). Simulations indicate the Satterthwaite method maintains the Type-I error rate at the
nominal alpha level even for smaller sample sizes (Luke, 2017). In comparison, p-values for
GLMM fixed effects were obtained from likelihood ratio tests (LRTs). While it should be
noted that LRT-derived p-values are moderately anti-conservative (Pinheiro & Bates, 2000),
they are preferable to the default t-as-z approach as they are less influenced by sample size
(Singmann & Kellen, 2019). Significant interactions were followed up on by performing
simple contrasts on the estimated marginal means using the ‘modelbased’ package
(Makowski et al., 2020). All tests were two-sided and a canonical alpha level of 0.05 was set.

Exact p-values are reported to three decimal places (unless p < 0.001).

Image acquisition, pre-processing, and VBM analysis

Scanning took place at the University of Cambridge Medical Research Council
Cognition and Brain Sciences Unit using a 3-T Siemens MRI machine with a 32-channel
head coil. A whole-brain SMRI image was acquired for each participant using a T1-weighted
3-dimensional magnetisation prepared rapid gradient echo (MP-RAGE) sequence (resolution
=1x1x 1Imm isotropic, TR = 2.25s, TE = 3ms, flip angle = 9°, FOV = 256 x 256 x 192mm,
GRAPPA acceleration factor = 2). Before pre-processing, SMRI images were visually

inspected for artefacts using Mango (v4.1, https://rii.uthscsa.edu/mango/). No participants

were excluded on this basis.

SMRI images were submitted to a standard VBM pre-processing pipeline (see Figure
5) using the ‘Statistical Parametric Mapping 12’ toolbox (SPM12;
https://www.fil.ion.ucl.ac.uk/spm/), implemented in MATLAB 2021b (The MathWorks).

First, the origin of each image was manually set to the anterior commissure (AC). Images
were re-oriented where necessary to align with the common anatomical space of the Montreal
Neurological Institute (MNI). Next, images were segmented into grey matter (GM), white
matter (WM), and cerebrospinal fluid (CSF) tissue types. To improve inter-subject image
alignment, these tissue segmentations were then used to create study-specific group structural
templates using diffeomorphic anatomical registration through exponentiated lie algebra
(DARTEL,; Ashburner, 2007). DARTEL registration was selected based on its superior
performance relative to other non-linear deformation algorithms when applied to MRI image
registration (Klein et al., 2009). Following registration, images were normalised to common

MNI152 space (http://nist. mni.mcqill.ca/atlases/). As per recommendations for DARTEL-

based VBM (Shen & Sterr, 2012), images were spatially smoothed with an isotropic 8mm
full-width at half-maximum (FWHM) Gaussian kernel and modulated to preserve the original

58


https://rii.uthscsa.edu/mango/
https://www.fil.ion.ucl.ac.uk/spm/
http://nist.mni.mcgill.ca/atlases/

Chapter 3

volumes. The default voxel size of 1.5 x 1.5 x 1.5mm was used for processed images. The
total intracranial volume (T1V) was computed for each subject by summing the total native
space GM, WM, and CSF estimates.

Image re-orientation J

Y

Tissue segmentation J

Y

DARTEL registration

!

Normalisation to MNI space

(e (s (amaa

Y

Spatial smoothing

Figure 5. VBM image pre-processing pipeline.

10mm spherical volumes of interest (VOIs) centred on the left AnG (MNI = [-43, -66,
38]) and left precuneus (MNI=[-14, -66, 56]) were chosen before analysis. The a priori AnG
coordinate was derived from a review of fMRI studies on the parietal lobe and memory
(Vilberg & Rugg, 2008), and cTBS thereof has been shown to reduce the reported frequency
of first-person ABM recall (Bonnici et al., 2018). The a priori precuneus coordinate was
obtained from Hebscher et al. (2019), who conducted an ad hoc meta-analysis of egocentric
cognition to determine a suitable cTBS target site to disrupt ABM recall perspective. These
VOIs were limited to the left hemisphere based on meta reviews which indicated primarily
left-lateralised recollection-related parietal activity (Vilberg & Rugg, 2008; Rugg & Vilberg,
2013). However, to test the regional specificity and laterality of any potential effects of
parietal GMV on memory performance, further exploratory VOI analyses were conducted
bilaterally within the full anatomical AnG, precuneus, and hippocampus, which were defined

using the Automated Anatomical Labelling Atlas (Tzourio-Mazoyer et al., 2002). The
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hippocampus was selected as a control region for this set of VOI analyses as it has previously
been associated with allocentric spatial processing in episodic ABM (Hebscher et al., 2018),
which should have greater involvement in third person than first person conditions. Finally,
exploratory whole brain analyses were conducted to check for relationships of interest in

brain regions not identified in any of the more restricted VOI analyses.

To test hypothesised relationships between parietal VOIs and the visual perspective of
memory, separate multiple regressions were run on mean MS under each task condition: stay
first person, switch first person, stay third person, and switch third person. Participant age,
sex, formal education level (in years), and scan-test interval (in years) were entered into the
design matrix as covariates of no interest. TIV was also included as a nuisance covariate to
account for individual differences in overall head size (Peelle et al., 2012). Both a priori and
exploratory VOIs were delineated using the Wake Forest University ‘PickAtlas’ SPM12
toolbox (v3.0.2; Maldjian et al., 2003; Maldjian, Laurienti, & Burdette, 2004) and combined
into unified masks for small volume correction to simultaneously adjust p-values of all voxels
within regions of interest for multiple comparisons. Statistical significance was evaluated at
the peak level using a familywise error (FWE) corrected threshold of p < 0.05, based on
Gaussian random field theory (Worsley et al., 1996).

Results

Behavioural results

Demographics. To account for unequal variances between age groups due to unequal
sample sizes, two-sided Welch’s two-sample t-test were conducted on formal education and
scan-test interval (both in years). No significant age difference in education was revealed
(t(36) = 0.96, p = 0.346). However, the scan-test interval was significantly shorter for YAs
than OAs (t(20.73) = -3.11, p = 0.005). A two-sided Fisher’s exact test of independence was
conducted on the sex count data and found the proportions of men and women did not
significantly differ between age groups (p = 1.0, Fisher’s exact test). See Table 1 for a

summary of demographic and cognitive test data for both age groups.
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Table 1. Mean (SD in brackets) participant demographic and cognitive test data.

Variable YAs (n=17) OAs (n=27) p-value
Age 24.12 (4.27) 74.37 (4.72)

Sex 9 male, 8 female 15 male, 12 female 1.02
Education (years) 18.06 (1.95) 17 (5.20) 0.346"
Scan-test interval (years)  3.09 (0.59)¢ 3.92 (1.03) 0.005P
MoCA score - 27.70 (1.35)

Trails score (parts B — A) - 33.07 (17.22)

Recognition score - 1.08 (0.32)

Note. MoCA, trails, and recognition scores were obtained during scanning.
@ Tested using a two-sided Fisher’s exact test of independence.

b Tested using a two-sided Welch’s two-sample t-test.

¢n =8 YAs were scanned.

Memory score. To assess the effects of age on object location memory performance in
different visual perspectives (see Table 2 for descriptive statistics), a LMM was run on mean
MS. This model had a significant intercept (5 = 0.82, SE = 0.01, t(42) = 73.03, p < 0.001) and
significant main effects of age group (5 = 0.03, SE = 0.01, t(42) = 2.32, p = 0.025) and switch
status (8 = 0.03, SE = 0.01, t(126) = 6.25, p < 0.001), whereas the main effect of test
perspective was not significant (5 = -0.01, SE = 0.01, t(126) = -1.86, p = 0.066). Additionally,
significant two-way interactions were revealed between age group x test perspective (f =
0.01, SE = 0.01, t(126) = 2.79, p = 0.006), age group x switch status (4 = 0.01, SE = 0.01,
t(126) = 2.01, p = 0.047), and switch status x test perspective (5 =-0.03, SE = 0.01, t(126) = -
5.14, p < 0.001). The age group x switch status x test perspective interaction was not
significant (# =-0.01, SE = 0.01, t(126) = -1.81, p = 0.072). The overall pattern of results did
not change when outlier subjects (n = 7) were removed from this model, except for the three-
way interaction, which became non-significant (# = -0.01, SE = 0.01, t(105) =-1.19, p =
0.236). However, all MS observations identified as outliers seemed reasonable given the task
(range = 0.58 — 0.94) and could not be attributed to error. Therefore, all subjects were
retained for further analysis. See Figure 6 for barplot of mean MS for each age group and task

condition.
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Table 2. Mean MS and median RT (SD in brackets) for the object location memory task.

Condition YAs OAs
MS RT MS RT
First person
Stay 0.86 (0.08) 6.18 (1.29) 0.78 (0.11) 11.41 (4.20)
Switch 0.84 (0.08) 7.17 (1.75) 0.77 (0.09) 12.51 (5.16)
Third person
Stay 0.92 (0.07) 6.55 (2.45) 0.86 (0.09) 10.84 (3.98)
Switch 0.76 (0.10) 6.82 (2.43) 0.78 (0.09) 11.63 (3.94)
YA OA
1.0

0.91

W 0.8+ .
= Switch status
© M stay
2 " Switch
0.7
0.6
0.5

First person  Third person First person  Third person
Test perspective

Figure 6. Mean memory score for both age groups across switch status test perspective conditions.
Error bars denote standard error of the mean.

To decompose the marginally significant three-way interaction of interest, the simple
effects of age group, conditioned on switch status and test perspective, were first examined.
Y As had significantly higher MS than OAs in both stay first person trials (5 = 0.08, SE =
0.03, t(96.7) = 2.89, p = 0.005) and switch first person trials (5 = 0.06, SE = 0.03, t(96.7) =
2.20, p = 0.030), supporting an age-related deficit in first-person recall irrespective of the

original encoding perspective. While YA performance was also significantly better in stay
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third person trials (# = 0.08, SE = 0.03, t(96.7) = 2.75, p = 0.007), no significant age
difference was found in MS in switch third person trials (5 = -0.01, SE = 0.03, t(96.7) = -0.52,
p = 0.607), suggesting that third-person recall remains intact in the elderly, but only when

memories are originally encoded in a first-person perspective.

Next, the simple effects of test perspective, conditioned on age group and switch
status, were probed. Stay first person MS was significantly lower than stay third person MS
in both YAs (8 =-0.06, SE = 0.02, t(126) = -2.72, p = 0.007) and OAs (5 = -0.08, SE = 0.02,
t(126) = -4.53, p < 0.001), indicating that first-person recall is generally less accurate than
third-person recall when the test perspective is congruent with the encoding perspective. In
contrast, switch first-person MS was significantly higher than switch third person MS in YAs
(8=0.08, SE =0.02, t(126) = 3.56, p < 0.001) but not in OAs (5 =-0.01, SE = 0.02, t(126) =
-0.75, p = 0.456). This result suggests that only YAs had greater relative difficulty in
recalling object locations from a third-person perspective when encoded from a first-person

perspective .

The simple effects of switch status, conditioned on age group and test perspective,
were then finally investigated. MS did not significantly differ between switch and stay trials
when the test perspective was first person in both YAs (# = 0.01, SE = 0.02, t(126) = 0.59, p
=0.566) and OAs (8 < 0.01, SE = 0.02, t(126) = 0.52, p = 0.603). By comparison, MS in stay
third person trials was significantly higher than MS in switch third person trials in both YAs
(#=0.15, SE =0.02, t(126) = 6.87, p < 0.001) and OAs (5 = 0.08, SE = 0.02, t(126) = 4.30, p
< 0.001). Taken together, these results indicate the existence of a directional switch cost for
third-person recall irrespective of age, which was greater in magnitude for YAs than OAs,

however.

An exploratory LMM was run on MS in the OAs to control for general age effects on
executive and memory abilities. Accordingly, the nuisance variables trails score and
recognition score were included as additive (non-interacting) fixed covariates to account for
their total contribution to variability in MS (~ switchstatus * testPerspective +
recognitionScore + trailsscore + (1 | subject)). This model had a significant
intercept (5 = 0.69, SE = 0.61, t(23) = 11.33, p < 0.001) and revealed recognition score to be
a significant predictor of MS in the elderly (# = 0.94, SE = 0.04, t(23) = 2.15, p = 0.043) but
not trails score (5 < 0.01, SE < 0.01, t(22) = 0.33, p = 0.741). Critically, the switch status x
test perspective interaction remained significant (# = -0.02, SE = 0.01, t(75) =-2.28, p =
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0.025) as did the main effects of switch status (# = 0.02, SE = 0.01, t(75) = 3.35, p = 0.001)
and test perspective (5 = -0.02, SE = 0.01, t(75) = -3.55, p < 0.001). These results indicate the
performance of OAs in the object location memory task cannot fully be explained by general

age-related executive dysfunction or memory impairment.

Response time. The effects of age on response latencies (see Table 2 for descriptive
statistics) were then examined by running a standard LMM, as well as additional Gamma and
inverse Gaussian models with identity link functions, on median RT. Inspection of diagnostic
residual plots for the standard LMM revealed a leptokurtic distribution and noteworthy
heteroscedasticity when plotted against fitted values. The poor appropriateness of the LMM
for modelling RT was also supported by AIC and BIC model fit indices, both of which
favoured the Gamma model (see Table 3). Therefore, this model was selected for

interpretation.

Table 3. AIC and BIC model fit indices comparing different RT models

Model AlC BIC

LMM 816.28 854.05
Gamma 762.79 794.26
Inverse Gaussian 774.71 806.19

Note. Both Gamma and Inverse Gaussian LMMs used an identity link function.

In the Gamma model, the intercept was significant (5 = 9.68, SE = 0.69, t = 14.08, p <
0.001). There were significant main effects of age group (5 =-2.31, SE=0.68,t=-3.42, p<
0.001) and switch status (# = -0.35, SE = 0.12, t = -2.96, p = 0.003) whereas the main effect
of test perspective was not significant (8 = 0.24, SE =0.12,t=1.93, p = 0.054). No
significant two-way interactions were found between age group X test perspective (5 = 0.08,
SE =0.12,t=0.64, p = 0.523), age group x switch status (4 =0.07, SE=0.12,t=0.61,p =
0.542), or test perspective x switch status (8 = -0.06, SE = 0.12, t =-0.49, p = 0.624). The age
group x switch status x test perspective interaction was similarly non-significant (8 = -0.03,
SE =0.12,t =-0.24, p = 0.811). Excluding outlier subjects (n = 5), four of whom were OAs
that exceeded the YA 15s response deadline, had no effect on the pattern of results. See Table
2 for descriptive statistics and Figure 7 for barplot of mean RT by age group and task

condition.
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Figure 7. Means of median RTs for both age groups across switch status and test conditions. Error

bars denote standard error of the mean.

VBM results

Two-sample t-tests assuming unequal variance were first conducted to identify
potential age-related group differences in a priori parietal VOIs, controlling for nuisance
effects of sex, education, scan-test interval, and TIV. As predicted, OAs were revealed to
have significantly less GM volume than Y As in both the left AnG (t(29) = 8.15, p < 0.001,
peak MNI = [-51, -63, 42]) and the left precuneus (t(29) = 7.04, p < 0.001, peak MNI = [-20,
-69, 56]). Multiple regressions were then performed in the OAs to test hypothesised
relationships between parietal GM volume and memory performance under the different
perspective conditions, after controlling for nuisance effects of age, sex, education, scan-test
interval, and TIV. Consistent with subserving the specific adoption of a first-person recall
perspective, significant positive associations with switch first person MS were found in OAs
for left AnG (t(20) = 5.64, p = 0.002, peak MNI = [-34, -66, 44]) and left precuneus (t(20) =
4.18, p = 0.032, peak MNI = [-10, -75, 54]) VOIs. Only the left AnG result (for visualisation,
see Figure 8) survived a Bonferroni-corrected threshold accounting for separate analysis of
the four task conditions (alpha = 0.0125). No further significant associations were found
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between either a priori VOI and the other task conditions (all ts < 2.84 and ps > 0.288). In the
exploratory VOI analyses, no significant positive associations were found between memory
performance and bilateral AnG, precuneus, or hippocampus GMV (all ts < 4.35 and ps >
0.274), including switch first person MS and left AnG GMV (t(20) = 5.24, p = 0.056, peak

[-35, -68, 44]). Finally, no significant positive associations were found in the whole brain

analyses (all ts < 5.06 and ps > 0.171).

Figure 8. Left AnG grey matter volume showing a significant positive correlation with switch first
person trial performance in the a priori VBM analysis. A) Glass brain showing the AnG cluster (black)
overlaid on the whole anatomical region as defined by the Automated Anatomical Labelling Atlas
(grey). B) t-map of voxels within the AnG cluster on the SPM12 T1 single subject template. Note that
both subfigures were created using the ‘xjview’ MATLAB toolbox (v10.0;
https://www.alivelearn.net/xjview), centred on the significant FWE-corrected peak AnG coordinate
(MNI = [-34, -66, 44]), and visualised at an uncorrected threshold of p < 0.001.

Discussion

This chapter investigated the effects of age on first-person episodic recall and its
neuroanatomical correlates in the elderly using a custom object location memory task and
VBM. An age-related deficit in first-person recall performance was evident regardless of the
original encoding perspective. Within both age groups, first-person recall was less accurate
than third-person recall when encoded in the same perspective. However, only the YAs
showed a difference in accuracy between switch first person and switch third person trials. A

switch cost was apparent in RT for both age groups as predicted, but accuracy was reduced
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only when perspective was switched from a first-person to a third-person perspective and not
vice versa. Moreover, this switch cost was unexpectedly greater in the Y As than the OAs.
Importantly, the overall pattern of behavioural results did not change in the OAs after
controlling for general executive and memory abilities. Regarding the VBM results, the OAs
had less parietal GMV overall than the YAs. In the OAs, GMV in both the left AnG and
precuneus was positively associated with switching from a third person encoding perspective

to a first person retrieval perspective, although this result was more robust in the AnG.

Consistent with predictions, the OAs were less able to accurately recall object
locations from a first-person perspective than a third-person perspective. This harmonises
with the results of Ladyka-Wojcik et al. (2021), who tested OAs (but not YAS) in a similar
3D spatial memory task. In the present study, YAs were included for comparison and showed
a similar pattern of performance to the OAs, but with first-person recall being more impaired
in the OAs than the YAs, original encoding perspective notwithstanding. Moreover, the age
difference found here can be more confidently attributed to differences in recall perspective
rather than viewpoint-specific differences in object identifiability. This was achieved for both
targets and distal landmarks by presenting the same object face regardless of the perspective.
However, further work is needed to replicate this finding and explore the complex
relationship between recall perspective and recollective experience, which might break down
with age (Folville et al., 2021). For example, Kapsetaki et al. (2022) recently found a
correlation in Y As but not OAs between the ability to identify one’s first-person encoding
perspective in a 3D scene memory task and the reported episodic richness of ABM. This
relationship was not present in either age group when they were tested by Kapsetaki et al.
using standard 2D photographic stimuli, suggesting more immersive and naturalistic memory
tasks should be used in the investigation of subjective memory experience, which was not
directly examined in the present study. It should also be acknowledged that the different
perspective conditions were not equivalent in terms of daily experience as events are
typically encoded and retrieved in first person while a third-person perspective can take
multiple forms (e.g., a top-down bird’s eye view as in the present study, an over-the-shoulder
view, or another individual’s first-person viewpoint; McCarroll, 2018). Therefore, future
work should account for these factors and how they might influence subjective as well as

objective aspects of episodic memory.

As in Ladyka-Wojcik et al. (2021), a directional switch cost was also found in the

OAs on accuracy for object locations recalled from a third-person perspective but encoded
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from a first-person perspective. This is consistent with previous evidence that OAs may be
particularly impaired at perspective switching when environments navigated in first person
are tested allocentrically in spatial recall tasks (Harris, Wiener, & Wolbers, 2012). This is
also broadly consistent with findings in Y As of higher perceptual switch costs in allocentric
versus egocentric spatial reference frames (Lv & Hu, 2020) and reduced memory accuracy
when shifting from a first-person own-eyes perspective to a third-person observer one
(Marcotti & St. Jacques, 2018; Marcotti & St. Jacques, 2022). Ladyka-Wojcik et al.
interpreted this result as evidencing an allocentric learning advantage in the elderly, possibly
due to the greater flexibility afforded by allocentric spatial encoding (Blackmore, 1987; Rice
& Rubin, 2011). In the present study, however, both age groups showed the same overall
patterns of performance for switch trials, yet the directional switch cost to accuracy was
unexpectedly greater in the YAs than the OAs. Furthermore, a general switch cost that was
not modulated by test perspective was evident when examining RT, indicating a subtler
deficit in switch first person trials. When compared against the YAs, the OAs were no less

accurate in this condition.

Considering the behavioural results together, the generally worse first-person
perspective memory performance observed in the OAs might reflect difficulty in binding
spatial information across multiple vantage points (Montefinese et al., 2015). Indeed, normal
ageing has been shown to impair the binding of object, spatial, and temporal contextual
elements of episodes more generally in so-called What-Where-When memory tasks (Kessels,
Hobbel, & Postma, 2009; Mazurek et al., 2015; Varela, Evdokimidis, Potagas, 2021). While
viewpoint was technically allowed to vary in both perspective conditions of the present task
(i.e., subjects could rotate the camera when in a first-person perspective and zoom it in or out
when in a third-person perspective), the spatial relationship between target and landmark
objects would nevertheless have remained more stable when viewed from different third-
person vantage points. In contrast, the greater difficulty in binding object locations within an
egocentric encoding framework might then have been reduced in the OAs when a more
reliable allocentric reference frame was provided during third-person recall. This would
accord with observations that memory in the elderly can benefit from increased levels of
external support (e.g., Park & Shaw, 1992; Perlmutter, 1979; for review see Lindenberger &
Mayr, 2014).

The greater relative deficit in first-person recall found in the OAs may also reflect a

more general age-related decline in embodied cognition (see Costello & Bloesch, 2017;
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Kuehn et al., 2018; Vallet, 2015 for reviews). For example, OAs perform worse than YAs in
egocentric mental rotation tasks that typically require visuospatial bodily self-rotation versus
those involving object rotation (de Simone et al., 2013; Devlin & Wilson, 2010; Inagaki et
al., 2002; Jansen & Kaltner, 2014; Kaltner & Jansen, 2016). Furthermore, OAs seemingly
have a reduced capacity for motor imagery (for review, see Saimpont, et al., 2013),
particularly when simulating actions from a first-person rather than third-person perspective,
which in the former case are also often rated as less vivid (Mulder et al., 2007; Saimpont et
al., 2012). Regarding spatial memory, OAs are less accurate than YAs at reconstructing
environments when encoded in first person but not in third person (Yamamoto &
DeGirolamo, 2012), but may nevertheless prefer an egocentric navigation strategy (Rogers,
Sindone, & Moffat, 2012), possibly by virtue of the lower demand it is assumed to place on
spatial transformations (Colombo et al., 2017). Thus, future work should endeavour to
separate potential age differences in spatial strategy use from potential age differences in

recall perspective.

It should be cautioned that many OAs withdrew from the present study (n = 12), most
of whom did so due to task difficulty or difficulty comprehending task requirements (n = 7).
Therefore, it is possible that the true OA performance levels were overestimated in this study.
Conversely, while no clinically noteworthy cognitive decline was detected in the OAs using
the MoCA during the scanning period, and none reported diagnoses of relevant conditions at
the time of testing, it is also possible that any age differences observed in the current study
might be contaminated by some degree of undetected neurological pathology. Finally, it
should be acknowledged that age differences in location memory accuracy might also be
confounded by age differences in the ability to accurately report location memory. However,
all OAs reported normal or corrected-to-normal vision and were allowed to respond at their
own pace, which together should have mitigated the influence of motor or perceptual age
differences on memory accuracy. Supporting this, the OAs took approximately twice as long
as YAs to respond yet did so with above-chance accuracy in all conditions. Additionally, the
OAs were just as able as the YAs to recall object locations in switch third person trials,
despite worse performance relative to stay third person trials in both age groups.
Furthermore, age-related spatial memory deficits have previously been found in both
egocentric and allocentric spatial reference frames using real-world tasks as well as virtual

ones (Fernandez-Baizan et al., 2019; Fernandez-Baizan, Arias, & Mendez, 2020). However,
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future studies should ideally still take place in the laboratory, where control tasks can be

administered more easily.

Turning to the VBM results, accuracy in switch first person trials was positively
associated in the OAs with GMV in left AnG and precuneus VOIs, indicating a role for both
regions in the adoption of a first-person perspective during recall rather than first-person
recall more generally. This relationship was most robust in the left AnG, which remained
significant after correcting for multiple tests, but failed to remain significant when the search
volume was expanded in the exploratory VOI and whole brain analyses. Contrary to
expectations based on previously observed associations between hippocampal volume and
allocentric processing in episodic ABM (Hebscher et al., 2018), no association was found
between third-person memory performance and GMV of medial temporal structures such as
the hippocampus, which served as an explicit control region in the exploratory VOI analyses.
However, task difficulty was not fully matched across the different perspective conditions,
with both age groups performing near ceiling in stay third person trials. Accordingly, this null
result might simply reflect insufficient variability to detect an effect of GMV on memory
performance in this condition. Thus, it should be cautioned that the anatomical specificity of

the present findings is uncertain.

While the VBM results are tentative, they are broadly consistent with recent
observations of concomitant activation within the left AnG and precuneus during perspective
shifting (Iriye & St. Jacques, 2018; Marcotti & St. Jacques, 2018; St. Jacques, Szpunar, &
Schacter, 2017). How then might the two parietal regions differ functionally? In line with its
well-established role in mental imagery, the precuneus might first instantiate vivid first-
person visual images during retrieval (Richter et al., 2016). These representations might then
reach consciousness through AnG-mediated multisensory integration within a broader
egocentric context (Bonnici et al., 2018) and online maintenance in working memory
(Humphreys et al., 2021). Under this view, the lack of association between stay first person
trial accuracy and precuneus volume in the present study may be explained by insufficient
evocativeness of the first-person episodes produced by the current task. Although its 3D and
immersive nature better captured some of the properties of veridical episodes when compared
against more standard 2D tasks, the content of episodes generated from this task were lacking
in richness and variety. Therefore, more naturalistic 3D tasks might bring greater clarity to

this issue.
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Although the OA sample size in this study is within the typical range for VBM
analyses, it is probable that the large scan-test interval in this group reduced sensitivity. The
large number of covariates relative to subjects likely also decreased statistical power, and not
all may be necessary. For example, TIV may account for both sex-related and individual
variability in head size (Raz et al., 2004). Nevertheless, a significant association was found
between GMV in the parietal VOIs and switch first person trial performance after controlling
for these covariates, all of which are standard for the type of analysis reported here. Given the
apparent importance of both the left AnG and precuneus in first-person recall, the lack of a
relationship in the current study between GMV in either parietal VOI and stay first person
trial performance is intriguing. While null results are difficult to interpret, it is possible that
the general decline in parietal GMV observed in the OAs relative to the YAs diminished this
relationship, which might be stronger earlier in life. Indeed, analysis of both FreeSurfer
(Hebscher, Levine, & Gilboa, 2018) and VBM (Freton et al., 2013) precuneus volumes has
revealed positive associations with first-person ABM recall in healthy YAs. To the best of
my knowledge, no study until the present one has been conducted on AnG GMV. However,
similar relationships should be detectable in principle, especially in neurologically healthy
YAs.

Finally, the lack of a significant association between first-person recall and right-
hemisphere parietal GMV is interesting given the possibly greater right lateralisation of
egocentric cognition (lachini et al., 2009; Rorden et al., 2012; Russell et al., 2019; Schindler
& Bartels, 2013; Weniger et al., 2009). Russell et al. (2019) recently showed right-damaged
parietal patients to be less able than age-matched controls at identifying their own egocentric
encoding perspective during recall of 3D scenes. In contrast, Ciaramelli et al. (2010b) found
left parietal lesion patients to be more impaired on egocentric spatial navigation tasks than
patients with right parietal damage. However, both patient groups in Ciaramelli et al.’s study
also reported reduced first-person re-experiencing during recall of learned routes, suggesting
both hemispheres, and possibly the interaction between them, may be important to subjective
memory reliving. Supporting this possibility, Russell et al. (2019) used multi-voxel pattern
analysis to show fMRI activity patterns in bilateral parietal regions including the AnG are
sensitive to the same perspective shift judgements made by neurologically healthy OAs as
those performed by their parietal patients, although a smaller set of left parietal regions were
involved in such judgements in YAs. This latter finding is consistent with frequent

observations in the wider neuroimaging literature of more left-lateralised parietal
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involvement during recollection (for reviews, see Vilberg & Rugg, 2008; Rugg & King,
2017; Rugg & Vilberg, 2013) and possibly its subjective experience (e.g., Bonnici et al.,
2016; 2018; Yazar, Bergstrom, & Simons, 2014; 2017). Furthermore, disrupted left AnG
function resulting from non-invasive brain stimulation has also been shown to reduce first-
person (egocentric) ABM (Bonnici et al., 2018). In the future, non-invasive brain stimulation
techniques should be used to isolate the causal contributions of parietal regions such as the
ANG and precuneus, as well as both hemispheres, to subjective episodic memory experience
(as intended before the pandemic).

In conclusion, the experiment presented in this chapter tested whether first-person
(egocentric) episodic recall is impaired in normal ageing using a custom 3D object location
memory task that manipulated both encoding and retrieval perspective in healthy YAs and
OA:s. A general age-related deficit in first-person recall was found. Third-person recall was
impaired to lesser degree and only when the encoding perspective was also third person.
Furthermore, the ability of OAs to adopt a first-person perspective during recall was
positively associated with the GMV of both the left AnG and the precuneus. No
neuroanatomical correlate was identified for first-person recall more generally. Finally, the
GMV of both parietal regions was found decline with age. Future work should examine the
relationship between recall perspective and subjective memory experience, as well as how

that relationship might change during normal ageing.
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Chapter 4: The Visuospatial Perspective of Episodic Memory in Aphantasia

The study presented in the final experimental chapter of this thesis investigated
whether aphantasics, individuals with self-reported voluntary mental imagery deficits, are
impaired at episodic memory recall from a first-person versus third-person visuospatial
perspective. The 3D object location memory task used in the study reported in the previous
chapter was modified for the present one to allow objective and subjective measures of
memory for both object and spatial features to be taken under different perspective
conditions. Aphantasic participants were unimpaired relative to controls on all measures of
objective memory performance, but exhibited weaker experience of imagery and lower
overall subjective vividness ratings on the memory task. These results add to recently
emerging evidence for a possible subtype of aphantasia characterised by differences in the
conscious awareness of mental imagery, rather than a deficit in mental imagery itself. In both
groups, however, object features were remembered in higher fidelity when studied and tested
in first person versus third person, suggesting a first-person perspective might facilitate
subjective memory reliving by enhancing the representational quality of scene contents.
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Introduction

In most individuals, mental imagery—the ability to represent sensory information in
the absence of perception (Pearson et al., 2015)—pervades subjective mental experience. For
example, mental imagery allows us to direct our senses inward and ‘see’ with our mind’s eye
the contents of a dream or ‘hear’ with our mind’s ear the voice of a loved one. More
concretely, visual mental imagery is thought to support numerous cognitive faculties,
particularly visual working memory and episodic processing (Pearson, 2019), where visual
mental imagery is typically evoked during the recollection of personal events (i.e., episodic
memory) or while imagining future or counterfactual ones (i.e., episodic simulation)
(Schacter et al., 2012; Schacter & Madore, 2016). Furthermore, the subjective richness of
episodic processing has been associated with visual mental imagery (D’ Argembeau & van
der Linden, 2006), the capacity for which can be trained to possibly improve
autobiographical memory (ABM) in a variety of conditions (Ernst et al., 2013; Hussey et al.,
2013; Vranic, Martincevic, & Borella, 2021). Although mental imagery has long been
reported to vary across individuals (Galton, 1888), the study of mental imagery extremes has
only recently received renewed scientific interest. Of relevance to this study, a minority of
individuals self-report a profound weakness in, or a complete inability to form, voluntary
visual mental imagery. This phenomenon has recently been termed ‘aphantasia’ (Zeman,

Dewar, & Della Sala, 2015).

Aphantasia is estimated to occur in approximately 2-4% of the general population and
is usually congenital (Dance, Ipser, & Simner, 2022; Faw, 2009; Zeman, Dewar, & Della
Sala, 2015; Zeman et al., 2020), although it can also be acquired through psychiatric
disturbances or brain injury (Bartolomeo, 2008; Farah, 1984; Zago et al., 2011; Zeman et al.,
2010). Moreover, while aphantasia is typically identified via subjective self-reports such as
with the Vividness of Visual Imagery Questionnaire (VVIQ; Marks, 1973), the condition is
considered by many to reflect a true deficit in voluntary mental imagery ability rather than
impaired metacognition. For instance, aphantasics show little imagery-based priming in
binocular rivalry tasks (Keogh & Pearson, 2018), where the separate presentation of different
images to each eye normally results in the dominance of one and suppression of the other
from consciousness (Pearson, 2014). Imagining previously viewed images after a delay
period also fails to elicit a pupillary light reflex in aphantasics, which is an automatic
physiological response that indexes perceptual luminance but has also been demonstrated to

track the trial-by-trial strength and vividness of mental imagery in those with typical mental
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imagery (Kay et al., 2022). Similarly, aphantasics show flat-line levels of skin conductance
while imagining fear-inducing scenarios, unlike controls (Wicken, Keogh, & Pearson, 2021).
However, recent evidence suggests that not all aspects of visual mental imagery are impaired
equally in people with aphantasia.

Visual mental imagery is thought to be dissociable into object and spatial
subcomponents (Farah et al., 1988; Levine, Warach, & Farah, 1985), evoking the behavioural
and neural distinctions between the ventral (i.e., “what pathway”) and dorsal (i.e., “where
pathway”’) processing streams (Hickok & Poeppel, 2004). Indeed, the primary visual cortex is
frequently associated with both visual perception and visual mental imagery, highlighting the
overlap between these two faculties (Bartolomeo, 2000; Ganis, Thompson, & Kosslyn, 2004;
Kossyln, Ganis, & Thompson, 2001; Pearson, 2019; Pearson et al., 2015; Winlove et al.,
2018). Object imagery refers to low-level perceptual visual representations of attributes such
as size, shape, colour, or brightness. By contrast, spatial imagery relates to the representation
of environments including the spatial configurations among or within objects, their locations,
and movements. On self-report measures such as the Object-Spatial Imagery Questionnaire
(Blajenkova, Kozhevnikov, & Motes, 2006), aphantasics indicate difficulties with object, but
not spatial, imagery (Bainbridge et al., 2021; Dawes et al., 2020; 2022; Koegh & Pearson,
2018). Furthermore, both acquired (Zeman et al., 2010) and congenital (Pounder et al., 2022)
aphantasics are as accurate as controls on mental rotation tasks, which require manipulation
of visuospatial representations. Based on such evidence, some have suggested aphantasia to
dissociate along the classic “what” and “where” processing pathways (Pearson, 2019).
However, on mental rotation tasks, aphantasics generally do not exhibit the expected linear
increase in response with increased angular disparity between different presented object
orientations (Pounder et al., 2022; Zeman et al., 2010; but see Zhao et al., 2022), suggesting
alternative strategy use in tasks tapping spatial imagery also. Similarly, the rotation-related
negativity, an electrophysiological correlate of spatial transformations, has been shown to be
absent in a patient with acquired aphantasia (Zhao et al., 2022). Related to this, aphantasics
also often score higher on autism traits including difficulties with theory of mind (Dance et
al., 2021), which is thought to depend on the ability to adopt alternative visuospatial
perspectives (Conson et al., 2015; Gauthier et al., 2018; Kessler & Wang, 2012; Pearson et
al., 2014).

While aphantasia is defined by deficits in visual (i.e., object) imagery, other areas of

cognition also seem to be impaired. For example, many aphantasics report difficulty with
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recognising faces (Dawes et al., 2020), possibly due to their visual mental imagery deficits
(Grdter et al., 2009). Most strikingly, however, most aphantasics report remarkable deficits in
episodic memory and simulation, as suggested by the importance of mental imagery in these
domains. In the first large-scale questionnaire-based study to explore the cognitive profile of
aphantasia, aphantasics reported less vivid and phenomenologically rich autobiographical
memories (ABMs) and imagined future scenarios than controls (Dawes et al. (2020). In a
recent large sample online study, Bainbridge et al. (2021) used a 2D drawing task to show
that aphantasics are impaired at recalling object, but not spatial, memory features, consistent
with the overall pattern of their reported imagery deficits. However, mental imagery often
involves the adoption of particular visuospatial perspectives (Libby & Eibach, 2011), which
has not yet been investigated in aphantasia. Indeed, a first-person self-referential (i.e.,
egocentric) visuospatial perspective is thought to play an important role in subjective memory
reliving and broader autonoetic consciousness (Simons, Ritchey, & Fernyhough, 2022;
Zaman & Russell, 2022). Furthermore, while the primary visual cortex has been posited as a
likely substrate for the visual buffer (Kosslyn, 2005), and transcranial magnetic stimulation
thereof has been shown to disrupt visual mental imagery (Kosslyn et al., 1999), patients with
damage to the primary visual cortex do not always show imagery deficits (Bridge et al., 2010;
2012) whereas patients whose primary visual cortex is undamaged can (Moro et al., 2008),
calling into question the necessity of the region in visual mental imagery. Considering this
apparent inconsistency, some have proposed primary visual cortex to be recruited only for
high-resolution visual mental imagery (Daselaar et al., 2010; Kosslyn & Thompson, 2003).
However, other regions have been implicated in visual mental imagery including the
precuneus, which may be preferentially engaged during episodic recall involving vivid first-
person visual mental imagery (Cavanna & Trimble, 2006; Fletcher et al., 1995; Fulford et al.,
2018; Gardini et al., 2006).

The study presented in this chapter tested whether first-person (egocentric) episodic
recall is impaired in people with aphantasia. A mixed design was employed in which
aphantasic and non-aphantasic control participants completed a novel 3D object and spatial
memory task that manipulated visuospatial perspective. The spatial memory component of
the task was adapted from the object location memory task presented in Chapter 3, which
entailed studying object locations in familiar virtual environments from either a first-person
or third-person perspective. As in the previous study, the perspective from which these object

locations were later tested was additionally varied between the same and alternative study
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perspective to test whether aphantasics are impaired at manipulating spatial representations,
based on inconclusive findings from mental rotation tasks (Pounder et al., 2022; Zeman et al.,
2010; Zhao et al., 2022). This resulted in the following four spatial memory conditions: stay
first person (i.e., studied and tested in a first-person perspective), switch first person (i.e.,
studied in third person but tested in first person), stay third person (i.e., studied and tested in a
third-person perspective), and switch third person (i.e., studied in first person but tested in
third person). In the current study, however, object memory was additionally assessed by
varying the colour hue of studied objects, which participants then had to reproduce during
test in a continuous report task (Richter et al., 2016). Thus, there were two object memory

conditions: study first person and study third person.

Given the similarity between the spatial memory component of the current task and
the object location memory task in Chapter 3, a similar overall pattern of performance was
expected. Specifically, first-person spatial recall was predicted to be generally less accurate
than third-person spatial recall. Moreover, an asymmetric perspective switch cost was
predicted, with switch third person trials being recalled less accurately than switch first
person trials, relative to the respective perspective stay trials (Marcotti & St. Jacques, 2018;
Marcotti & St. Jacques, 2022). Despite benefitting spatial memory accuracy (Iriye & St.
Jacques, 2021), third-person recall was predicted be rated as less vivid in general than first-
person recall (Libby & Eibach, 2002). In aphantasics, the limited previous literature means
that predictions must be speculative, but the subjective vividness of recall was predicted to be
rated lower overall when compared against controls. Based on the importance of a first-
person visuospatial perspective in subjective episodic memory experience (Simons, Ritchey,
& Fernyhough, 2022; Zaman & Russell, 2022), which has been reported to be diminished in
people with aphantasia (Dawes et al., 2020), first-person (egocentric) spatial memory
performance was predicted to be lower in aphantasics relative to controls. In contrast, third-
person spatial memory was predicted to be relatively unimpaired in aphantasics (Bainbridge
et al., 2021). Finally, aphantasics were predicted to have generally worse object memory
performance than controls, in based on previous observations of imagery (Dawes et al.,
2020) and memory deficits in this domain (Bainbridge et al., 2021).

Materials and Methods

Participants
Participants were assigned to aphantasic and non-aphantasic control groups based on

their score on the VVIQ, which is a widely used non-clinical self-report measure of visual
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mental imagery experience (Marks, 1973). The VVIQ assesses how vividly participants are
able to visualise different scenarios involving people and scenes and shows high reliability
and construct validity across different versions (Campos & Pérez-Fabello, 2009; McKelvie,
1995). As there is currently no consensus on the appropriate cut-off score to identify
aphantasia, a VVIQ score < 32 was used for the aphantasic sample in the present study (see
Figure 1 for histogram of VVIQ scores in both imagery groups). While more conservative
thresholds have been used (e.g., <25 in Bainbridge et al., 2021), a cut-off score of 32
nonetheless corresponds to very weak visual mental imagery across all questionnaire items
and was used recently in an influential questionnaire-based cognitive characterisation of

aphantasia (Dawes et al., 2020)
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Figure 1. Histogram of VVIQ scores for aphantasic and control groups. The dotted vertical line

indicates the a priori VVIQ cut-off score of 32 used to define aphantasia in this study.

Aphantasics. 20 congenitally aphantasic individuals (35% male) with a mean VVIQ
score of 17.70 (SD = 3.18, range = 16 — 28), mean age of 26.70 (SD = 5.01, range = 18 — 35),
and an undergraduate median education level were included in the analyses. The self-reported
imagery experience of the current aphantasics closely aligned with that documented in large
sample surveys of the condition (mean VVIQ = 17.50; n aphantasics = 2267; Dawes et al.,
2020; Zeman et al., 2020). Furthermore, the majority of aphantasic participants (n = 14)
reported a complete absence of visual mental imagery (VVIQ = 16). An additional eight
aphantasic participants were tested but excluded due to study non-completion, excessive

anticipatory responses, or below chance mean performance in the object or spatial
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components of the memory task, averaged across conditions. Aphantasic participants were

recruited from various online aphantasic communities on Reddit and Facebook.

Controls. 27 non-aphantasic individuals (44% male) with a mean VVIQ score of
51.37 (SD =11.20, range = 34 — 72), mean age of 27.73 (SD = 5.60, range = 20 — 35), and an
undergraduate median education level were included in the analyses. No control participants
had VVIQ scores indicating the opposite extreme of mental imagery experience to
aphantasia, hyperphantasia (VVIQ > 75; Zeman, Dewar, Della Sala, 2015; Zeman et al.,
2020). A further 17 control participants were tested but excluded from analysis due to early
withdrawal from the study, excessive anticipatory responses, or below chance mean
performance across conditions in either component of the memory task. All control

participants were recruited from the online testing platform Prolific (www.prolific.co).

All participants reported native-like English proficiency, had normal or corrected-to-
normal colour vision, and confirmed they had no current or historical diagnoses of
developmental, psychiatric, or neurological conditions. Participants gave informed consent
prior to testing and were remunerated in a manner approved by the University of Cambridge
Human Biology Research Ethics Committee. As with the study presented in Chapter 3,
pandemic-related disruptions prevented attainment of the intended group sample sizes (n =
32). Nevertheless, the samples collected here are comparable in size to those of many other
task-based studies of aphantasia (e.g., Keogh & Pearson, 2018; Keogh, Wicken, & Pearson,
2021; Pounder et al., 2022).

Stimuli

Stimuli consisted of 80 target and 40 landmark object images. Target stimuli were a
subset of object images used by Brady et al. (2013), which were colour-rotated in 360°
CIELAB perceptually uniform colour space (International Organization for Standardization,
2019) to randomly vary their hue at study and test (see Figure 2 for an example of a colour-
rotated target stimulus). The CIELAB colour space is well suited for continuous
manipulations of colour as a given distance between two colours in this space approximates
their perceptual colour distance. This property of the CIELAB colour space has previously
been leveraged to investigate the fidelity of both working memory (e.g., Bays, Catalao, &
Husain, 2009; Zhang & Luck, 2008; Panichello et al., 2019) and long-term memory (e.g.,
Brady et al., 2013; Korkki et al., 2020; Richter et al., 2016). However, to minimise potential

biases in colour memory, only objects without specific colour associations were selected for
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use as target stimuli this study. By contrast, landmark stimuli, which represented natural and
manmade environmental features, were identical to those used in the previous study.
Additionally, both targets and landmarks had the same pixel resolution and dimensions in
virtual meters (vm) as in the previous study. These stimuli were likewise presented as view
plane-aligned 2D sprites to equate the amount of perceptual information associated with each

object, regardless of vantage point.

Figure 2. An example target object stimulus, colour-rotated in 60° increments. Note that colour hue

was allowed to vary continuously during the actual experiment.

Procedure

In a mixed design, aphantasic and control participants completed a novel computer-
based 3D object and spatial memory task and two questionnaires relating to mental imagery
and memory experience. Both the memory task and questionnaires were completed in a
single online testing session, and their order was counterbalanced across participants. The
memory task presented in this chapter was based on the task used in the previous study and
closely followed its procedure (for details, see the Methods section of Chapter 3), except for
the test phase. To recapitulate, the main task consisted of 10 testing blocks, with each
comprising an exploration, study, arithmetic, and test phase. In the exploration phase,
participants familiarised themselves with the circular testing environment from both first-
person and third-person perspectives. The testing environment changed with every block and
was differentiated by four unique external landmarks placed in cardinal directions just
beyond the boundary wall. Importantly, these landmarks aided locational memory and served
as stable orientation cues when in first person. Next, in the study phase, participants learned
the colour and location (relative to the landmarks) of eight target objects. These target objects
were presented in a sequence at random locations within the testing environment. Participants
then solved self-paced simple arithmetic problems for 30s to prevent working memory
rehearsal before finally beginning the test phase (see Figure 3 on next page for schematic
illustration of the task).

80



Chapter 4

either

Figure 3. Schematic representation of a testing block in the object and spatial memory task.
Participants initially familiarised themselves with the testing environment during the exploration phase
(not shown). A) Then, in the study phase, participants learned the colour and location of eight target
objects. These target objects were presented in a series at random locations in the testing
environment, which were viewed from either a first-person (left) or third-person (right) perspective.
After the study phase, participants solved simple self-paced arithmetic problems for 30s (hot shown).
B) Finally, in the test phase, studied target objects were first cued (top) before participants made
subjective memory imagery vividness ratings on (not shown), then reproduced, their object (middle)
and spatial memory features, the latter of which were tested in the same or alternative studied
perspective (bottom left or right). Vividness ratings always preceded feature reproduction, but object
and spatial memory assessment order randomly varied. Note that target object size has been

increased for clarity in this figure.
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The test phase of the present task differed significantly from that of the previous
study. In the test phase, participants rated the vividness of, and reproduced, both the colour
(i.e., object memory) and location (i.e., spatial memory) of the eight target objects studied
earlier in the block. No unstudied objects were tested. This resulted in a total of 80 test trials
in the main task. These trials were equally split across first person and third person
perspective conditions in the object memory assessment (i.e., 40 target object colours were
studied in first-person and 40 in third-person), which were further divided into perspective
switch and stay conditions in the spatial memory assessment (i.e., 20 target object locations
were studied and tested in first person, 20 were studied in third person but tested in first
person, 20 were studied and tested in third person, and 20 were studied in first person but
tested in third person). Furthermore, these conditions were pseudorandomly allocated to each
test phase in equal proportions. All test trials began with the presentation of a black central
fixation cross for 500ms. This was followed by the cueing of a studied object in greyscale for
1s., then the object and spatial memory assessments. Both feature assessments were separated
by a 500ms-long black central fixation cross and their order was randomised across trials.
However, the vividness of both memory features was assessed before feature reproduction.
This was done to eliminate the influence of memory performance on subjective vividness
ratings (Richter et al., 2016).

Object memory. The object memory assessment was adapted from the continuous
report task developed by Richter et al. (2016). First, participants rated the subjective
vividness with which they could remember a cued target object’s studied colour. To increase
the likelihood that these task-based vividness ratings would tap the same construct of mental
imagery as the VVIQ, the same language was used to define the ratings scale. These ratings
could span a continuum ranging from 0 (i.e., “no imagery at all” for colour) to 100 (i.e.,
colour imagery “as vivid as sight”) and were made using a horizontal response slider.
Participants indicated the level of colour vividness by holding the ‘a’ or ‘d’ keyboard keys to
move the slider left or right. Both the ratings slider and this scale remained on-screen until
participants made a response by pressing the ‘space’ key or the 10s deadline was reached.
Following the vividness rating, participants had up to 15 seconds to reproduce the studied
colour hue of the cued target object as precisely as they could from memory. The target
object remained on-screen during this period and was initially presented in a random hue that
differed from its original. Participants adjusted the colour hue of the target object by holding

the ‘a’ or ‘d’ keys to move a response slider that encircled the target clockwise or counter-
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clockwise. As with the vividness rating, participants submitted their response by pressing the

‘space’ key.

Spatial memory. Participants first rated the vividness with which they could remember
a cued target object within the greater scene. Like the object memory assessment, these
ratings were made using the same continuous scale, response slider, and controls and within
the same 10s response deadline. Similarly, participants then had up to 15s to precisely
reproduce the target object’s studied location from memory. This (objective) part of the
spatial memory assessment was identical to the test phase of the previous study (see Chapter
3 for details). Briefly, the testing environment in which these responses were made was
viewed from either the same (i.e., perspective stay condition) or alternative (i.e., perspective
switch condition) studied perspective of the target object. At the start of this period,
participants were placed in the environment’s centre and faced a random direction when in
first person whereas the camera was placed at fixed height facing down toward the ground
when in third person. Viewpoint could be adjusted in both conditions by rotating the first-
person camera left/right or zooming the third-person camera in/out using the computer
mouse/trackpad. Participants pressed the ‘w’, ‘a’, ‘s’, and ‘d’ keys to move a black crosshair,
placed on the ground ahead of the first-person camera or centred under third-person camera,

to precisely indicate a given target object’s studied location. Responses were submitted by

pressing the ‘space’ key.

Questionnaires

Measures of general mental imagery and memory experience were obtained for each
participant using the VVIQ and the Survey of Autobiographical Memory (SAM; Palombo et
al., 2013) self-report questionnaires, respectively. The VVIQ consists of 16 items to which
participants rate their level of agreement with statements related to person and scene visual
mental imagery. VVIQ items are rated using a 5-point Likert scale, with ratings of 1
corresponding to “no image at all, you only ‘know’ that you are thinking of the object” while
ratings of 5 correspond to imagery “perfectly clear and as vivid as normal vision”. VVIQ
scores range from 16 to 80. The SAM has 26 items and measures agreement level with
statements related to various memory abilities. Like the VVIQ, SAM items are rated using a
5-point scale, with a score of 1 corresponding to “strongly disagree” while a score of 5
corresponds to “strongly agree”. The total SAM score, as well as separate scores for the
episodic, semantic, spatial, and future subcomponents, were derived from item-specific

weights for each response using materials provided by the questionnaire’s creators.
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Task measures and analysis

The main analysis was performed on mean object and spatial memory performance
and their corresponding imagery vividness ratings. Raw object memory errors were
quantified as the absolute angular deviation between a given target object’s studied colour
hue and the hue reproduced by a participant (range = 0-180°). However, raw errors on
continuous report tasks like the one used here to probe object memory are thought to reflect
both the overall success and varying precision of episodic memory retrieval, properties that
have been separated behaviourally (Harlow & Yonelinas, 2016) and neurally (Richter et al.,
2016) using probabilistic mixture modelling (Bays et al., 2009; Zhang & Luck, 2008).

Given that a measure of the precision of object memory retrieval rather than its
overall success is more likely to be sensitive to mental imagery-based deficits, which might
otherwise be compensated for using alternative (e.g., verbal) strategies (Keogh, Wicken, &
Pearson, 2021), a mixture model was fitted to the raw object memory errors for each task
condition and in each participant. These mixture models had two components: a von Mises
circular normal distribution centred at a mean raw error of 0°, with a concentration parameter
Kappa (K), and a circular uniform distribution representing the probability of random guesses
(pU). Retrieval success (pT) was calculated as the probability of responses emanating from
the von Mises distribution versus the uniform distribution (pT = 1 — pU ), whereas retrieval
precision (K) was the concentration of the von Mises distribution. pT ranged from O (i.e.,
complete retrieval failure) to 1 (i.e., complete retrieval success), with 0.5 reflecting random
guesses. By contrast, K had a minimum value of 0, reflecting a perfectly uniform response

distribution, with increasing values indicating increasing levels of object memory precision.

As in the previous study, raw spatial memory errors reflecting the Euclidean distance
between a given target object’s studied location and the location indicated by a participant
were converted to memory scores (MS), which correct for location-specific differences in
difficulty (for details on this computation, see the Methods section of Chapter 3). MS ranges
from O (i.e., worst possible performance) to 1 (i.e., perfect performance), with 0.5
corresponding to chance-level performance. Median response time (RT) was also examined
for both object and spatial memory task components. As in Chapter 3, trials in which no
responses were given or given within 500ms were excluded from analysis (5% of all trials in

control participants and 6% of all trials in aphantasic participants in the present study).
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All analyses were conducted using R Statistical Software (v4.1.2; R Foundation for
Statistical Computing, Vienna, Austria). Linear mixed models were run on mean object and
spatial memory vividness ratings and performance measures using the ‘lme4’ package (Bates
et al., 2015). All models were fitted via restricted maximum likelihood parameter estimation
and all models included the between-subjects fixed factor of imagery group (controls,
aphantasics). However, these models differed in their number of within-subjects fixed factors.
The object memory model had a single within-subjects fixed factor of study perspective (first
person, third person), representing the perspective in which a given object feature was studied
and tested. As visual perspective was additionally manipulated in the spatial memory
component of the task during the test phase, the corresponding model had two within-subjects
fixed factors of switch status (stay, switch) and test perspective (first person, third person).
These fixed factors were represented using effects coding as their interactions were of chief
concern (Singmann & Kellen, 2019). Under this scheme, fixed factor coefficients indicate the
deviation of each factor level from the grand mean, represented by the intercept. Finally, all
models accounted for repeated measures by including a by-subject random intercept (Barr,
2013; Barr et al., 2013). The general form of the object (1) and spatial (2) memory models are

provided below in Ime4 syntax:
object ~ imageryGroup * studyPerspective + (1 | subject) 1)
spatial ~ imageryGroup * switchStatus * testPerspective + (1 | subject) (2)

Model assumptions were evaluated by inspecting standard diagnostic residual plots.
Outliers were detected using the interquartile range method (i.e., values greater than 1.5x the
interquartile range). The influence of outliers, where present, was checked by re-running
analyses without the subjects who contributed them. As in the previous chapter, p-values for
the fixed effects were calculated using Satterthwaite degrees of freedom approximation
(Satterthwaite, 1941), implemented in the ‘ImerTest’ package (Kuznetsova, Brockhoff, &
Christensen, 2017). Significant interactions were followed up on with simple contrasts on the
estimated marginal means using the “modelbased” package (Makowski et al., 2020). All tests
were two-sided and used a canonical alpha level of 0.05. Exact p-values are reported to three

decimal places (unless p < 0.001).

85



Chapter 4

Results

Demographics and questionnaires

Demographics. Due to unequal sample sizes, a Welch’s two-sample t-test assuming
unequal between-group variances was conducted on age and found no significant difference
between aphantasic and non-aphantasic participants (t(42.94) = 0.66, p = 0.514). These
groups did not significantly differ in the proportion of males and females as determined by a
Fisher’s exact test of independence on the sex count data (p = 0.551, Fisher’s exact test). A
Mann-Whitney U test was performed on formal education level and similarly found no
significant between-group difference (W = 304, p = 0.295). Together, these results indicate
aphantasic and control groups were matched on all demographic variables (see Table 1 for

descriptive statistics).

Table 1. Mean (SD in brackets) participant demographic and questionnaire data.

Variable Controls (n = 27) Aphantasics (n = 20) p-value
Age 27.73 (5.60) 26.70 (5.01) 0.5142
Sex 12 male, 15 female 7 male, 13 female 0.551°
Education undergraduate undergraduate 0.295¢
WIQ 51.37 (11.20) 17.70 (3.18) < 0.0012
SAM 93.83 (12.28) 84.90 (12.71) 0.0202
Episodic 99.62 (13.75) 86.69 (13.01) 0.0022
Semantic 95.12 (13.70) 97.45 (17.90) 0.6302
Spatial 90.70 (18.08) 87.49 (18.56) 0.5572
Future 90.81 (10.75) 79.43 (2.33) < 0.0012

Note. VVIQ = Vividness of Visual Imagery Questionnaire, SAM = Survey of Autobiographical
Memory. The median education level is reported.

a Tested using a two-sided Welch’s two-sample t-test.

b Tested using a two-sided Fisher’s exact test of independence.

¢ Tested using a two-sided Mann-Whitney U test.

Questionnaires. Welch’s two-sample t-tests assuming unequal between-group
variances were performed on the VVIQ, SAM composite, and SAM component scores (see
Table 1). On the VVIQ, aphantasic participants reported significantly less vivid visual mental
imagery than controls (t(31.46) = 14.83, p < 0.001). Aphantasic participants also reported
significantly worse overall memory ability than controls, as measured by the SAM composite
score (1(40.29) = 2.42, p = 0.020). Consistent with a selective deficit in episodic cognition,
however, aphantasics reported significantly lower ability in episodic memory (t(42.27) =
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3.29, p = 0.002) and future event prospection (t(29.25) = 5.33, p < 0.001), but not in semantic
memory (t(34.34) = -0.49, p = 0.630) or spatial memory (t(40.48) = 0.59, p = 0.557).

Object memory

Vividness. The model on object memory vividness (Figure 4A) had a significant
intercept (5 = 48.53, SE = 3.58, t(45) = 13.56, p < 0.001). As predicted, there was a
significant main effect of imagery group (8 = 14.07, SE = 3.58, t(45) = 3.93, p < 0.001),
where aphantasic participants rated their object memory vividness lower than controls (see
Table 2 for descriptive statistics). There was no significant main effect of study perspective (8
=0.39, SE =0.36, t(45) = 1.08, p = 0.285) or a significant imagery group x study perspective
interaction (# = -0.10, SE = 0.36, t(45) = -0.28, p = 0.784). No outliers were detected in these
data. For descriptive statistics of the vividness ratings and performance measures on the
object memory component of task, see Table 2 below.

Table 2. Mean (SD in brackets) object memory vividness and performance measures.

Condition Controls Aphantasics
Vividness pT K RT Vividness pT K RT
First person 62.89 0.81 11.09 4.72 34.95 0.83 11.25 5.00
(15.30) (0.13) (7.70)  (1.13) (32.94) (0.15) (5.14) (1.37)
Third person  62.31 0.82 8.11 5.01 33.98 0.80 8.73 5.38

(15.68) (0.13)  (5.19) (1.32) (32.80) (0.21)  (455)  (1.36)
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Figure 4. Mean object memory vividness ratings (A) and retrieval success (B, left) and precision (B,
right) measures across imagery groups and task perspective conditions. Error bars denote SEM.

Retrieval success. The model on object memory retrieval success (see Figure 5B, left)
had a significant intercept (4 = 0.81, SE = 0.02, t(45) = 39.34, p < 0.001). There were no
significant main effects of imagery group (# < 0.01, SE = 0.02, t(45) = 0.02, p = 0.980) or
study perspective (8 <0.01, SE <0.01, t(45) = 0.62, p = 0.540). Likewise, there was no
significant imagery group x study perspective interaction (5 < -0.01, SE < 0.01, t(45) = -1.20,
p = 0.230). One outlier participant was detected, but their exclusion did not influence the

results.

Retrieval precision. The model on object memory precision (see Figure 3B, right) had
a significant intercept (8 = 9.80, SE = 0.76, t(45) = 12.87, p < 0.001). Contrary to my
prediction, there was no significant main effect of imagery group (8 =-0.20, SE = 0.76, t(45)
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=-0.26, p =0.797). However, there was a significant main effect of study perspective ( =
1.38, SE =0.42, t(45) = 3.24, p = 0.002), where object memory was generally recalled with
higher fidelity when studied in a first-person versus a third-person perspective (see Table 2).
There was no significant imagery group x study perspective interaction (4 = 0.12, SE = 0.42,
t(45) = 0.27, p = 0.787). Excluding outlier participants (n = 5) did not affect the results.

Raw error. For completeness, raw object memory errors, which were not derived
from mixture modelling, were also analysed. This model had a significant intercept (8 =
30.35, SE = 1.71, t(45) = 17.72, p < 0.001). Mirroring the analyses of pT and K, there was a
significant main effect of study perspective (f =-1.72, SE = 0.63, t(45) =-2.71, p = 0.010),
but no significant main effect of imagery group (# = 1.12, SE = 1.71, t(45) = 0.66, p = 0.516)
or a significant imagery group x study perspective interaction (# = 0.645, SE = 0.63, t(45) =
1.02, p = 0.314), suggesting the lack of group differences in object memory retrieval success
and precision were unlikely to be attributable to the modelling approach used to derive those

measures. One outlier participant was excluded, but the results did not change.

Response time. Finally, the model on object memory RTs (see Table 2) had a
significant intercept (f = 5.03, SE = 0.19, t(45) = 27.08, p < 0.001). There was no significant
main effect of imagery group (# = -0.16, SE = 0.19, t(45) =-0.88, p = 0.390), but there was a
significant main effect of study perspective (5 = - 0.16, SE = 0.04, t(45) = -4.19, p < 0.001).
The imagery group x study perspective interaction was not significant (f = 0.02, SE = 0.04,
t(45) = 0.59, p = 0.558). Two outlier participants were detected, but their removal did not
change the results.

Spatial memory

Vividness. The model on spatial memory vividness (see Figure 4A) had a significant
intercept (5 = 38.32, SE = 3.24, t1(45) = 11.83, p < 0.001). As in the object memory analysis,
there was a significant main effect of imagery group (f = 12.93, SE = 3.24, t(45) = 3.99, p <
0.001), where aphantasic participants rated their spatial memory vividness lower than
controls. There were no significant main effects of switch status (8 =-0.37, SE = 0.49, t(135)
=-0.76, p = 0.447) or test perspective (# = 0.06, SE = 0.49, t(135) = 0.13, p = 0.899). There
was, however, a significant switch status x test perspective interaction (f = -1.55, SE = 0.49,
t(135) = -3.18, p = 0.002), but no significant imagery group x switch status (f = 0.35, SE =
0.49, t(135) = 0.71, p = 0.477) or imagery group X test perspective (f = -0.04, SE = 0.49,
t(135) =-0.09, p = 0.931) interactions. Finally, the imagery group x switch status x test
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perspective interaction was significant (f = -1.28, SE = 0.49, t(135) = -2.63, p = 0.010).
Excluding outlier participants (n = 3) did not change the pattern of results. See Table 3 below

for descriptive statistics of all spatial memory measures.

Table 3. Mean (SD in brackets) spatial memory vividness and performance measures.

Condition Controls Aphantasics

Vividness MS RT Vividness MS RT

First person

Stay 47.86 0.75 5.31 25.44 0.77 5.03
(15.63) (0.09) (1.51) (27.18) (0.11) (1.60)
Switch  52.50 0.78 5.53 28.10 0.81 5.16
(18.91) (0.13) (1.72) (29.53) (0.11) (1.76)
Third person
Stay 52.65 0.85 4.06 26.26 0.85 3.64
(19.64) (0.10) (1.79) (27.92) (0.12) (1.46)
Switch  47.29 0.76 4.16 26.83 0.78 3.64
(16.32) (0.09) (1.88) (27.20) (0.11) (1.30)
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Figure 5. Mean spatial memory vividness ratings (A) and MS (B) across imager groups and switch
status and test perspective task conditions. Error bars denote SEM.

To decompose the significant three-way interaction in the analysis of spatial memory
vividness, the simple effects of imagery group, conditioned on switch status x test
perspective, were initially investigated. Relative to the aphantasic participants, control

participants had significantly higher vividness ratings in both stay first person (4 = 30.30, SE
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=6.72, t(46) = 4.50, p < 0.001) and switch first person (5 =34.90, SE = 6.72, t(46) =5.19, p <
0.001) trials. Likewise, control participants rated their vividness significantly higher than
aphantasics in both stay third person trials (5 = 34.70, SE = 6.72, t(46) = 5.16, p < 0.001) and
switch third person trials (8 = 28.9, SE = 6.72, t(46) = 45.80, p < 0.001).

The simple effects of test perspective, conditioned on imagery group and switch
status, were then examined. Stay first person vividness ratings were significantly lower than
stay third person vividness ratings in control participants (5 = -5.63, SE = 1.88, t(114) = -
2.99, p = 0.003) but not aphantasic participants (8 =-1.20, SE = 2.71, t(114) =-0.44,p =
0.660). In comparison, switch first person vividness ratings were significantly higher than
switch third person vividness ratings in control participants (5 = 5.71, SE = 1.88, t(114) =
3.03, p = 0.003) but not aphantasic participants (8 =-0.26, SE = 2.71, t(114) =-0.10, p =
0.924).

Finally, the simple effects of switch status, conditioned on imagery group and test
perspective. Vividness ratings in stay first person trials were significantly lower than in
switch first person trials in control participants (5 = -5.71, SE = 1.88, t(114) =-3.04, p <
0.003), whereas this difference was not significant in aphantasic participants (4 = -11.11, SE
=2.71,1(114) = -0.410, p = 0.683). In contrast, stay third person vividness ratings were
significantly higher than switch third person vividness ratings in control participants (8 =
5.62, SE = 1.88, t(114) = 2.99, p = 0.003) but not in aphantasic participants (5 =-0.17, SE =
2.71,1(114) = -0.06, p = 0.949). Considering the results of the simple effects analyses
together, a crossover interaction is apparent in the control group but not the aphantasic group.
More specifically, spatial memory vividness is higher in those with typical imagery when
object locations are studied in third person versus first person, irrespective of the test
perspective. On the other hand, those with atypical imagery have lower spatial memory

vividness in general.

Memory score. The model on spatial memory score (see Figure 4B) had a significant
intercept (5 = 0.80, SE = 0.01, t(45) = 63.85, p < 0.001). There were significant main effects
of switch status (# = 0.01, SE < 0.01, t(135) = -3.13, p = 0.024) and test perspective (5 = -
0.02, SE < 0.01, t(135) = -3.13, p = 0.002), but not imagery group (5 < -0.01, SE = 0.01, t(45)
=-0.20, p = 0.845). There was a significant switch status X test perspective interaction (5 = -
0.03, SE < 0.01, t(135) =-6.19, p < 0.001) but not imagery group x switch status (f# < 0.01,
SE < 0.01, t(135) = 0.28, p = 0.781) or imagery group X test perspective ( < -0.01, SE <

92



Chapter 4

0.01, t(135) = -0.49, p = 0.624). The imagery group X switch status X test perspective
interaction was not significant (8 < 0.01, SE < 0.01, t(135) = -1.18, p = 0.240). Excluding
outlier participants (n = 2) did not influence the results.

The significant switch status x test perspective interaction in the analysis of spatial
memory score was decomposed by examining the simple effects of test perspective,
conditioned on switch status, and averaged over imagery group. As predicted, stay first
person MS was significantly lower than stay third person MS (# = -0.09, SE = 0.01, t(135) = -
6.59, p < 0.001), suggesting that spatial memory accuracy is generally less accurate when
studied and tested in first person versus third person. In comparison, however, switch first
person MS was significantly higher than switch third person MS (# = 0.03, SE = 0.01, t(135)
=2.16, p = 0.032). Together, these results indicate that a third person perspective, whether

encoded as such or adopted during subsequent retrieval, enhances spatial memory accuracy.

Response time. Lastly, the model on spatial memory RTs (see Table 3) had a
significant intercept (8 = 4.65, SE = 0.22, t(45) = 21.41, p < 0.001). The main effect of
imagery group was not significant (8 = 0.26, SE = 0.22, t(45) = 1.21, p = 0.230) but the main
effect of test perspective was (f = 0.73, SE = 0.5, t(135) = 13.50, p < 0.001). There was no
significant main effect of switch status (4 = -0.07, SE = 0.05, t(135) = -1.21, p = 0.23), nor
were there significant interactions of switch status x test perspective (f = -0.4, SE = 0.05,
t(135) = -0.74, p = 0.46), imagery group X switch status (# =-0.02, SE = 0.05, t(135) = -0.37,
p = 0.71), imagery group X test perspective (5 = -0.02, SE = 0.05, t(135) =-0.37, p =0.71), or
imagery group X switch status x test perspective (8 =-0.02, SE = 0.05, t(135) =-0.38, p =

0.71). Three outlier participants were detected, but their exclusion did not affect results.

Influence of mental imagery vividness criteria on task performance

The main analysis was re-run under two alternative VVIQ cut-off(s) to explore
whether the degree of self-rated imagery experience influenced the results. While the
aphantasic participants in the present study had a mean VVIQ of 17.70, which is near the
floor score of 16 as expected, only those reporting a complete absence of mental imagery
were included in the aphantasic group for the first re-analysis. Accordingly, n = 7 aphantasics
were excluded (VVIQ > 16), but no significant main effect of, or interaction with, imagery
group was revealed (all ps > 0.190). In contrast to the aphantasic participants, control
participants had a mean VVIQ of 51.37, which is notably lower than the population mean
VVIQ of 59.20 as suggested by a meta-analysis (McKelvie, 1995). Therefore, the absence of
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any group memory differences may instead be attributable to below average mental imagery
experience in the control group. To address this possibility, all participants were re-classified
according to the stricter cut-off scores of Bainbridge et al. (2021), who found object but not
spatial memory deficits in their aphantasic participants. This resulted in the exclusion of n =1
aphantasic participant (VVIQ > 25) and n = 5 control participants (VVIQ < 40). No

significant group differences emerged in this analysis either (all ps > 0.337).

As n =9 aphantasic participants had mean task-based object and/or spatial memory
vividness ratings near the floor (vividness < 10), the main analysis was also re-run with only
these participants included in the aphantasic group. No significant group differences were
revealed in the re-analysis of model-derived object memory retrieval success or precision
measures (all ps > 0.400). Additionally, in the re-analysis of raw object memory errors, the
main effect of imagery group did not reach significance (8 = 2.92, SE = 1.84, t(36) = -15.56,
p = 0.120), but control participants unexpectedly had numerically greater raw object memory
error than aphantasic participants. Neither the main effect of study perspective nor imagery
group X study perspective interaction was significant in this analysis (both ps > 0.190).
Likewise, in the re-analysis of spatial memory performance, the overall pattern of results
concerning the main effect of imagery group or interactions with this factor did not change
(all ps>0.560).

Relationship between subjective and objective memory measures

As indicated by the apparent lack of agreement between task-based subjective
vividness ratings and objective performance in the aphantasic participants, a subset of those
people with aphantasia might have a deficit in meta-cognitive awareness of mental imagery
rather than in imagery itself (Pounder et al., 2022). To explore this possibility in the present
data, correlations were run within groups on the memory task vividness ratings and
performance measures to see whether their assumed relationship in control participants is
reduced or absent in aphantasic participants. Standard Pearson correlations were run in the
control group. By contrast, rank-based Kendall’s correlations were run in the aphantasic
group to account for floor effects in their VVIQ scores and task-based vividness ratings. The
number of tests was reduced by averaging across task conditions to obtain single measures of
object and spatial memory vividness and performance. As the pattern of results in the main
analysis of the object memory component of the task did not depend on the measure used

(i.e., raw error, retrieval success, and retrieval precision), object memory performance was
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quantified here with the raw errors to further reduce the number of tests. By contrast, spatial

memory performance remained characterised by MS.

First, the correlation between VVIQ score and task-based memory vividness ratings
was checked to see whether these measures tapped the same construct of mental imagery. This
relationship was not significant in the control participants for object memory (r(25) = 0.36, p
= 0.070) but was significant for spatial memory (r(25) = 0.58, p = 0.001). In the aphantasic
participants, there was no significant relationship between VVIQ score and the vividness of
object memory (= = 0.15, p = 0.420) or spatial memory (z» = 0.26, p = 0.160), suggesting the
aphantasic participants might have interpreted the VVIQ and task-based vividness ratings as

measuring different constructs.

Next, the correlation between vividness ratings and performance in the memory task
was examined. In the control participants, this relationship was significant and in the expected
direction for both object memory (r(25) =-0.73, p = < 0.001; see Figure 6, top left) and spatial
memory (r(25) = 0.52, p = 0.006; see Figure 5, bottom left). In the aphantasic participants, the
correlation between vividness ratings and performance was not significant for object memory
(m = -0.09, p = 0.580; see Figure 5, top right), and failed to reach significance for spatial
memory (= = 0.26, p = 0.110; see Figure 6, bottom right).
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Figure 6. Plots showing the relationship between mean vividness ratings and performance for object
(top) and spatial (bottom) memory features in control (left) and aphantasic participants (right). Red-
highlighted datapoints denote the subgroup of aphantasic participants who rated their task-based

memory vividness at floor.

As the correlations between overall object and spatial memory vividness ratings and
performance were significant in the control participants (see Figure 6, left), these relationships
were further broken down in this group by visual perspective. These relationships were
significant for object features studied both in first person (r(25) =-0.79, p < 0.001) and in third
person (r(25) = -0.60, p = 0.001). All but the stay first-person condition of the spatial memory
component of the task were significant (stay first person: r(25) = 0.25, p = 0.200; switch first
person: r(25) = 0.64, p < 0.001; stay third person r(25) = 0.57, p = 0.002; switch third person:
r(25) = 0.60, p = 0.001).
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Finally, two distinct clusters were evident in the aphantasic correlation plots (see Figure
6, right), with one subgroup (n = 9) rating their memory vividness at floor (vividness < 10)
despite wide ranging performance and another subgroup (n = 11) rating their memory vividness
and performance ostensibly more in line with controls. Additionally, it should be noted that
those who rated their memory vividness for object features at floor did so too for spatial
features. Further correlations were run in the latter aphantasic subgroup, which remained non-
significant for object memory (= =-0.09, p = 0.800), but became significant for spatial memory
(mw = 0.78, p < 0.005). The relationship in this subgroup between VVIQ and object memory
vividness ratings stayed non-significant (z» = -0.09, p = 0.700) as did the relationship between

VVIQ and spatial memory vividness ratings (z» = -0.26, p = 0.300).

Discussion

This study investigated whether first-person (egocentric) episodic recall is more
impaired than third-person (allocentric) episodic recall in people with aphantasia. To this end,
a novel 3D object and spatial memory task was employed to assess the effects of visual and
spatial imagery abilities in self-identified aphantasics on subjective and objective measures of
episodic memory. Aphantasic participants showed no deficits in object or spatial memory
performance, despite rating the vividness of both memory features lower than controls.
Moreover, aphantasic participants did not differ from controls in their ability to manipulate
visuospatial representations as indicated by the comparable levels of switch versus stay trial
performance in both groups. Further exploratory correlation analysis revealed a relationship
between task performance and imagery vividness in the control participants but not in the
aphantasic participants. Together, these results suggest that some aphantasics might have a

deficit in meta-cognitive awareness of mental imagery rather than in imagery itself.

Contrary to my necessarily speculative predictions given the limited prior literature,
there were no differences between aphantasic and control participants in object or spatial
memory performance. The apparent lack of an object memory deficit in the current
aphantasic participants is noteworthy given previous subjective self-reports of selective
object imagery deficits (Dawes et al., 2020; Dawes et al., 2022) and recent work by
Bainbridge et al. (2021), who showed object memory to be objectively impaired in
aphantasics, who were tasked with drawing 2D photographs of scenes from memory.
Importantly, Bainbridge et al. (2021) ruled out group differences in perceptual or drawing
abilities as a confound, as their aphantasic participants performed normally on the copy

drawing version of their task. Sex differences in colour perception (for review, see Vanston &
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Strother, 2016) or in working/declarative memory for colour (e.g., Morikawa & Mel, 2003;
Voyer, Voyer, & Saint-Aubin, 2017) are unlikely to explain the current object memory data
as both groups were matched on this variable as well as age and education. The lack of spatial
memory deficits in the current aphantasic participants is consistent with previous findings
that aphantasics typically self-report unimpaired spatial abilities (Dawes et al., 2020) and
perform normally when these abilities are examined objectively (Bainbridge et al., 2021,
Zeman et al., 2015), despite potential measurement biases toward allocentric spatial
cognition. The overall lack of objective memory deficits in the aphantasic participants is
unlikely to reflect data insensitivity as the standard errors for all estimates were small across

the analyses.

It should be cautioned that there may have been sampling bias in the aphantasic group
given that those with abnormally weak mental imagery (VVIQ < 32) were explicitly
recruited. As in the present study, it is not uncommon for the majority of aphantasic
participants to report a complete absence of mental imagery on the VVIQ despite allowances
for individuals with weak mental imagery (Dawes et al., 2020; Zeman, Dewar, & Della Sala,
2015). Yet, when recruitment biases are explicitly controlled for, total aphantasia has been
indicated to be rarer in the general population than “moderate aphantasia” (0.8% versus 3.1%,
respectively; Dance, Ipser, & Simner, 2022). Thus, the strength of any potential imagery-
related memory deficits are likely to have been overestimated rather than underestimated as
compared to those in the true aphantasic population. Moreover, further exploratory analysis
indicated the overall pattern of results was not affected by the severity of aphantasia as
determined by varying the VVIQ cut-off score(s) and task-based memory vividness ratings
used to define it. However, while clear and objective imagery deficits have been previously
found in small samples of aphantasics (e.g., n = 15; Keogh & Pearson, 2018), whether
memory should be impaired to a similar extent with aphantasia is unclear given the paucity of
objective memory studies (see Bainbridge et al., 2021; Monzel, Vetterlein, & Reuter, 2022;
Pounder et al., 2022).

The present study is not the first to find little to no objective evidence for memory
impairment in people with aphantasia (but see Monzel, Vetterlein, & Reuter, 2022, who
found a general impairment of verbal as well as visual short-term and long-term memory). In
a recent study, Pounder et al. (2022) administered various visuospatial working memory and
episodic recognition memory tasks from the Cambridge Neuropsychological Test Automated

Battery (Robbins et al., 1994) to aphantasics and controls. Pounder et al. found no differences
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between aphantasics and controls on any of the tasks, including verbal and visual pattern
recognition memory. Although recognition memory tasks can be completed with good
accuracy based on the vague sense of familiarity rather than detailed recollection (e.g.,
Addante, Ranganath, & Yonelinas, 2012), which is assumed to involve mental imagery in
most individuals, the stimuli used in the visual pattern recognition task were complex,
abstract, and thus not easily represented verbally or symbolically. Such explanations are
harder still to justify for the present study due to the more challenging continuous
visuospatial nature of the memory assessment, although the use of everyday objects might
have enabled verbal strategies to support performance, at least in part. Like the current study,
Pounder et al. (2022) also found no performance differences on any of their
neuropsychological tasks when only aphantasic participants reporting a complete lack of
imagery were re-analysed, although a group difference did emerge for response time in the
mental rotation task, as in a case of acquired aphantasia reported by Zeman et al. (2010).
Finally, while the present study concerned episodic memory, others have failed to find
deficits in aphantasics in visual working memory tasks (Jacobs, Schwarzkopf, & Silvanto,
2018; Keogh, Wickens, & Pearson, 2021), which is surprising given the assumed reliance of
visual working memory on visual mental imagery (Albers et al., 2013). Together, these
findings suggests that, regardless of the degree of their self-reported imagery deficits, some
aphantasics can perform comparably to those with typical mental imagery on tasks
traditionally thought to require mental imagery.

Yet, aphantasics frequently self-report difficulties with ABM in large sample online
questionnaire-based studies (Dawes et al., 2020; Milton et al., 2021; Zeman et al., 2020).
Moreover, Dawes et al. (2022) recently used a modified version of the Autobiographical
Interview (Addis, Wong, & Schacter, 2008) to show that aphantasics recalled specific ABMs
that were less vivid and lacking in sensory and spatial detail. These aphantasics also reported
their recall to be devoid of a particular visual perspective, indicating their profound imagery
deficits. Dawes et al. (2022) further showed the ability to imagine future events was similarly
affected in people with aphantasia (as in Dawes et al., 2020), but to a greater extent than
recalling real personal events, which was taken as evidence for a general imagery-based
deficit in constructing events. Interestingly, the aphantasics in Dawes et al.’s (2022) study
rated real and imagined events as less coherent and lacking in emotion, possibly due to the
absence of a particular visual perspective (Williams & Moulds, 2008), yet found them no less

personally meaningful than did controls. Considering this line of evidence, the disagreement
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between these studies and the present one (as well as Pounder et al., 2022) may be explained
by the method of assessing episodic memory. As noted in the previous chapter, the episodic
events generated from 3D memory tasks may be more naturalistic in some respects than those
from more standard episodic memory tasks, but autobiographical memories should naturally
elicit a greater sense of reliving and more vivid mental imagery than both due to the greater
personal meaningfulness of such episodes. Indeed, there may be multiple forms of episodic
memory, with ABM recall engaging the default mode network, which is associated with an
assortment of subjectively meaningful introspective mental activities, whereas standard task-
based episodic retrieval of materials encoded in the laboratory recruits frontoparietal regions
(Chen et al., 2017; Roediger & McDermott, 2013). However, this explanation is difficult to
reconcile with the selective task-based object memory deficits found in a large sample of
aphantasics by Bainbridge et al. (2021).

One, potentially more compelling, explanation for the present findings is that some
aphantasics might have a latent capacity for mental imagery, which they have no awareness
of, but nevertheless supports a normal level of task performance (Nanay, 2021; Pounder et
al., 2022). While the notion of unconscious mental imagery runs counter to the view that
mental imagery is necessarily conscious (Farah, 1984; Kosslyn, 2005), more current thinking
has entertained this possibility (Brogaard & Gatzia, 2017; but see Kind, 2021). Visual
perception, which shows behavioural and neural overlap with visual mental imagery
(Pearson, 2019; Pearson et al., 2015), may occur without conscious awareness (e.g., Kiefer et
al., 2011), although this concept is, like that of unconscious mental imagery, controversial
(Peters et al., 2017). For example, disrupted primary visual cortex function in blindsight
patients (see Leopold, 2012 for review) or in neurologically healthy individuals with non-
invasive brain stimulation (Boyer, Harrison, & Ro, 2005) can abolish conscious visual
perception while preserving the ability to respond to visual stimuli. More direct evidence for
unconscious visual mental imagery is currently scarce, possibly due to assumptions about the
nature of mental imagery. However, Kwok et al. (2019) recently showed that both the active
imagining and successful imagery suppression of visual stimuli results in comparable levels
of binocular rivalry priming in typical imagers. Critically, Kwok et al. showed the perceptual
presentation of an irrelevant neutral luminous stimulus during active imagery and imagery
suppression, which should interfere only with imagery-based priming in the active imagery
condition, also affected priming in the imagery suppression condition. Using a similar

imagery suppression paradigm, Koenig-Robert & Pearson (2020) were further able to decode
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the content of mental imagery using multivoxel pattern analysis visual brain areas despite
subjects reporting successful imagery suppression, although the subjective nature of such
reports and small sample size should be noted. In another study using the same analytical
methods (Koenig-Robert & Pearson, 2019), both the contents and vividness of mental
imagery could be decoded from activity patterns in primary visual cortex up to 11 seconds
before making conscious mental imagery-based judgements. Together, these findings suggest
that involuntary and non-conscious mental imagery can contribute to task performance in

typical imagers.

Consistent with differences in metacognitive awareness of mental imagery, some
aphantasic participants in the present experiment (n = 4) remarked on the surprising ease with
which they completed the object and/or spatial memory components of the task, despite not
being able to say how they did so. Other aphantasic participants could describe the strategies
they employed, which included verbal or semantic strategies as expected, but these strategies
did not differ from the kind used by control participants (e.g., verbally encoding the colour of
objects or assigning object positions to numbers on a clockface). Additionally, there were no
significant group differences in RT, a measure which has previously been used to detect
alternative non-imagery-based strategy use in aphantasics. However, the strongest evidence
for poor metacognitive awareness of mental imagery in the present aphantasics comes from
the high level of precision with which they remembered visual object features (i.e., colour
hue), which was comparable to that of the control participants, despite their reduced
subjective vividness ratings. As noted previously, selective object imagery deficits are
frequently reported by aphantasics (Bainbridge et al., 2021; Dawes et al., 2020; 2022; Koegh
& Pearson, 2018), which Bainbridge et al. (2021) further showed can carry over into memory
for object features. While alternative strategy use has been favoured in previous studies as an
explanation for unimpaired performance on tasks thought to require mental imagery by
aphantasics (Jacobs, Schwarzkopf, & Silvanto, 2018; Keogh, Wickens, & Pearson, 2021,
Zeman et al., 2010), none have until now examined the fidelity of visual representations,
which should be more sensitive to imagery-based memory impairments when using
continuous measures such as retrieval precision. It should be acknowledged, however, that
alternative mixture models to the one used here can also be applied to continuous report data
(e.g., Bays, 2014), but two-component models describe this type of data well and have
previously been used to behaviourally and neurally separate long-term memory retrieval

success and precision in various populations, including healthy younger adults (Brady et al.,
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2013; Cooper et al., 2017; 2019; Harlow & Yonelinas, 2016; Korkki et al., 2020; 2022;
Richter et al., 2016; Stevenson et al., 2018; Sutterer & Awh, 2016). Moreover, the current
results did not change when a model-free measure of object memory performance, raw
angular colour deviation, was analysed. Thus, the present data is the first to show high-
fidelity visual representations may be intact and accessible at a subconscious level in some

self-identified aphantasics.

Many individuals with aphantasia report experiencing involuntary mental imagery,
either as flashes during wakefulness or during dreaming (Dawes et al., 2020; Milton et al.,
2021; Palermo et al., 2022; Zeman, Dewar, Della Sala, 2015; Zeman et al., 2020), further
supporting the notion that some aphantasics may possess a capacity for mental imagery
necessary to support normal imagery-based task performance. However, the VVIQ, a self-
report measure commonly used to identify aphantasia, explicitly requires respondents to
intentionally generate mental images and thus fails to distinguish between those who can and
cannot form involuntary mental imagery. Additionally, tasks involving the intentional
generation of imagery such as the one used by Keogh & Pearson (2018), where imagery was
cued, may obscure this latent capacity in some aphantasics. At surface, this view is harder to
reconcile with frequent reports made by aphantasics of ostensibly imagery-related deficits in
ABM, which is often spontaneously recalled (Berntsen, 2021). These reports might reflect the
way ABM is probed, which sometimes involves the intentional recall of specific events (as in
the custom version of the Autobiographical Interview used by Dawes et al., 2020; 2022).
However, aphantasics additionally report deficits on the SAM questionnaire, which assesses
ABM ability more generally (used here and also by Dawes et al., 2020), as well as indicate
less frequent involuntary memory intrusions than typical imagers (Dawes et al., 2020).
However, it should be cautioned that, more generally, individuals may less willing or
confident to report conscious imagery that is weak or dim because it is near the threshold for
consciousness (Deroy, 2020). While the debate over the precise nature of aphantasia is far
from resolved, the condition may be best characterised by differences in imagery
phenomenology, although it may be speculated that some aphantasics might still have deficits
in mental imagery ability commensurate with their imagery experience. More objective
measures of imagery ability such as binocular rivalry priming from visual mental imagery
(Keogh & Pearson, 2018), skin conductance during imagined frightening scenarios (Wicken,

Keogh, & Pearson, 2021), or pupillary light response to visual mental imagery (Kay et al.,
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2022), should be included in future studies to distinguish metacognitive forms of aphantasia

from other possible subtypes.

The present findings also pose a challenge to a recent proposal that aphantasia might
reflect deficits in the episodic system rather than in mental imagery per se (Blomkvist, 2022).
This theory extends the constructive episodic simulation hypothesis (CESH; Schacter &
Addis, 2007; 2020), where episodic memory retrieval and imagery generation are held to
involve common constructive and simulative processes (Hassabis, Kumaran, & Maguire,
2007; Hassabis & Maguire, 2007; Pearson, 2019), by adding (1) hippocampally-based
memory indices that point to the storage locations of individual episodic elements, (2)
multiple modality-specific episodic retrieval processes, and (3) separate episodic and
semantic spatial retrieval processes. Under this expanded cognitive architecture, termed
CESH+, Blomkvist distinguishes between aphantasics with voluntary mental imagery deficits
and aphantasics with mental imagery deficits irrespective of volition. Specifically, Blomkvist
argues that the former type of aphantasics reflects an impairment in activating the episodic
system to generate mental imagery in a top-down manner only. By contrast, the latter type of
aphantasics might be deficient at both top-down and bottom-up imagery generation (i.e.,
reflecting impaired access to the episodic system) or, alternatively, have an impaired episodic
system on its own. Blomkvist notes that, in the case of more “complete” aphantasia, there is
currently insufficient evidence to favour one possibility over the other. In the present study,
the observation that aphantasic participants were unimpaired in both object and spatial
components of memory task argues against more fundamental episodic memory deficits (see
also Pounder et al., 2022).

As suggested by CESH+, compensatory reliance by aphantasics on an unimpaired
semantic system to complete episodic memory tasks should also lead to less precise recall in
general, yet the aphantasic participants in the current study were capable of recalling
randomly varying object colour hues with comparable precision to non-aphantasic controls.
Furthermore, these object stimuli were selected for their lack of specific colour associations,
thereby rendering pre-existing knowledge of an object’s stereotypical colour uninformative in
the object memory component of the task. While it is difficult to imagine how the aphantasics
participants completed the current memory task without the use of mental imagery, it is
nevertheless possible that they did so using a strategy that has yet to be identified. Ruling out
the possibility of alternative strategy use is of critical importance to future research on the

question of unconscious mental imagery, as a true lack of mental imagery in the current
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aphantasic participants would raise questions about the importance mental imagery in
episodic memory function more broadly. Efforts to this end may be hindered, however, due
to the observation that many of the aphantasic participants could not articulate how they
completed the memory task components, and when they could, they did not differ from
controls in the strategies they employed as noted previously. However, a lack of conscious
awareness of detailed sensory memory representations would reduce the sense of subjective
memory reliving, which may explain the potentially greater tendency for aphantasics to self-
report episodic memory deficits on questionnaires that often require respondents to recall
autobiographical events, but not always exhibit deficits on more objective episodic memory
tasks, which vary to a greater extent in terms of promotion and/or assessment of subjective

memory reliving.

Turning to the exploratory correlation analyses, the absence of significant association
in the aphantasics participants between VVIQ and vividness ratings in either component of
the memory task suggests these measures may not have tapped the same constructs of mental
imagery in both groups. More generally, global measures of ‘trait vividness’ such as the
VVIQ do not always show a relationship with ‘state vividness’ as measured by task-based
trial-by-trial ratings (for a recent meta-analysis, see Runge, Cheung, & D’Angiulli, 2017).
Furthermore, D’ Angiulli et al. (2013) showed the VVIQ to correlate only with static and not
dynamic scene imagery vividness ratings, the latter of which was suggested to place greater
demands on working memory, thereby reducing the amount of cognitive resources available
for metacognitive judgements. This might explain the lack of a relationship between
vividness ratings and the VVIQ in the current aphantasics, as the memory task involved some
dynamic imagery due to the environmental interaction it encouraged, but it is not clear why
the imagery groups would have differed in this respect. In the present study, the task-based
vividness ratings are unlikely to reflect post-retrieval monitoring processes such as memory
confidence as they were made before rather than after feature reproduction (Richter et al.,
2016). However, while the overall level of performance was good, the aphantasic participants
might still have used the vividness ratings as a proxy for retrieval effort or perceived task
difficulty given these ratings generally tracked memory performance, potentially reflecting a

lack of awareness of their imagery.

The stronger significant relationship observed in the control participants between
VVIQ and spatial memory vividness instead of object memory vividness was unexpected

given the VVIQ’s putative emphasis on visual mental imagery. While effort was made to
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match the language of the VVIQ to the vividness ratings scale used in the current memory
task, this might have had the unintended consequence of biasing spatial memory vividness
ratings toward visual mental imagery. It is also possible that, despite instructions to rate only
the vividness of a given target object’s remembered study location before spatial feature
reproduction, participants with typical imagery might have instead imagined the entire scene.
Spatial information has previously been suggested to serve as a scaffold for episodic memory
and may be particularly effective as a retrieval cue, facilitating scene reconstruction (Robin,
2018). For example, ABM recall is faster and more episodically rich when cued by specific
place cues versus general thematic cues (Sheldon & Chu, 2017). Furthermore, spatial
information is recalled early during episodic memory retrieval, and recollection is more
detailed and vivid when it is cued by locations versus objects (Hebscher, Levine, & Gilboa,
2018) or versus people (Robin, Wynn, & Moscovitch, 2016). While this might explain the
stronger correlation between VVIQ and spatial memory vividness ratings in the control
participants, it is more difficult to reconcile with the lower overall vividness ratings for

spatial memory features in both imagery groups.

Concerning episodic memory more generally, the greater precision of first-person
versus third-person object memory retrieval in both imagery groups is intriguing. This
difference was not significant when raw object memory errors or overall retrieval success
were analysed separately, suggesting a first-person perspective might impact the fidelity with
which memories are retrieved specifically. While the overall level of vividness for spatial
memory features was lower than that for object memory features, and further exploratory
correlation analysis revealed both first-person and third-person object memory recall
performance to be significantly related to vividness ratings in the control participants, who
presumably had intact mental imagery metacognition, this relationship was comparatively
stronger for object features studied in first person. By contrast, the same relationship for
spatial memory features was significant for all trial types, except for those studied and tested
in a first-person perspective (i.e., stay first person trials). This pattern of correlations for the
spatial memory component of the task may be due to stay first person trials reflecting
egocentric spatial representations in their purest form, which may lead to worse spatial
memory performance and less vivid spatial recall in comparison to allocentric
representations. When considered together, these results suggest that episodic memory
reliving may be promoted more by the greater quality representations of scene contents

formed when experienced in first person, rather than by a first-person (egocentric)
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perspective on its own. This interpretation is broadly consistent with that of Aydin (2018),
who suggested object imagery to be recruited in ABM tasks requiring self-reflective
processing, whereas spatial imagery might support direct retrieval of episodic details.
However, further work is needed to disentangle the relative contributions of object versus

spatial imagery as well as retrieval perspective to subjective episodic memory reliving.

Further research is needed to explore the possibility of unconscious mental imagery in
aphantasics. In particular, the application of the imagery suppression paradigm (Kwok et al.,
2019) and multivoxel patter analysis (Koenig-Robert & Pearson, 2019) to this question
promises further insights. Additionally, with different paradigms, more sophisticated
measures of metacognitive efficiency (Fleming & Lau, 2014; Fleming, 2017) can be
leveraged to examine the trial-wise correspondence between subjective memory vividness or
confidence ratings and objective memory performance whilst accounting for overall task
performance and response bias (Ye et al., 2018; Zou & Kwok, 2022). Furthermore,
individuals with metacognitive aphantasia may be particularly amenable to imagery training,
which has previously been indicated to improve visual mental imagery abilities in conditions
such as multiple sclerosis and Alzheimer’s disease as well as in old age (Ernst et al., 2013;
Hussey et al., 2013; Vranic, Martincevic, & Borella, 2021; but see Rademaker & Pearson,
2012). Another promising avenue of future research relates to the multisensory imagery
deficits reported by many self-identified aphantasics (Dawes et al., 2020). Whether imagery
deficits in other sensory modalities significantly contribute to aphantasia-related self-reported
episodic memory deficits remains unaddressed, but is worth investigating given the proposed
importance of multisensory retrieval in typical episodic memory reliving (Simons, Ritchey, &
Fernyhough, 2022). Yet another line of future inquiry concerns the possibility of a spatial
subtype of aphantasia (Palermo et al., 2022). As noted by Palermo et al., the current use of
the VVIQ to identify individuals with atypical imagery may introduce sampling bias
favouring those with object imagery deficits over spatial imagery deficits. A spatial subtype
of aphantasia is possible in principle given the dissociation between object and spatial
imagery (Luzzatti et al., 1998). Moreover, broader scene imagery constitutes an integral part
of episodic processing and typically involves both visual and spatial types of mental imagery
(Barry et al., 2019). Therefore, whether episodic memory is impaired in spatial aphantasics
also warrants investigation. More generally, how first-person visuospatial imagery might
facilitate other aspects of episodic memory (e.g., object imagery), which in turn may lead to a

stronger feeling of reliving, begs further study.
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To conclude, this study is among the first to investigate episodic memory in
aphantasics using objective and subjective measures. A novel 3D object and spatial memory
task that manipulated visuospatial perspective was employed, but no evidence for impairment
in either aspect of memory were found. This adds to recently emerging evidence for one
possible subtype of aphantasia (among potentially many) in which mental imagery is intact
and supports accurate task performance, but is not consciously accessible (Pounder et al.,
2022). More work is needed to address the evidently heterogenous nature of the condition,
although the study of individuals with both atypical imagery experience and/or ability offer
the promise of gaining further insight into the factors necessary for subjective episodic
memory reliving (Simons, Ritchey, & Fernyhough, 2022) as well as wider autonoetic
consciousness (Zaman & Russell, 2022). Finally, further work is needed to identify the neural
basis of mental imagery in general and aphantasia in particular.
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Chapter 5: General Discussion

Summary of Findings

This thesis aimed to gain further insight into the factors underlying the subjective
reliving of episodic memory and its parietal neural substrates. According to the subjective
experience of remembering hypothesis (Simons, Ritchey, & Fernyhough, 2022), posterior
parietal cortex (PPC) regions such as the angular gyrus (AnG) support the subjective reliving
of episodic memory by integrating multisensory event features within an egocentric (i.e., self-
referential) framework during retrieval. To this end, | developed three experiments in which |
tested different populations using different methods to address the following questions: does
the left AnG support a domain general mechanism of multimodal integration (Chapter 2),
what are the contributions of the AnG and precuneus to first-person episodic memory
retrieval (Chapter 3), and are there differences in the visuospatial perspective and vividness
of episodic memory retrieval in individuals with mental imagery deficits (Chapter 4)? Here,
the findings from these three experiments will first be summarised, then considered with
respect to other theories of parietal mnemonic function. Finally, I will discuss outstanding
research questions and future research directions motivated by findings from this work as

well as those of the wider literature.

In Chapter 2, | presented my first experiment where | used non-invasive brain
stimulation to test the causal role of the left AnG in multimodal feature integration during
episodic and semantic memory retrieval. In this study, continuous theta burst stimulation
(cTBS) was applied offline to left AnG target and vertex control sites before the retrieval
phase of a newly-designed associative memory task. The effects of stimulation on episodic
associative recognition and semantic relatedness judgements, made on the same unimodal
and multimodal object pairs, was then examined. AnG cTBS was found to selectively
modulate multimodal versus unimodal response times (RTs) in both declarative memory
retrieval tasks, indicating the region may process multimodal information similarly across
different forms of declarative memory retrieval. Inconsistent with the predicted inhibitory
cTBS effect, however, AnG stimulation facilitated RTs. Furthermore, the observed
stimulation effect on RTs in both retrieval tasks was not accompanied by differences in

objective or subjective measures of episodic memory performance.

In Chapter 3, | investigated the effects of normal ageing on the first-person

perspective episodic memory retrieval and its parietal neuroanatomical correlates.
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Accordingly, | tested neurologically healthy younger adults (YAs) and older adults (OAs)
using a custom 3D object location memory task that manipulated visual perspective during
both study and test. The OAs were found to have a general deficit in first-person (egocentric)
retrieval, irrespective of the original encoding perspective. A more subtle age-related deficit
was apparent in third-person (allocentric) retrieval, but only when the original encoding
perspective was also third person. Additionally, the OA structural scan data was analysed
using voxel-based morphometry (VBM) to test several hypotheses regarding the role(s) of the
precuneus and AnG of the parietal lobes in episodic memory. In the more restrictive a priori
analyses, grey matter volume within the left AnG and the precuneus was positively correlated
in OAs with the specific adoption of a first-person retrieval perspective. Furthermore, the

volume of both parietal regions was shown to decline with age.

Lastly, in Chapter 4, | explored the effects of aphantasia, a non-clinical condition
characterised by a deficit in voluntary visual mental imagery, on the visuospatial perspective
of episodic memory. Motivated by previous reports indicating selective object (i.e., visual)
imagery deficits, the 3D object location memory task used in Chapter 3 was modified to
allow a more holistic assessment of memory for both object and spatial object features under
different perspective conditions. Aphantasics showed no objective performance impairments
relative to non-aphantasic control participants in either aspect of memory, despite rating their
overall subjective memory vividness lower. This suggests some aphantasics might lack
conscious awareness of mental imagery rather than have a deficit in mental imagery itself.
More broadly, both aphantasic and control participants remembered visual object features
more precisely when studied in first person than third person, suggesting that a first-person
perspective might facilitate episodic memory reliving by enhancing the representational

quality of remembered scene contents.

Implications of Findings

To the best of my knowledge, the finding reported in Chapter 2 that left AnG cTBS
modulated multimodal versus unimodal response times during associative episodic and
semantic memory retrieval provides the first causal brain stimulation evidence for an AnG-
mediated domain-general mnemonic retrieval process, although further corroboration of this
result is needed, ideally using alternative measures. Additionally, it should be cautioned that
these RT effects were not associated with the level of stimulation administered to
participants. More critically, it should be noted that the importance of the AnG in semantic

processing has recently been questioned (Humphreys et al., 2017; 2022; Humphreys, Jung, &
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Lambon Ralph 2022; Humphreys & Tibon, 2023, Lambon Ralph et al., 2017). As the same
testing materials were used in both declarative memory tasks of the study reported in Chapter
2, the RT effect in the semantic relatedness task may reflect incidental episodic memory
retrieval rather than semantic processing. However, it should also be noted that the RT effect
was relatively stronger in the semantic relatedness task, which should capture episodic
memory retrieval processes less purely than the associative recognition task. Furthermore,
further analysis indicated little involvement of recollection in associative recognition task
performance, an aspect of episodic memory the AnG is more widely accepted to support (for
reviews, see Hutchinson et al., 2009; Vilberg & Rugg, 2008; Wagner et al., 2005). Finally, no
significant differences were found in exploratory analyses testing for opposing RT effects in
the different retrieval tasks, which is inconsistent with non-semantic accounts for AnG
function. Thus, future investigation of domain-general accounts for AnG function should
endeavour to more fully separate different processes of interest, but the present RT findings
are broadly consistent with proposals that the region might function as a multimodal

integrative hub supporting different cognitive domains (Seghier, 2013).

While AnG-mediated integrative multisensory processing may be an important factor
underlying rich and holistic subjective re-experiencing of episodic memories (Simons,
Ritchey, & Fernyhough, 2022), such a view must account for other more established
integrative hubs like the bilateral anterior temporal lobes (Lambon Ralph, 2013; Lambon
Ralph et al., 2017; Lambon Ralph & Patterson, 2008; Patterson & Lambon Ralph, 2016;
Patterson, Nestor, & Rogers, 2007; Rogers et al., 2006; Visser, Jeffries, & Lambon Ralph,
2010). Indeed, disrupted anterior temporal lobe function appears to affect semantic
processing more globally than disrupted AnG function. For example, circumscribed anterior
temporal lobe atrophy in semantic dementia patients has been shown to impair semantics
across various input and output modalities (Bozeat et al., 2002; 2003; Coccia et al., 2004;
Jefferies & Lambon Ralph, 2006; Lambon Ralph et al., 2001; Rogers et al., 2006). Repetitive
TMS of the anterior temporal lobes has likewise been demonstrated to disrupt the semantic
association judgements for words and pictures, irrespective of the targeted hemisphere
(Pobric, Jefferies, & Lambon Ralph, 2010).

Given the AnG’s connectivity with modality-specific sensory association cortices, the
region has been proposed to function as a heteromodal hub where different sensory-motor
inputs converge (Bonner et al., 2013; Seghier, 2013). The finding from Chapter 2 that the

processing of multisensory audio-visual stimuli during different forms of declarative memory
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retrieval was modulated by AnG cTBS, along with previous evidence indicating an apparent
preference for multisensory information during episodic memory retrieval (Bonnici et al.,
2016; Yazar, Bergstrom, & Simons, 2017), supports this view. Therefore, the AnG may be
particularly sensitive to sensory information, serving as a lower-order heteromodal hub where
these features may be abstracted into higher-order amodal conceptual representations
supported by the bilateral anterior temporal lobes in the case of semantic memory
(Fernandino et al., 2016). This would align with multi-hub theories of semantic memory such
as the dynamic multilevel reactivation framework (Reilly et al., 2016; but see also Damasio,
1989; Tranel, Damasio, & Damasio, 1997), which emphasises the importance of interactions
between lower-order sensorimotor representations supported by the AnG (also the posterior
middle temporal gyrus) and higher-order amodal representations within the anterior temporal
lobes. The degree of interactivity between these hubs and the modality-specific spokes to

which they are linked may vary depending on task demands.

The finding from Chapter 2 that AnG cTBS modulated response times in different
declarative memory retrieval tasks involving time-extended audio/visual stimuli, presented
sequentially over the span of several seconds, may also be compatible with unifying online
information buffering accounts, namely the parietal unified connectivity-biased computation
(PUCC) model (Humphreys & Lambon Ralph, 2015) and its more recent instantiations
(Humphreys, Lambon Ralph, & Simons, 2021; Humphreys & Tibon, 2022). However, it
should be noted that information buffering and integration accounts may not necessarily be
mutually exclusive, as the former type of processing may support the latter. According to the
PUCC model, the AnG supports the dynamic online multimodal buffering of
spatiotemporally extended information. Consistent with information buffering accounts,
fMRI activity in the ventrolateral parietal cortex increases with the duration of stimulus
presentation (Vilberg & Rugg, 2009a) and is sustained while information is maintained
during recollection (Vilberg & Rugg, 2012; 2014), motivating episodic buffer-type proposals
(for review, see Rugg & King, 2018). More recently, activity in the left AnG has also been
associated with time-extended semantic integration during narrative reading (Branzi et al.,
2020), which is disrupted with online TMS applied to the same region (Branzi et al., 2021),
suggesting a more general role in information buffering as proposed by the PUCC model.
The PUCC model and its extensions may also provide alternative explanations for previous
findings interpreted as evidence favouring integrative accounts. For example, whereas

Bonnici et al. (2016) found the AnG to be preferentially activated during the more definite
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time-extended mental replay of multimodal audio-visual clips, no such preference was found
during the generation of multimodal semantic word associations. More broadly, the PUCC
model may help reconcile content (e.g., Rugg & King, 2018) and attentional (e.g., Cabeza,
Ciaramelli, & Moscovitch, 2012) accounts for ventrolateral parietal cortex function, as
bottom-up capture of attention may result from the automatic buffering of incoming
information (Humphreys & Lambon Ralph, 2017). However, more explicit temporal

manipulations are needed in future casual brain stimulation experiments.

It should be acknowledged that findings made since the conception of the study
presented in Chapter 2 raise questions as to whether the AnG functions as a semantic hub.
Using a within-subjects design fMRI study, Humphreys, Jung, & Lambon Ralph (2022)
compared several AnG activation across several domains relative to rest, which served as
common baseline. They found that while the AnG is strongly engaged when making episodic
retrieval judgements concerning studied object features, the region is disengaged when
making semantic decisions on which of two alternative features most accurately describe
some property of an object, suggesting the region may not be critically involved in semantic
processing. However, the appropriateness of rest as a baseline condition has been criticised
by others (Stark & Squire, 2001; Morcom & Fletcher, 2007) as it too may involve some
degree of semantic processing, which may account for the inconsistency sometimes observed
in AnG response polarity (Kuhnke et al., 2023). Furthermore, the level of AnG deactivation
has, unlike episodic memory tasks (King & Rugg, 2018), been noted to correlate with
difficulty in semantic and perceptual/spatial tasks (Humphreys & Lambon Ralph, 2017;
Kuhnke et al., 2023), but this may not hold universally across the AnG (Kuhnke et al., 2023).
In the context of episodic memory encoding, however, multivoxel pattern analysis has
suggested that reductions in univariate ventral parietal cortex activity within the vicinity of
the AnG may still accompany content representations (Lee, Chun & Kuhl, 2017). Thus, the
significance of semantic task-based deactivations in the AnG is presently unclear, although
the above evidence suggests the importance of accounting for task difficulty, which may
alternatively explain interpretations of many classic semantic contrasts (e.g., word versus
pseudoword or abstract versus concrete word judgements) (Humphreys & Tibon, 2022).
Moreover, it is possible that AnG-mediated information buffering may not be necessary for
less challenging semantic tasks, which may instead recruit other parts of the semantic

network.

112



Chapter 5

Affirming the importance of the AnG to episodic retrieval, Humphreys, Jung, &
Lambon Ralph (2022) additionally correlated activity within the region with item-specific
memory vividness ratings. In another fMRI study, Humphreys et al. (2022) similarly made
cross-domain comparisons, but using a propositional speech production paradigm to
investigate AnG function based on its output (i.e., generating descriptions based on prompts
tapping into different domains) rather than its inputs (e.g., object images or spoken words).
They found that the AnG was recruited only when propositional speech production involved
drawing from autobiographical memory and not object or event semantics, corroborating the
results of a concurrent probabilistic functional neuroimaging meta-analysis. Critically, AnG
activation in their task was also found to increase with the demands placed on
autobiographical memory recall, which stood in contrast to the ATL, a more established
semantic hub, where activity did not vary across the experimental conditions, likely reflecting
the common involvement of semantics. However, further cross-domain comparisons such as

these are needed.

Anatomical, connectivity, and functional parcellations of the AnG suggest the
existence of multiple distinct subregions (Caspers et al., 2006; 2008; Humphreys, Jackson, &
Lambon Ralph, 2020; Nelson et al., 2010; 2013; Seghier, 2013; Uddin et al., 2010), the
functional implications of which have only relatively recently started being investigated. For
instance, mnemonic accumulator or familiarity-type functions previously ascribed to the
intraparietal sulcus have also been suggested to extend into the dorsal AnG (Crowe et al.,
2013), whereas the ventral AnG remains strongly associated with recollection (Sestieri et al.,
2017). Anterior/posterior subdivisions have also been identified. For example, Bonnici et al.
(2016) showed that whereas multimodal episodic memory retrieval recruited an anterior AnG
subregion, more posterior and ventral subregions were associated with semantic retrieval.
Thus, the apparent domain-general nature of AnG processing indicated by the cTBS study
presented in Chapter 2 might simply reflect limitations in the anatomical specificity of
transcranial magnetic stimulation (TMS) at the subregion level, as target sites should ideally
be separated by 10mm or more (Sliwinska, Vitello, & Devlin, 2014).

According to a recent review by Humphreys & Tibon (2022), the wider lateral parietal
cortex including the AnG may support a core process or mechanism (i.e., online multimodal
information buffering), the expression of which may vary, however, depending on
regional/subregional differences in structural connectivity with other cognitive networks,

emphasising the need to synthesise regional and network-based approaches. Such
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connectivity differences may explain why the AnG seemingly preferentially processes
different kinds of information such as multisensory features (Bonnici et al., 2016; Yazar,
Bergstrom, & Simons, 2017) or egocentric information (Bonnici et al., 2018; Ciaramelli et
al., 2010b; Russell et al., 2019), despite supporting an ostensibly domain-general underlying
process (Humphreys, Lambon Ralph, & Simons, 2021). Of relevance to the subjective
experience of remembering hypothesis, recent diffusion tensor imaging as well as resting-
state and task-based connectivity analyses (Humphreys, Jackson, Lambon Ralph, 2020;
Humphreys, Jung, & Lambon Ralph, 2022) suggest further functional subdivisions within the
ventral portion of the AnG, identifying a mid-subregion showcasing connectivity with key

nodes in the default mode and core recollection networks, including the precuneus.

The precuneus is anatomically linked to the AnG via the occipitofrontal fasciculus
(Makris et al., 2007) and, in addition to belonging to the default mode network (Buckner,
Andrews-Hanna, & Schacter, 2008) and core recollection network (Hayama, Vilberg, &
Rugg, 2012; Johnson & Rugg, 2007), both PPC regions are members of a wider posterior
medial network that is thought to support the construction of mental scenes from an
egocentric viewpoint (for reviews, see Ritchey & Cooper, 2020; Ritchey, Libby, &
Ranganath, 2015; Ranganath & Ritchey, 2012). Furthermore, functional neuroimaging
findings frequently implicate the precuneus in first-person perspective visual mental imagery
across a range of tasks as well as successful episodic memory retrieval (see Cavanna &
Trimble, 2006 for review). Therefore, interactions between the precuneus and AnG may
support first-person perspective episodic memory retrieval, an important aspect of subjective
memory reliving (Simons, Ritchey, & Fernyhough, 2022; Zaman & Russell, 2022). In light of
the above evidence, it is proposed that the precuneus may facilitate rich recollective
experiences by providing vivid first-person perspective mental imagery to the AnG for
integration and/or buffering within a broader egocentric framework during remembering. By
contrast, spatial transformations from hippocampally-supported map-like or viewpoint
independent allocentric spatial reference frames to an egocentric frame of reference may be
performed with the aid of posterior cingulate and retrosplenial cortices (Burgess, 2008;
Epstein, 2008; Guterstam et al., 2015; Vann, Aggleton, & Maguire, 2009).

In a FreeSurfer analysis by Hebscher, Levine, & Gilboa (2018), precuneus volume,
summed across both hemispheres, was found to positively correlate with the tendency to
recall autobiographical memories from a first-person perspective. However, Bonnici et al.

(2018) demonstrated left AnG cTBS to reduce this same tendency in healthy younger adults.
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First, it was unclear from such evidence whether these PPC regions support the specific
adoption of a first-person perspective or have more direct involvement in egocentric
mnemonic representations. Second, the involvement of both regions in first-person
perspective autobiographical memory recall made drawing functional distinctions between
these PPC regions challenging. Interpretation of non-invasive brain stimulation evidence in
this regard may also be complicated by the prospect of remote stimulation effects due to the
connectivity between these PPC regions. Indeed, remote stimulation effects have previously
been leveraged to intentionally target other regions such as the hippocampus via AnG TMS
and modulate its activity as well as episodic memory encoding and retrieval (Hermiller et al.,
2019; 2020; Wang & Voss, 2015). Complementary functional connectivity work is therefore
likely needed to characterise the flow of information between the AnG and precuneus during

egocentric memory retrieval.

St. Jacques, Szpunar, & Schater (2017) observed fMRI activity in both the AnG and
precuneus to decrease with repeated attempts at shifting from an initially dominant own-eyes
perspective to an alternative observer perspective during autobiographical memory recall,
suggesting involvement in egocentric perspective adoption. In another study, Russell et al.
(2019) showed that patients with exclusively right-hemisphere parietal lesions are selectively
impaired at discriminating between their own encoding perspective and that of an observer
when viewing previously encountered 3D scenes. Additionally, Russell et al. used multivoxel
pattern analysis in a separate group of healthy older adults to identify an area encompassing
the bilateral AnG that was sensitive to such judgements, although it should be cautioned that
a more restricted area was revealed in a healthy younger adult comparison group, suggesting
the normal ageing process may affect the neural substrates underlying self-perspective
judgements. However, other fMRI studies have additionally implicated the AnG, and
particularly the precuneus, in shifting from an own-eyes to an observer perspective (Eich et
al., 2009; Grol, Vingerhoets, & de Raedt, 2017), raising the possibility of a PPC-mediated
general perspective switching mechanism that may be agnostic to the particular retrieval
perspective, thus necessitating a bi-directional test of perspective switching (see the
autobiographical memory evidence from St. Jacques et al., 2018, although a direct

experimental manipulation of retrieval perspective as in Chapter 3 was needed).

While the VBM analysis of OA structural MRI data presented in Chapter 3 was
unable to separate the contributions of the AnG and precuneus to first-person episodic

remembering, possibly due to the 3D object location memory task placing little demand on
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visual mental imagery, left-hemisphere grey matter volumes in both regions were found to
positively correlate with performance in trials in a 3D object location memory task requiring
switching from a third-person encoding perspective to a first-person retrieval perspective. No
such association was revealed in contralateral PPC regions, nor were any associations found
between these regions and performance in trials requiring perspective switching in the
opposite direction (i.e., from third person to first person) or in trials where encoding and
retrieval perspectives remained unchanged (i.e., encoded and retrieved in third person or first
person). It should be cautioned, however, that no significant correlations were found when
the search volumes were expanded to the whole anatomical AnG, precuneus, and a HPC
control region or the whole brain, although this may be related to power issues, low
sensitivity due to the number of covariates included in analyses, near ceiling effects in some

of the task conditions, or long scan-test interval.

Considered together, the pattern of results from the current VBM analysis furthers
understanding of the PPC’s role in subjective memory reliving, suggesting involvement in the
specific adoption of a first-person retrieval perspective rather than more general perspective
switching (i.e., in either direction) or more direct representation of first-person memories
(i.e., where a first-person perspective remained unchanged). As noted previously, however,
further comparison with healthy Y As may be needed to address the possibility of age
differences in these parietal neural correlates. Indeed, additional VBM analysis comparing
these PPC grey matter volumes against those in healthy YAs indicated age-related decline.
This was accompanied by behavioural differences where the same older adults exhibited a
more general deficit in trials involving first-person retrieval, irrespective of the original
encoding perspective, possibly reflecting age-related difficulties in binding spatial
information across multiple vantage points (Montefinese et al., 2015) or more general age-
related deficits in embodied cognition (Costello & Bloesch, 2017; Kuehn et al., 2018; Vallet,
2015).

One issue with the research presented in Chapter 3 relates to the separation of visual
and spatial aspects of first-person episodic memory. While a first-person visual perspective
may encourage the adoption of an egocentric spatial framework (Torok et al., 2014), these
frameworks (and visual perspectives) can be flexibly switched as needed and may also exist
in parallel (Burgess, 2006; Ekstrom, Arnold, & Laira, 2014; Rice & Rubin, 2011). This
concern was addressed in the online behavioural study presented in Chapter 4, which

explored the influence of weak mental imagery (i.e., aphantasia) on visual and spatial
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components of episodic memory under different perspective conditions. The aphantasic
participants reported substantially diminished general mental imagery and made globally
lower vividness ratings in the memory task than non-aphantasic control participants but
showed no objective deficits in visual or spatial memory performance, suggesting that some
cases of aphantasia may be attributable to a deficit in meta-cognitive awareness of mental
imagery rather than in mental imagery itself (as suggested in the review by Nanay, 2021).
Additionally, mixture modelling, which permits separate measures of the overall probability
of retrieval success and varying retrieval precision to be derived from continuous feature
report tasks, revealed visual object features (i.e., colour hue) were remembered with greater
fidelity in both groups when studied and tested in first person. However, it is unclear from
this data whether this effect is attributable to encoding and/or retrieval processes, for which a
perspective switching manipulation is needed in the object memory component task.

Although suggested by earlier subjective reports from autobiographical memory
studies (e.g., Sutin & Robins, 2010), the mixture modelling evidence from Chapter 4 is the
first to indicate that a first-person perspective may objectively benefit the representational
quality of certain visual episodic memory features, which may in turn aid subjective memory
reliving (Simons, Ritchey, & Fernyhough, 2022; Zaman & Russell, 2022). Previous fMRI
findings by Richter et al. (2016), who similarly used mixture modelling but in a 2D memory
task, suggest the AnG as a likely candidate for supporting detailed episodic memory
representations. In their study, Richter et al. found that AnG activity tracked the precision of
episodic object feature retrieval whereas activity in the HPC and precuneus tracked the
success and subjective vividness of retrieval, respectively. To the best of my knowledge,
however, the role of visual perspective in memory fidelity has yet to be examined from a

neural perspective.

Finally, the novel finding from Chapter 4 that self-identified aphantasic and non-
aphantasic control participants had comparable levels of visual object feature retrieval
precision for visual object features is among the very first objective task-based evidence to
indicate a metacognitive form of aphantasia, although Pounder et al. (2022) recently also
published data to this effect while the present study was being conducted. In their study,
Pounder et al. found that aphantasics were evidently unimpaired on a battery of ostensibly
imagery-based standard neuropsychological tasks including a complex visual pattern
recognition task. However, the present findings from mixture modelling provide particularly

strong evidence against the alternative explanation of non-imagery-based compensatory
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strategy usage and for the existence of intact (but unconscious) visual mental representations,
as presumably precise visual object feature reproduction from memory requires the latter.
This interpretation is supplemented by prior reports made by some aphantasics of intact
involuntary mental imagery during altered states of consciousness (Dawes et al., 2020;
Milton et al., 2021; Palermo et al., 2022; Zeman, Dewar, Della Sala, 2015; Zeman et al.,
2020). More generally, the present findings raise questions about the assumed nature of
mental imagery and its importance in episodic memory. Indeed, the present results and those
of Pounder et al. (2022) seemingly contradict a recent proposal that the condition might
reflect a deficit in episodic retrieval processes rather than in mental imagery per se
(Blomkvist, 2022). However, the results of this online behavioural study need replication,
ideally in the laboratory where greater control can be exercised over testing conditions.
Furthermore, these findings highlight the need for more objective methods of identifying
aphantasia (Kay et al., 2022; Keogh & Pearson, 2018; Wicken, Keogh, & Pearson, 2021), as
well as alternative tests for the presence of involuntary and unconscious mental imagery in
such individuals (Koenig-Robert & Pearson, 2019; 2020; Kwok et al., 2019), is needed.
Moreover, it is currently unclear to what extent inconsistencies in findings across the
aphantasia literature reflect true heterogeneity in the condition or simply methodological

and/or definitional differences.

Future Directions

Future work investigating the subjective experience of memory should seek to employ
more naturalistic tasks. For example, unlike the classic approach of conducting structured
autobiographical interviews (Kopelman, Wilson, & Baddeley, 1989; Levine et al., 2002),
head-mounted cameras permit standard memory tasks (e.g., recognition or source memory) to
be applied to real-life events (see Allé et al., 2017 for review), which are likely to be more
personally relevant, meaningful, and evocative by comparison to more conventional
experimental scenarios. Related to this, Kapsetaki et al. (2022) found a relationship between
autobiographical memory in younger adults and the ability to recognise one’s own encoding
perspective recorded from a wearable camera when scenes (i.e., object arrays) were
experienced in-person, but not as 2D photographs. Furthermore, Marcotti & St. Jacques
(2022) recently showed that reviewing photographs taken from first-person or third-person
perspectives during mini-events experienced in the laboratory can alter the reported
perspective of retrieval itself as well as spatial location accuracy. The pairing of inherently

more multimodal real-life events with standard task-based assessments of memory may be
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leveraged, for example, to extend previous work on multimodal episodic retrieval and

subjective memory reliving (Bonnici et al., 2016; Yazar, Bergstrém, & Simons, 2017).

The usage of everyday events in memory tasks may also increase the involvement of
mental imagery during episodic memory retrieval, thereby helping separate the contribution
of the AnG and precuneus to first-person remembering, which may have been hampered in
the study presented in Chapter 3 due to the low trial-by-trial variability in broader scene
imagery (i.e., to-be-remembered scenes varied only in terms of target and landmark object
identity and location). However, alternative technologies such as virtual reality may offer
stricter experimental control than wearable camera-based assessments, while still permitting
great flexibility in the construction of more ecologically valid testing scenarios than standard
computerised memory tasks (Smith, 2019). This may be particularly useful for manipulating
other factors that may facilitate subjective memory reliving such as a first-person body view
and its relation to bodily self-consciousness (Bréchet et al., 2019; Gauthier et al., 2020; Iriye
& Ehrsson, 2022) or simulating experiences from atypical visual perspectives (Iriye & St.
Jacques, 2021), which may be difficult to achieve otherwise.

Regardless of the task employed or population studied, future work should attempt to
incorporate a wider range of subjective memory measures as found in the autobiographical
memory literature (e.g., Dawes et al., 2022), to better capture the multifaceted nature of
subjective recollective experience and examine more specific relationships between
subjective and objective aspects of episodic memory. For example, while the study presented
in Chapter 2 examined AnG stimulation effects on memory confidence only, more recent
work has indicated memory vividness to mediate the relationship between objective memory
accuracy and confidence, and that the AnG may be important in gauging vividness but not
confidence (Zou & Kwok, 2022). With regard to visuospatial perspective in episodic
memory, future work should combine multiple subjective memory measures such as
vividness, confidence, or recall fluency with memory tasks such as the one employed in
Chapter 3 to directly test the role of perspective in different aspects of subjective memory
experience. However, future work investigating visuospatial perspective in episodic memory
should also be careful to account for potential task difficulty differences across different
perspective conditions (as found in Chapter 3), as well as attempt to equate those conditions
more closely in terms of daily experience. Finally, future work should be undertaken to test
the subjective experience of remembering hypothesis (Simons, Ritchey, & Fernyhough,

2022) more holistically by assessing first-person multimodal experiences via multiple
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subjective memory measures. This may be achieved by modifying the 3D object and spatial

memory task presented in Chapter 4 to additionally incorporate auditory stimuli.

As suggested by Palermo et al. (2022), there may be dissociable visual and spatial
subtypes of aphantasia. The scarcity of current evidence for the latter subtype of aphantasia
might simply reflect a bias toward visual mental imagery during study recruitment or the
tools used to identify such conditions, which have hitherto relied primarily on the Vividness
of Visual Imagery Questionnaire (Marks, 1973). Indeed, Palermo et al. (2022) used the
Object-Spatial Imagery Questionnaire (Blajenkova, Kozhevnikov, & Motes, 2006), which
separately assesses visual and spatial imagery preferences and experiences, to identify a
similar proportion of spatial and object (i.e., visual) aphantasics, with each group respectively
accounting for approximately 3% of their sample. Related to this, dissociable forms of object
and place imagery neglect have also been demonstrated in two patients (Palermo et al., 2009),
suggesting independent systems. The potential existence of distinct object and spatial
subtypes of aphantasia provides an opportunity to separate the contribution of visual and
spatial aspects of mental imagery to subjective memory reliving, which may in some cases be
intertwined (Torok et al., 2014; see also Chapter 3). However, alternative approaches such as
explicitly varying spatial strategy use while holding visual perspective constant in individuals
with typical imagery may provide an alternative approach to this issue. Finally, the roles of
parietal regions such as the AnG and precuneus in these aspects of episodic memory-related
mental imagery (Cavanna & Trimble, 2006; Fletcher et al., 1995; Fulford et al., 2018;
Gardini et al., 2006) and their possible dysfunction in aphantasia needs further attention, as

current research has hitherto concentrated primarily on the visual cortices (Pearson, 2019).

Investigation of memory at the opposite extreme of the mental imagery spectrum may
also provide an alternative and complementary perspective on the subjective reliving of
memory. Individuals with hyperphantasia, a condition characterised by extremely vivid
mental imagery, do not always report superior retrospective and prospective memory abilities
(Palermo et al., 2022), despite recalling more episodic details than both aphantasics and
typical imagers as assessed by autobiographical memory interviews (Milton et al., 2021). The
apparent discordance between subjective and objective memory reports in these individuals
suggests that vivid mental imagery alone may not be sufficient for subjective memory
reliving. However, it is difficult to rule out the influence of different developmental
trajectories in imagery ability/experience on the subjective appraisal of memory. As shown

by recent data collected by Dawes et al. (2022), aphantasics experience autobiographical
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recall and imagine future events as less coherent and emotional than controls, but may find
them just as subjectively meaningful, suggesting individuals with atypical imagery may base
their subjective mnemonic judgements on different factors. Nevertheless, an experimentally
controlled task-based study of episodic memory and its subjective experience has yet to be
conducted on hyperphantasic individuals. The need to move beyond subjective self-report
scales in this regard is highlighted by the task-based findings from Chapter 4, which provide
strong evidence for metacognitive rather than imagery-based differences in some self-
identified aphantasic individuals.

The related condition of synaesthesia, where the perception of a stimulus in one
modality elicits mental imagery in another (for reviews, see Banissy, Jonas, & Cohen
Kadosh, 2014; Ward, 2013), presents an opportunity to further explore the possible role of
multimodal integration in subjective memory reliving. Indeed, synesthesia has been argued to
represent a form of multimodal mental imagery (Nanay, 2020). According to hyperbinding
models of synaesthesia (e.g., Hubbard & Ramachandran, 2005; Weiss, Zilles, & Fink, 2005),
the parietal lobe is thought to support the anomalous cross-modal hyperbinding of veridical
and synaesthetic perceptions. Consistent with this view, functional neuroimaging reviews
have associated synaesthetic experience with a network of brain regions including the AnG
(Rouw, Scholte, & Colizoli, 2011; for general critique, see also Hupé & Dojat, 2015).
Furthermore, Jancke & Langer (2011) conducted a graph-theoretic analysis of
electrophysiological resting-state functional connectivity data and showed that the parietal
lobes are more strongly interconnected in audio-visual synaesthetes than in non-synaesthetic
control participants. Brain stimulation evidence has similarly implicated PPC regions in
integrative synaesthetic behaviours. For example, Esterman et al. (2006) found that applying
inhibitory repetitive TMS to the right parieto-occipital region, but not the contralateral site or
area V1, reduced synaesthetic interference on a Stroop-based colour verification task.
Muggleton et al. (2007) showed that excitatory repetitive TMS of the same region disrupted
performance on a synaesthetic priming task. Finally, Esterman, Verstynen, & Robertson
(2007) showed that inhibitory repetitive TMS of the right, but not the left, intraparietal sulcus
decreases colour-form binding errors referred to as “illusory conjunctions” while sparing the
perception of either feature. To the best of my knowledge, no study of synaesthesia has
examined the effects of AnG brain stimulation on multimodal episodic memory retrieval and

subjective memory reliving.
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While this thesis was primarily concerned with episodic memory retrieval, whether
and how the PPC may promote subjectively richer and more vivid memory reliving due to
processes occurring during encoding and/or consolidation may also be worth future
investigation. An early functional neuroimaging meta-review by Uncapher & Wagner (2009)
suggested that ventral parietal cortex activity is, on the balance, associated with negative
subsequent memory effects, although this may be reversed with shorter retention intervals.
However, several later fMRI studies have reported increased activity in the AnG while
participants make relational semantic encoding judgements on word pairs that is predictive of
subsequent associative recollection (de Chastelaine et al., 2011; 2016; Wong, de Chastelaine,
& Rugg, 2013), suggesting a possible preference for encoding relational/associative
information (see Lee, Chun, & Kuhl, 2017). Furthermore, Lee, Chun, & Kuhl (2017) used
multivoxel pattern analysis to show that encoding-related activity patterns within the ventral
parietal cortex predicted subsequent memory performance, despite negative univariate
subsequent memory effects, possibly reflecting a neural sharpening-like effect benefitting
mnemonic representations. Tibon et al. (2019) recently showed that AnG activity during
encoding was associated with vividly subsequent retrieval of multimodal more than unimodal
pair associates. Furthermore, Tibon et al. observed AnG activity to increase in magnitude for
repeated versus non-repeated associates during the study phase of their study, which was
interpreted as possibly reflecting involvement in rapid memory consolidation, somewhat
consistent with the cortical binding of relation activity model (Shimamura, 2011). Supporting
this, van der Linden et al. (2017) showed increased functional connectivity between the AnG
and lateral occipital complex during encoding as well as retrieval can enhance overnight

schematic memory retention at the cost of memory specificity.

Causal non-invasive brain stimulation techniques may provide insight into whether
parietally-mediated processes are necessary for successful memory encoding. Although such
studies are scarce, Koen, Thakral, & Rugg (2018) demonstrated that online repetitive TMS
delivered to the left AnG during the encoding of word pairs does not impair subsequent
memory. However, AnG stimulation did affect confidence in incorrect associative memory
judgements, suggesting processes carried out by the region during encoding may facilitate
subjective aspects of later memory retrieval. In a more recent online repetitive TMS study,
Branzi et al. (2021) showed that left AnG stimulation, applied between the presentation of
context and target paragraphs during a narrative reading encoding task, disrupted subsequent

response times, but not accuracy, in a three-alternative forced-choice memory task. The
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failure to modulate memory accuracy in both studies may reflect a non-critical role for the
ANG in episodic memory encoding. Alternatively, however, the effect on response times in
the Branzi et al. study may indicate a sensitivity to time-extended information in line with
online information buffering accounts such as the PUCC model. Thus, further research is
needed to characterise the nature of information processing performed by VPC regions that
might promote subsequent memory retrieval, whether these processes share similarities with
those said to operate during retrieval itself, and whether these processes support memory
encoding, consolidation, or both. As the aforementioned brain stimulation studies have
shown, trial-locked online repetitive TMS provides the temporal specificity needed to target
encoding and consolidation stages of memory, which can be combined with multimodal
memory tasks such as the associative recognition task presented in Chapter 2, assuming

adequate time is allowed for stimulation effects to washout before memory retrieval.

Conclusion

This thesis investigated factors underlying the subjective reliving of episodic memory
and their parietal neural substrates. First, tentative evidence from the cTBS study presented in
Chapter 2 implicated the AnG in domain-general processing during episodic and semantic
memory retrieval. This finding may be consistent with unifying accounts of AnG function,
which propose the region to serve as a multimodal integration hub or temporary online buffer
of information, and warrants further research. The VBM analysis of healthy older adult
structural MRI data reported in Chapter 3 suggested associations between the AnG and, to a
lesser extent, the precuneus with the specific adoption of a first-person retrieval perspective.
These PPC regions were also found to atrophy with age along with the more general ability to
adopt a first-person retrieval perspective, regardless of the original encoding perspective. In
Chapter 4, mixture modelling of data from a task that separately examined visual and spatial
aspects of episodic memory retrieval under different visual perspectives suggested that a first-
person perspective may increase the fidelity with which visual features are remembered. The
effects of weak mental imagery on task performance were additionally explored in this study,
although no objective memory differences were found, advancing understanding of
aphantasia by providing among the first evidence that the condition might result from a meta-
cognitive rather than a mental imagery deficit in some individuals, which may nevertheless
affect subjective memory reliving. Together, these findings refine understanding of the PPC’s
role in memory and provide further support for the subjective experience of remembering

hypothesis, where the AnG is proposed to integrate multimodal episodic memory features
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within an egocentric framework. Finally, several new directions for the study of episodic
memory and its subjective reliving are suggested, with an emphasis on mental imagery and

its extremes.

124



References

Addante, R. J., Ranganath, C., & Yonelinas, A. P. (2012). Examining ERP correlates of
recognition memory: Evidence of accurate source recognition without recollection.
Neuroimage, 62(1), 439-450. Doi: 10.1016/j.neuroimage.2012.04.031.

Addis, D. R., Wong, A. T., & Schacter, D. L. (2008). Age-related changes in the episodic
simulation of future events. Psychological Science, 19(1), 33-41. Doi:
10.1111/j.1467-9280.2008.02043 x.

Albers, A. M., Kok, P., Toni, I, Dijkerman, H. C., & de Lange, F. P. (2013). Shared
representations for working memory and mental imagery in early visual cortex.
Current Biology, 23(15), 1427-1431. Doi: 10.1016/j.cub.2013.05.065.

Allé, M. C., Manning, L., Potheegadoo, J., Coutelle, R., Danion, J. M., & Berna, F. (2017).
Wearable Cameras Are Useful Tools to Investigate and Remediate Autobiographical
Memory Impairment: A Systematic PRISMA Review. Neuropsychology Review,
27(1), 81-99. Doi: 10.1007/s11065-016-9337-x.

Ally, B. A., Simons, J. S., McKeever, J. D., Peers, P. V., & Budson, A. E. (2008). Parietal
contributions to recollection: Electrophysiological evidence from aging and patients
with parietal lesions. Neuropsychologia, 46(7), 1800-1812. Doi:
10.1016/j.neuropsychologia.2008.02.026.

Ashburner, J. & Friston, K. J. (2000). Voxel-based morphometry—the methods. Neurolmage,
11(6 Pt. 1), 805-821. Doi: 10.1006/nimg.2000.0582.

Ashburner, J. (2007). A fast diffeomorphic image registration algorithm. Neurolmage, 38(1),
95-113. Doi: 10.1016/j.neuroimage.2007.07.007.

Aydin, C. (2018). The differential contributions of visual imagery constructs on
autobiographical thinking. Memory, 26(2), 189-200. Doi:
10.1080/09658211.2017.1340483.

Baddeley, A. (2000). The episodic buffer: a new component of working memory? Trends in
Cognitive Sciences, 4(11), 417-423. Doi: 10.1016/S1364-6613(00)01538-2.

125



Bainbridge, W. A., Pounder, Z., Eardley, A. F., & Baker, C. I. (2021). Quantifying aphantasia
through drawing: Those without visual imagery show deficits in object but not spatial
memory. Cortex, 135, 159-172. Doi: 10.1016/j.cortex.2020.11.014.

Bajada, C. J., Jackson, R. L., Haroon, H. A., Azadbakht, H., Parker, G. J. M., Lambon Ralph,
M. A., & Cloutman, L. L. (2017). A graded tractographic parcellation of the temporal
lobe. Neurolmage, 115, 503-512. Doi: 10.1016/j.neuroimage.2017.04.016.

Banissy, M. J., Jonas, C., & Cohen, Kadosh, R. (2014). Synesthesia: an introduction.
Frontiers in Psychology, 5:1414. Doi: 10.3389/fpsyg.2014.01414.

Barr, D. J. (2013). Random effects structure for testing interactions in linear mixed-effects
models. Frontiers in Psychology, 4:328. Doi: 10.3389/fpsyg.2013.00328.

Barr, D. J., Levy, R., Scheepers, C., & Tily, H. J. (2013). Random effects structure for
confirmatory hypothesis testing: Keep it maximal. Journal of Memory and Language,
68, 255-278. Doi: 10.1016/j.jml.2012.11.001.

Barry, D. N., Barnes, G. R., Clark, I. A., & Maguire, E. A. (2019). The Neural Dynamics of
Novel Scene Imagery. Journal of Neuroscience, 39(22), 4375-4386. Doi:
10.1523/JNEUROSCI.2497-18.2019.

Bartolomeo, P. (2002). The relationship between visual perception and visual mental
imagery: a reappraisal of the neuropsychological evidence. Cortex, 38(3), 257-278.
Doi: 10.1016/s0010-9452(08)70665-8.

Bartolomeo, P. (2008). The neural correlates of visual mental imagery: An ongoing debate.
Cortex, 44(2), 107-108. Doi: 10.1016/j.cortex.2006.07.001.

Bates, D., Maechler, M., Bolker, B., & Walker. S. (2015). Fitting Linar Mixed-Effects
Models using Ime4. Journal of Statistical Software, 67(1), 1-48. Doi:
10.18637/jss.v067.i01.

Bays, P. M. (2014). Noise in Neural Populations Accounts for Errors in Working Memory.
Journal of Neuroscience, 34(10), 3632-3645. Doi: 10.1523/JNEUROSCI.3204-
13.2014.

Bays, P. M., Catalao, R. F. G., & Husain, M. (2009). The precision of visual working
memory is set by allocation of a shared resource. Journal of Vision, 9(10), 7-11. Doi:
10.1167/9.10.7.

126



Begum, A., Morgan, C., Chiu, C. C., Tylee, A., & Stewart, R. (2012). Subjective memory
impairment in older adults: aetiology, salience and help seeking. International
Journal of Geriatric Psychiatry, 27(6), 612-620. Doi: 10.1002/gps.2760.

Bellana, B., Ladyka-Wojcik, N., Lahan, S., Moscovtich, M., & Grady, C. L. (2019).
Recollection and prior knowledge recruit the left angular gyrus during recognition.
bioRxiv. Doi: 10.1101/561910.

Bellmund, J. L. S., de Cothi, W., Nau, M., Barry, C., & Doeller, C. F. (2020). Deforming the
metric of cognitive maps distorts memory. Nature Human Behaviour, 4, 177-188.
Doi: 10.1038/s41562-019-0767-3.

Ben-Shachar, M., Liidecke, D., & Makowski, D. (2020). effectsize: Estimation of Effect Size
Indices and Standardized Parameters. Journal of Open Source Software, 5(56), 2815.
doi: 10.21105/joss.02815.

Ben-Zvi, S., Soroker, N., & Levy, D. A. (2015). Parietal lesion effects on cued recall
following pair associate learning. Neuropsychologia, 73, 176-194. Doi:
10.1016/j.neuropsychologia.2015.05.0009.

Bergouignan, L., Nyberg, L., & Ehrsson, H. H. (2022). Out-of-body memory encoding causes
third-person perspective at recall. Journal of Cognitive Psychology, 34(1), 160-178.
Doi: 10.1080/20445911.2021.1958823.

Berntsen, D. (2021). Involuntary autobiographical memories and their relation to other forms
of spontaneous thoughts. Philosophical Transactions of the Royal Society B,
376(1817):20190693. Doi: 10.1098/rsth.2019.0693.

Berntsen, D. & Rubin, D. C. (2006). Emotion and vantage point in autobiographical.
Cognition and Emotion, 20(8), 1193-1215. Doi: 10.1080/02699930500371190.

Berryhill, M. E. (2012). Insights from neuropsychology: Pinpointing the role of the posterior
parietal cortex in episodic and working memory. Frontiers in Integrative
Neuroscience, 6:31. Doi: 10.3389/fnint.2012.00031.

Berryhill, M. E., Drowos, D. B., & Olson, I. R. (2009). Bilateral parietal cortex damage does
not impair associative memory for paired stimuli. Cognitive Neuropsychology, 26(7),
606-619. Doi: 10.1080/02643290903534150.

127



Berryhill, M. E., Phuong, L., Picasso, L., Cabeza, R., & Olson, I. R. (2007). Parietal Lobe
and Episodic Memory: Bilateral Damage Causes Impaired Free Recall of
Autobiographical Memory. Journal of Neuroscience, 27(52), 14415-14423. Doi:
10.1523/JNEUROSCI.4163-07.2007.

Binder, J. R. (2016). In defense of abstract conceptual representations. Psychonomic Bulletin
& Review, 23, 1096-1108. Doi: 10.3758/s13423-015-0909-1.

Binder, J. R. & Desai, R. H. (2011). The Neurobiology of Semantic Memory. Trends in
Cognitive Sciences, 15(11), 527-536. Doi: 10.1016/j.tics.2011.10.001.

Binder, J. R., Desai, R. H., Graves, W. W., & Conant, L. L. (2009). Where Is the Semantic
System? A Critical Review and Meta-Analysis of 120 Functional Neuroimaging
Studies. Cerebral Cortex, 19(12), 2767-2796. Doi: 10.1093/cercor/bhp055.

Binney, R. J., Parker, G. J. M., & Lambon Ralph, M. A. (2012). Convergent connectivity and
graded specialization in the rostral human temporal lobe as revealed by diffusion-
weighted imaging probabilistic tractography. Journal of Cognitive Neuroscience,
24(10), 1998-2015. Doi: 10.1162/jocn_a_00263.

Bird, C. M. & Burgess, N. (2008). The hippocampus and memory: insights from spatial
processing. Nature Reviews Neuroscience, 9(3), 182-194. Doi: 10.1038/nrn2335.

Bird, C. M., Keidel, J. L., Ing, L. P., Horner, A. J., & Burgess, N. (2015). Consolidation of
Complex Events via Reinstatement in Posterior Cingulate Cortex. Journal of
Neuroscience, 35(43), 14426-14434. Doi: 10.1523/JNEUROSCI.1774-15.2015.

Blackmore, S. J. (1987). Where am 1?: Perspective in imagery and the out-of-body
experience. Journal of Mental Imagery, 11(2), 53-66. Retrieved from
https://www.susanblackmore.uk/wp-
content/uploads/2017/05/JnIMentallmagery 1987 112 pp53-66.pdf.

Blajenkova, O., Kozhevnikov, M., & Motes, M. A. (2006). Object-Spatial Imagery: A New
Self-Report Imagery Questionnaire. Applied Cognitive Psychology, 20, 239-263. Doi:
10.1002/acp.1182.

Blanke, O., Landis, T., Spinelli, L., & Seeck, M. (2004). Out-of-body experience and
autoscopy of neurological origin. Brain, 127(2), 243-258. Doi: 10.1093/brain/awh040.

128


https://www.susanblackmore.uk/wp-content/uploads/2017/05/JnlMentalImagery_1987_112_pp53-66.pdf
https://www.susanblackmore.uk/wp-content/uploads/2017/05/JnlMentalImagery_1987_112_pp53-66.pdf

Blanke, O., Ortigue, S., Landis, T., & Seeck, M. (2002). Stimulating illusory own-body
perceptions. Nature, 419:6904, 269-270. Doi: 10.1038/419269a.

Blomkvist, A. (2022). Aphantasia: In search of a theory. Mind & Language, 1-23. Doi:
10.1111/mila.12432.

Blumenfeld, R. S. & Ranganath, C. (2006). Dorsolateral prefrontal cortex promotes long-
term memory formation through its role in working memory organization. Journal of
Neuroscience, 26(3), 916-925. Doi: 10.1523/JNEUROSCI.2353-05.2006.

Blumenfeld, R. S. & Ranganath, C. (2007). Prefrontal cortex and long-term memory
encoding: an integrative review of findings from neuropsychology and neuroimaging.
The Neuroscientist, 13(3), 280-291. Doi: 10.1177/1073858407299290.

Boer, D. D. M. L., Johnston, P. J., Kerr, G., Meinzer, M., & Cleeremans, A. (2020). A Causal
role for the right angular gyrus in self-location mediated perspective taking. Nature
Scientific Reports, 10(1):19229. Doi: 10.1038/s41598-020-76235-7.

Bonner, M. F., Peelle, J. E., Cook, P. A., & Grossman, M. (2013). Heteromodal conceptual
processing in the angular gyrus. Neuroimage, 71, 175-186. Doi:
10.1016/j.neuroimage.2013.01.006.

Bonner, M. F. & Price, A. R. (2013). Where Is the Anterior Temporal Lobe and What Does It
Do? The Journal of Neuroscience, 33(10), 4213-4215. Doi:
10.1523/JNEUROSCI.0041-13.2013.

Bonni, S., Veniero, D., Mastropasqua, C., Ponzo, V., Caltagirone, C., Bozzali, M., & Koch,
G. (2015). TMS evidence for a selective role of the precuneus in source memory
retrieval. Behavioural Brain Research, 282, 70-75. Doi: 10.1016/j.bbr.2014.12.032.

Bonnici, H. M., Cheke, L. G., Green, D. A. E., FitzGerald, T. H. M. B., & Simons, J. S.
(2018). Specifying a Causal Role for Angular Gyrus in Autobiographical Memory.
Journal of Neuroscience, 38(49), 10438-10443. Doi: 10.1523/JNEUROSCI.1239-
18.2018.

Bonnici, H. M., Richter, F. R., Yazar, Y., & Simons, J. S. (2016). Multimodal Feature
Integration in the Angular Gyrus during Episodic and Semantic Retrieval. Journal of
Neuroscience, 36(20), 5462-5471. Doi: 10.1523/JNEUROSCI.4310-15.2016.

129


https://doi.org/10.1038/s41598-020-76235-7

Boyer, J. L., Harrison, S., & Ro, T. (2005). Unconscious processing of orientation and color
without primary visual cortex. Proceedings of the National Academy of Sciences of
the United States of America, 102(46), 16875-16879. Doi: 10.1073/pnas.0505332102.

Bozeat, S., Lambon Ralph, M. A., Graham, K. S., Patterson, K., & Hodges, J. R. (2002).
When objects lose their meaning: what happens to their use? Cognitive, Affective, &
Behavioral Neuroscience, 2(3), 236-251. Doi: 10.3758/cabn.2.3.236.

Bozeat, S., Lambon Ralph, M. A., Graham, K. S., Patterson, K., Wilkin, H., Rowland, J,
Rogers, T. T., & Hodges, J. R. (2003). A duck with four legs: Investigating the
structure of conceptual knowledge using picture drawing in semantic dementia.
Cognitive Neuropsychology, 20(1), 27-47. Doi: 10.1080/02643290244000176.

Bradford, E. E. F., Jentzsch, I., & Gomez, J. C. (2015). From self to social cognition: Theory
of Mind mechanisms and their relation to Executive Functioning. Cognition, 138, 21-
34. Doi: 10.1016/j.cognition.2015.02.001.

Brady, T. F., Konkle, T. F., Gill, J., Olivia, A., and Alvarez, G. A. (2013). Visual long-term
memory has the same limit on fidelity as visual working memory. Psychological
Science, 24(6), 981-990. Doi: 10.1177/0956797612465439.

Branzi, F. M., Humphreys, G. F., Hoffman, P., & Lambon Ralph, M. A. (2020). Revealing
the neural networks that extract conceptual gestalts from continuously evolving or
changing semantic contexts. Neurolmage, 220:116802. Doi:
10.1016/j.neuroimage.2020.116802.

Branzi, F. M., Pobric, G., Jung, J. Y., & Lambon Ralph, M. A. (2021). The Left Angular
Gyrus Is Causally Involved in Context-dependent Integration and Associative
Encoding during Narrative Reading. Journal of Cognitive Neuroscience, 33(6), 1082-
1095. Doi: 10.1162/jocn_a_01698.

Braver, T. & Barch, D. M. (2002). A theory of cognitive control, aging cognition, and
neuromodulation. Neuroscience & Biobehavioral Reviews, 26(7), 809-817. Doi:
10.1016/s0149-7634(02)00067-2.

Bréchet, L., Grivaz, P., Gauthier, B., & Blanke, O. (2018). Common Recruitment of Angular
Gyrus in Episodic Autobiographical Memory and Bodily Self-Consciousness.
Frontiers in Behavioral Neuroscience, 12:270. Doi: 10.3389/fnbeh.2018.00270.

130


https://doi.org/10.3389/fnbeh.2018.00270

Bréchet, L., Mange, R., Herbelin, B., Theillaud, Q., Gauthier, B., Serino, A., & Blanke, O.
(2019). First-person view of one's body in immersive virtual reality: Influence on
episodic memory. PLoS One, 14(3): e0197763. Doi: 10.1371/journal.pone.0197763.

Brewer, W. F. (1996). What is recollective memory? In: Rubin, D. C. (Ed.), Remembering
our past: Studies in autobiographical memory (pp. 19-66). Cambridge University
Press. Doi: 10.1017/CB09780511527913.002.

Brewster, R. (2021). Paint.NET [Computer Software]. Retrieved from
https://www.getpaint.net/.

Bridge, H., Harrold, S., Holmes, E. A., Stokes, M., & Kennard, C. (2012). Vivid visual
mental imagery in the absence of the primary visual cortex. Journal of Neurology,
259, 1062-1070. Doi: 10.1007/s00415-011-6299-z.

Bridge, H., Hicks, S. L., Xie, J., Okell, T. W., Mannan, S., Alexander, I., Cowey, A., &
Kennard, C. (2010). Visual activation of extra-striate cortex in the absence of V1
activation. Neuropsychologia, 48(14), 4148-4154. Doi:
10.1016/j.neuropsychologia.2010.10.022. Epub 2010 Oct 23.

Brigard, F. D., Umanath, S., & Irish, M. (2022). Rethinking the distinction between episodic
and semantic memory: Insights from the past, present, and future. Memory &
Cognition, 50, 459-463. Doi: 10.3758/513421-022-01299-x.

Brogaard, B. & Gatzia, D. E. (2017). Unconscious Imagination and the Mental Imagery
Debate. Frontiers in Psychology, 8:799. Doi: 10.3389/fpsyg.2017.00799.

Buckner, R. L., Andrews-Hanna, J. R., & Schacter, D. L. (2008). The brain’s default
network: anatomy, function, and relevance to disease. Annals of the New York
Academy of Sciences, 1124(1), 1-38. Doi: 10.1196/annals.1440.011.

Burgess, N. (2006). Spatial Memory: How Egocentric and Allocentric Combine. Trends in
Cognitive Sciences, 10(12), 551-557. Doi: 10.1016/j.tics.2006.10.005.

Burgess, N. (2008). Spatial Cognition and the Brain. Annals of the New York Academy of
Sciences, 1124(1), 77-97. Doi: 10.1196/annals.1440.002.

Burgess, N., Maguire, E. A., & O’Keefe, J. (2002). The human hippocampus and spatial and
episodic memory. Neuron, 35(4), 625-641. Doi: 10.1016/s0896-6273(02)00830-9.

131


https://www.getpaint.net/

Cabeza, R. (2008). Role of parietal regions in episodic memory retrieval: the dual attentional
processes hypothesis. Neuropsychologia, 46(7), 1813-1827. Doi:
10.1016/j.neuropsychologia.2008.03.019.

Cabeza, R., Ciaramelli, E., & Moscovitch, M. (2012). Cognitive Contributions of the Ventral
Parietal Cortex: An Integrative Theoretical Account. Trends in Cognitive Sciences,
16(6), 338-352. Doi: 10.1016/j.tics.2012.04.008.

Cabeza, R., Ciaramelli, E., Olson, I. R., & Moscovitch, M. (2008). The parietal cortex and
episodic memory: an attentional account. Nature Reviews Neuroscience, 9(8), 613-
625. Doi: 10.1038/nrn2459.

Cabeza, R., Mazuz, Y. S., Stokes, J., Kragel, J. E., Woldorff, M. G., Ciaramelli, E., Olson, I.
R., & Moscovitch, M. (2011). Overlapping Parietal Activity in Memory and
Perception: Evidence for the Attention to Memory Model. Journal of Cognitive
Neuroscience, 23(11), 3209-3217. Doi: 10.1162/jocn_a_00065.

Campos, A. & Pérez-Fabello, M. J. (2009). Psychometric quality of a revised version
vividness of Visual Imagery Questionnaire. Perceptual & Motor Skills, 108(3), 798-
802. Doi: 10.2466/PMS.108.3.798-802.

Caspers, S., Eichkloff, S. B., Geyer, S., Scheperjans, F., Mohlberg, H., Zilles, K., & Amunts,
K. (2008). The Human Inferior Parietal Lobule in Stereotaxic Space. Brain Structure
and Function, 212(6), 481-495. Doi: 10.1007/s00429-008-0195-z.

Caspers, S., Geyer, S., Schleicher, A., Mohlberg, H., Amunts, K., & Zilles, K. (2006). The
Human Inferior Parietal Cortex: Cytoarchitectonic Parcellation and Interindividual
Variability. Neuroimage, 33(2), 430-448. Doi: 10.1016/j.neuroimage.2006.06.054.

Cavanna, A. E. & Trimble, M. R. (2006). The precuneus: a review of its functional anatomy
and behavioural correlates. Brain, 129(3), 564-583. Doi: 10.1093/brain/awl004.

Chastelaine, M. D., Mattson, J. T., Wang, T. H., Donley, B. E., & Rugg, M. D. (2016). The
neural correlates of recollection and retrieval monitoring: relationships with age and
recollection performance. Neurolmage, 138, 164-175. Doi:
10.1016/j.neuroimage.2016.04.071.

Chen, H. Y., Gilmore, A. W., Nelson, S. M., & McDermott, K. B. (2017). Are There Multiple
Kinds of Episodic Memory? An fMRI Investigation Comparing Autobiographical and

132



Recognition Memory Tasks. Journal of Neuroscience, 37(10), 2764-2775. Doi:
10.1523/JNEUROSCI.1534-16.2017.

Ciaramelli, E., Grady, C. L., & Moscovitch, M. (2008). Top-down and bottom-up attention to
memory: a hypothesis (AtoM) on the role of the posterior parietal cortex in memory
retrieval. Neuropsychologia, 46(7), 1828-1851. Doi:
10.1016/j.neuropsychologia.2008.03.022.

Ciaramelli, E., Grady, C. L., Levine, B., Ween, J., & Moscovitch, M. (2010a). Top-Down and
Bottom-Up Attention to Memory Are Dissociated in Posterior Parietal Cortex:
Neuroimaging and Neuropsychological Evidence. Journal of Neuroscience, 30(14),
4943-4956. Doi: 10.1523/JNEUROSCI.1209-09.2010.

Ciaramelli, E. & Moscovitch, M. (2020). The space for memory in posterior parietal cortex:
Re-analyses of bottom-up attention data. Neuropsychologia, 146:107551. Doi:
10.1016/j.neuropsychologia.2020.107551.

Ciaramelli, E., Rosenbaum, R. S., Solcz, S., Levine, B., & Moscovitch, M. (2010b). Mental
space travel: damage to posterior parietal cortex prevents egocentric navigation and
reexperiencing of remote spatial memories. Journal of Experimental Psychology:
Learning, Memory, and Cognition, 36(3), 619-634. Doi: 10.1037/a0019181.

Coccia, M., Bartolini, M., Luzzi, S., Provinciali, L., & Lambon Ralph, M. A. (2004).
Semantic memory is an amodal, dynamic system: Evidence from the interaction of
naming and object use in semantic dementia. Cognitive Neuropsychology, 21(5), 513-
527. Doi: 10.1080/02643290342000113.

Collins, A. M., & Quillian, M. R. (1969). Retrieval time from semantic memory. Journal of
Verbal Learning & Verbal Behavior, 8(2), 240-247. Doi: 10.1016/S0022-
5371(69)80069-1.

Colombo, D., Serino, S., Tuena, C., Pedroli, E., Dakanalis, A., Cipresso, P., & Riva, G.
(2017). Egocentric and allocentric spatial reference frames in aging: A systematic
review. Neuroscience and Biobehavioral Reviews, 80, 605-621. Doi:
10.1016/j.neubiorev.2017.07.012.

133


http://dx.doi.org/10.1016/j.neubiorev.2017.07.012
http://dx.doi.org/10.1016/j.neubiorev.2017.07.012

Conson, M. Mazzarella, E., Esposito, D., Grossi, D., Marino, N., Massagli, A., & Frolli, A.
(2015). “Put Myself Into Your Place”: Embodied simulation and perspective taking in
autism spectrum disorders. Autism Research, 8(4), 454-466. Doi: 10.1002/aur.1460.

Cooper, R. A. & Ritchey, M. (2019). Cortico-hippocampal network connections support the
multidimensional quality of episodic memory. eL.ife, 8:e45591. Doi:
10.7554/eL ife.45591.

Cooper, R. A,, Richter, F. R., Bays, P. M., Plaisted-Grant, K. C., Baron-Cohen, S., & Simons,
J. S. (2017). Reduced Hippocampal Functional Connectivity During Episodic
Memory Retrieval in Autism. Cerebral Cortex, 27(2), 888-902. Doi:
10.1093/cercor/bhw417.

Corbetta, M. & Shulman, G. L. (2002). Control of goal-directed and stimulus-driven attention
in the brain. Nature Reviews Neuroscience, 3(3), 201-215. Doi: 10.1038/nrn755.

Corbetta, M., Patel, G., & Shulman, G. L. (2008). The Reorienting System of the Human
Brain: From Environment to Theory of Mind. Neuron, 58(3), 306-324. Doi:
10.1016/j.neuron.2008.04.017.

Corp, D. T., Bereznicki, H. G. K., Clark, G. M., Youssef, G. J., Fried, P. J., Jannati, A.,
Davies, C. B., Gomes-Osman, J., Stamm, J., Chung, S. W., Bowe, S. J., Rogasch, N.
C., Fitzgerald, P. B., Koch, G., Lazzaro, V. D., Pascual-Leone, A., & Enticott, P. G.
(2020). Large-scale analysis of interindividual variability in theta-burst stimulation
data: Results from the ‘Big TMS Data Collaboration’. Brain Stimulation, 13(5), 1478-
1488. Doi: 10.1016/j.brs.2020.07.018.

Costello, M. C. & Bloesch, E. K. (2017). Are Older Adults Less Embodied? A Review of
Age Effects through the Lens of Embodied Cognition. Frontiers in Psychology,
8:267. Doi: 10.3389/fpsyg.2017.00267.

Crowe, D. A., Goodwin, S. J., Blackman, R. K., Sakellaridi, S., Sponheim, S. R., MacDonald
3rd, A. W., & Chafee, M. V. (2013). Prefrontal neurons transmit signals to parietal
neurons that reflect executive control of cognition. Nature Neuroscience, 16(10),
1484-1491. Doi: 10.1038/nn.35009.

134



Damasio, A. R. (1989). The brain binds entities and events by multiregional activation from
convergence zones. Neural Computation, 1(1), 123-132. Doi:
https://doi.org/10.1162/neco0.1989.1.1.123.

Dance, C. J., Ipser, A., & Simner, J. (2022). The prevalence of aphantasia (imagery
weakness) in the general population. Consciousness and Cognition, 97:103243. Doi:
10.1016/j.concog.2021.103243.

Dance, C. J., Jaquiery, M., Eagleman, D. M., Zeman, A., & Skinner, J. (2021). What is the
relationship between Aphantasia, Synaesthesia and Autism? Consciousness and
Cognition, 89: 103087. Doi: 10.1016/j.concog.2021.103087.

D’Angiulli, A., Runge, M., Faulkner, A., Zakizadeh, J., Chan, A., & Morcos, S. (2013).
Vividness of visual imagery and incidental recall of verbal cues, when
phenomenological availability reflects long-term memory accessibility. Frontiers in
Psychology, 4:1. Doi: 10.3389/fpsyg.2013.00001.

D’Argembeau, A. & Van der Linden, M. (2006). Individual differences in the
phenomenology of mental time travel: The effect of vivid visual imagery and emotion
regulation strategies. Consciousness and Cognition, 15(2), 342-350. Doi:
10.1016/j.concog.2005.09.001.

Daselaar, S. M., Huijbers, W., Eklund, K., Moscovitch, M., & Cabeza, R. (2013). Resting-
state functional connectivity of ventral parietal regions associated with attention
reorienting and episodic recollection. Frontiers in Human Neuroscience, 7:38. Doi:
10.3389/fnhum.2013.00038.

Daselaar, S. M., Porat, Y., Huijbers, W., & Pennartz, C. M. A. (2010). Modality-specific and
modality-independent components of the human imagery system. Neurolmage, 52(2),
677-685. Doi: 10.1016/j.neuroimage.2010.04.239.

Davachi, L., Mitchell, J. P., & Wagner, A. D. (2003). Multiple routes to memory: Distinct
medial temporal lobe processes build item and source memories. Psychological and
Cognitive Sciences, 100(4), 2157-2162. Doi: 10.1073/pnas.0337195100.

Davidson, P. S. R., Anaki, D., Ciaramelli, E., Cohn, M., Kim, A. S. N., Murphy, K. J.,
Troyer, A. K., Moscovitch, M., & Levine, B. (2008). Does Lateral Parietal Cortex

135



Support Episodic Memory? Evidence from Focal Lesion Patients. Neuropsychologia,
46(7), 1743-1755. Doi: 10.1016/j.neuropsychologia.2008.01.011.

Davis, T. & Poldrack, R. A. (2013). Measuring neural representations with fMRI: practices
and pitfalls. Annals of the New York Academy of Sciences, 1296, 108-134. Doi:
10.1111/nyas.12156.

Davy, J., Cornelissen, P. L., Thompson, H. E., Sonkusare, S., Hallam, G., Smallwood, J., &
Jefferies, E. (2015). Automatic and Controlled Semantic Retrieval: TMS Reveals
Distinct Contributions of Posterior Middle Temporal Gyrus and Angular Gyrus.
Journal of Neuroscience, 35(46), 15230-15239. Doi: 10.1523/JNEUROSCI.4705-
14.2015.

Dawes, A. J., Keogh, R., Andrillon, T., & Pearson, J. (2020). A cognitive profile of multi-
sensory imagery, memory and dreaming in aphantasia. Nature Scientific Reports,
10(1): 10022. Doi: 10.1038/s41598-020-65705-7.

Dawes, A. J., Keogh, R., Robuck, S., & Pearson, J. (2022). Memories with a blind mind:
Remembering the past and imagining the future with aphantasia. Cognition, 227:
105192. Doi: 10.1016/j.cognition.2022.105192.

DeCarlo, L. (2002). Signal detection theory with finite mixture distributions: theoretical
developments with applications to recognition memory. Psychological Review,
109(4), 710-721. Doi: 10.1037/0033-295x.109.4.710.

de Chastelaine, M., Mattson, J. T., Wang, T. H., Donley, B. E., & Rugg, M. D. (2016). The
relationships between age, associative memory performance, and the neural correlates
of successful associative encoding. Neurobiology of Aging, 42, 163-176. Doi:
10.1016/j.neurobiolaging.2016.03.015.

de Chastelaine, M., Wang, T. H., Minton, B., Muftuler, L .T., & Rugg, M. D. (2011). The
effects of age, memory performance, and callosal integrity on the neural correlates of
successful associative encoding. Cerebral Cortex, 21(9), 2166-2176. Doi:
10.1093/cercor/bhg294.

Démonet, J. F., Chollet, F., Ramsay, S., Cardebat, D., Nespoulous, J. L., Wise, R., Rascol,
A., & Frackowiak, R. (1992). The anatomy of phonological and semantic processing
in normal subjects. Brain, 115(Pt. 6), 1753-1768. Doi: 10.1093/brain/115.6.1753.

136



Deroy, O. (2020). Evocation: How Mental Imagery Spans Across the Senses. In A.
Abaraham (Ed.), The Cambridge Handbook of the Imagination (pp. 276-290).
Cambridge University Press. Doi: 10.1017/9781108580298.018.

de Simone, L., Tomasino, B., Marusic, N., Eleopra, R., & Rumiati, R. I. (2013). The effects
of healthy aging on mental imagery as revealed by egocentric and allocentric mental
spatial transformations. Acta Psychologica, 143(1), 146-156. Doi:
10.1016/j.actpsy.2013.02.014.

Devlin, A. L. & Wilson, P. H. (2010). Adult age differences in the ability to mentally
transform object and body stimuli. Aging, Neuropsychology, and Cognition, 17(6),
709-729. Doi: 10.1080/13825585.2010.510554.

Diana, R. A., Yonelinas, A. P., & Ranganath, C. (2007). Imaging recollection and familiarity
in the medial temporal lobe: a three-component model. Trends in Cognitive Sciences,
11(9), 379-386. Doi: 10.1016/j.tics.2007.08.001.

Dobbins, I. G., Foley, H., Schacter, D. L., & Wagner, A. D. (2002). Executive Control during
Episodic Retrieval: Multiple Prefrontal Processes Subserve Source Memory. Neuron,
35(5), 989-996. Doi: 10.1016/S0896-6273(02)00858-9.

Doidge, A. N., Evans, L. Herron, J. E., & Wilding, E. L. (2017). Separating content-specific
retrieval from post-retrieval processing. Cortex, 86, 1-10. Doi:
10.1016/j.cortex.2016.10.003.

Donaldson, D. I. & Rugg, M. D. (1998). Recognition memory for new associations:
Electrophysiological evidence for the role of recollection. Neuropsychologia, 36(5),
377-395. Doi: 10.1016/S0028-3932(97)00143-7.

Donaldson, W. (1996). The role of decision processes in remembering and knowing. Memory
& Cognition, 24(4), 523-533. Doi: 10.3758/BF03200940.

Driver, J. & Mattingley, J. B. (1998). Parietal neglect and visual awareness. Nature
Neuroscience, 1(1), 17-22. Doi: 10.1038/217.

Drowos, D. B., Berryhill, M., André¢, J. M., & Olson, I. R. (2010). True memory, false
memory, and subjective recollection deficits after focal parietal lobe lesions.
Neuropsychology, 24(4), 465-475. Doi: 10.1037/a0018902.

137



Dunn, J. C. (2004). Remember-Know: A Matter of Confidence. Psychological Review,
111(2), 524-542. Doi: 10.1037/0033-295X.111.2.524.s

Eich, E., Nelson, A. L., Leghari, M. A., Handy, & T. C. (2009). Neural systems mediating
field and observer memories. Neuropsychologia, 47(11), 2239-2251. Doi:
10.1016/j.neuropsychologia.2009.02.019.

Eichenbaum, H. (2000). A cortical-hippocampal system for declarative memory. Nature
Reviews Neuroscience, 1(1), 41-50. Doi: 10.1038/35036213.

Eichenbaum, H. (2017). Prefrontal-hippocampal interactions in episodic memory. Nature
Reviews Neuroscience, 18(9), 547-558. Doi: 10.1038/nrn.2017.74.

Eichenbaum, H., Yonelinas, A. P., & Ranganath, C. (2007). The Medial Temporal Lobe and
Recognition Memory. Annual Review of Neuroscience, 30, 123-152. Doi:
10.1146/annurev.neuro.30.051606.094328.

Ekstrom, A. D., Arnold, A. E. G. F., & laria, G. (2014). A critical review of the allocentric
spatial representation and its neural underpinnings: toward a network-based
perspective. Frontiers in Human Neuroscience, 8:803. Doi:
10.3389/fnhum.2014.00803.

Ekstrom, A. D., Kahana, J. B., Caplan, T. a., Fields, E. A., Isham, E. A., Newman, E. L., &
Fried, 1. (2003). Cellular networks underlying human spatial navigation. Nature,
425(6954), 184-188. Doi: 10.1038/nature01964.

Elliott, R., Dolan, R. J., & Frith, C. D. (2000). Dissociable functions in the medial and lateral
orbitofrontal cortex: evidence from human neuroimaging studies. Cerebral Cortex,
10(3), 308-317. Doi: 10.1093/cercor/10.3.308.

Epic Games. (2019). Unreal Engine [Computer Software]. Retrieved from

https://www.unrealengine.com.

Epstein, R. A. (2008). Parahippocampal and retrosplenial contributions to human spatial
navigation. Trends in Cognitive Sciences, 12(10), 388-396. Doi:
10.1016/j.tics.2008.07.004.

Epstein, R. A., Patai, E. Z., Julian, J. B., & Spiers, H. J. (2017). The cognitive map in
humans: spatial navigation and beyond. Nature Neuroscience, 20(11), 1504-1513.
Doi: 10.1038/nn.4656.

138


https://www.unrealengine.com/

Ernst, A., Blanc, F., Voltzenlogel, V., de Seze, J., Chauvin, B., & Manning, L. (2013).
Autobiographical memory in multiple sclerosis patients: assessment and cognitive
facilitation. Neuropsychological Rehabilitation, 23(2), 161-181. Doi:
10.1080/09602011.2012.724355.

Esterman, M., Verstynen, T., Ivry, R. B., & Robertson, L. C. (2006). Coming unbound:
disrupting automatic integration of synesthetic color and graphemes by transcranial
magnetic stimulation of the right parietal lobe. Journal of Cognitive Neuroscience,
18(9), 1570-1576. Doi: 10.1162/jocn.2006.18.9.1570.

Esterman, M., Verstynen, T., & Robertson, L. C. (2007). Attenuating illusory binding with
TMS of the right parietal cortex. Neuroimage, 35(3), 1247-1255. Doi:
10.1016/j.neuroimage.2006.10.039.

Euston, D. R., Gruber, A. J., Naughton, B. L. (2012). The Role of Medial Prefrontal Cortex in
Memory and Decision Making. Neuron, 76(6), 1057-1070. Doi:
10.1016/j.neuron.2012.12.002.

Ezzyat, Y., Kragel, J. E., Burke, J. F., Levy, D. F., Lyalenko, A., Wanda, P., Sullivan, L. O.,
Hurley, K. B., Busygin, S., Pedisich, 1., Sperling, M. R., Worrell, G. A., Kucewicz,
M. T., Davis, K. A, Lucas, T. H., Inman, C. S., Lega, B. C., Jobst, B. C., Sheth, S. A.,
Zaghloul, K., Jutras, M. J., Stein, J. M., Das, S. R., Gorniak, R., Rizzuto, D. S., &
Kahana, M. J. (2017). Direct Brain Stimulation Modulates Encoding States and
Memory Performance in Humans. Current Biology, 27(9), 1251-1258. Doi:
10.1016/j.cub.2017.03.028.

Farah, M. J. (1984). The neurological basis of mental imagery: a componential analysis.
Cognition, 18(1-3), 245-227. Doi: 10.1016/0010-0277(84)90026-X.

Farah, M. J., Hammond, K. M., Levine, D. N., & Calvanio, R. (1988). Visual and spatial
mental imagery: Dissociable systems of representation. Cognitive Psychology, 20(4),
439-462. Doi: 10.1016/0010-0285(88)90012-6.

Faul, F., Erdfelder, E., Buchner, A., & Lang, A. G. (2009). Statistical power analyses using
G*Power 3.1: Tests for correlation and regression analyses. Behavior Research
Methods, 41(4), 1149-1160. Doi: 10.3758/BRM.41.4.1149.

139



Faul, F., Erdfelder, E., Lang, A. G., & Buchner, A. (2007). G*Power 3: A flexible statistical
power analysis program for the social, behavioral, and biomedical science. Behavior
Research Methods, 39, 175-191. Doi: 10.3758/bf03193146.

Faul, L., St. Jacques, P. L., DeRosa, J. T., Parikh, N., & De Brigard, F. (2020). Differential
contribution of anterior and posterior midline regions during mental simulation of
counterfactual and perspective shifts in autobiographical memories. Neurolmage,
215:116843. Doi: 10.1016/j.neuroimage.2020.116843.

Favila, S. E., Samide, R., Sweigart, S. C., & Kuhl, B. A. (2018). Parietal Representations of
Stimulus Features Are Amplified during Memory Retrieval and Flexibly Aligned with
Top-Down Goals. Journal of Neuroscience, 38(36), 7809-7821. Doi:
10.1523/JNEUROSCI.0564-18.2018.

Faw, B. (2009). Conflicting intuitions may be based on differing abilities: Evidence from
mental imaging research. Journal of Consciousness Studies, 16(4), 45-68. Retrieved
from https://www.researchgate.net/profile/Bill-

Faw/publication/233489555 Conflicting_lIntuitions May Be Based On_Differing
Abilities Evidence from_Mental Imaging_Research/links/558c1da208ae591c19d9ec
b6/Conflicting-Intuitions-May-Be-Based-On-Differing-Abilities-Evidence-from-

Mental-Imaging-Research.pdf?origin=publication detail.

Fernandez-Baizan, C., Arias, J. L., & Mendez, M. (2020). Spatial memory assessment reveals
age-related differences in egocentric and allocentric memory performance.
Behavioural Brain Research, 388:112646. Doi: 10.1016/j.bbr.2020.112646.

Fernandez-Baizan, C., Diaz Caceres, E., Arias, J. L., & Mendez, M. (2019). Egocentric and
allocentric spatial memory in healthy aging : performance on real-world tasks.
Brazillian Journal of Medical and Biological Research, 52(4):e8041. Doi:
10.1590/1414-431X20198041.

Fernandino, L., Binder, J. R., Desai, R. H., Pendl, S. L., Humphries, C. J., Gross, W. L.,
Conant, L. L., & Seidenberg, M. S. (2016). Concept Representation Reflects
Multimodal Abstraction: A Framework for Embodied Semantics. Cerebral Cortex,
26(5), 2018-2034. Doi: 10.1093/cercor/bhv020.

Fjell, A. M., Walhovd, K. B., Fennema Notestine, C., McEvoy, L. K., Hagler, D. J., Holland,
D., Brewer, J. B., & Dale, A. M. (2009). One-Year Brain Atrophy Evident in Healthy

140


https://www.researchgate.net/profile/Bill-Faw/publication/233489555_Conflicting_Intuitions_May_Be_Based_On_Differing_Abilities_Evidence_from_Mental_Imaging_Research/links/558c1da208ae591c19d9ecb6/Conflicting-Intuitions-May-Be-Based-On-Differing-Abilities-Evidence-from-Mental-Imaging-Research.pdf?origin=publication_detail
https://www.researchgate.net/profile/Bill-Faw/publication/233489555_Conflicting_Intuitions_May_Be_Based_On_Differing_Abilities_Evidence_from_Mental_Imaging_Research/links/558c1da208ae591c19d9ecb6/Conflicting-Intuitions-May-Be-Based-On-Differing-Abilities-Evidence-from-Mental-Imaging-Research.pdf?origin=publication_detail
https://www.researchgate.net/profile/Bill-Faw/publication/233489555_Conflicting_Intuitions_May_Be_Based_On_Differing_Abilities_Evidence_from_Mental_Imaging_Research/links/558c1da208ae591c19d9ecb6/Conflicting-Intuitions-May-Be-Based-On-Differing-Abilities-Evidence-from-Mental-Imaging-Research.pdf?origin=publication_detail
https://www.researchgate.net/profile/Bill-Faw/publication/233489555_Conflicting_Intuitions_May_Be_Based_On_Differing_Abilities_Evidence_from_Mental_Imaging_Research/links/558c1da208ae591c19d9ecb6/Conflicting-Intuitions-May-Be-Based-On-Differing-Abilities-Evidence-from-Mental-Imaging-Research.pdf?origin=publication_detail
https://www.researchgate.net/profile/Bill-Faw/publication/233489555_Conflicting_Intuitions_May_Be_Based_On_Differing_Abilities_Evidence_from_Mental_Imaging_Research/links/558c1da208ae591c19d9ecb6/Conflicting-Intuitions-May-Be-Based-On-Differing-Abilities-Evidence-from-Mental-Imaging-Research.pdf?origin=publication_detail

Aging. The Journal of Neuroscience, 29(48), 15223-15231. Doi:
10.1523/JNEUROSCI.3252-09.2009.

Fleming, S. M. (2017). HMeta-d: hierarchical Bayesian estimation of metacognitive
efficiency from confidence ratings. Neuroscience of Consciousness, 2017(1). Doi:
10.1093/nc/nix007.

Fleming, S. M. & Lau, H. C. (2014). How to measure metacognition. Frontiers in Human
Neuroscience, 8:433. Doi: 10.3389/fnhum.2014.00443.

Fletcher, P., Frith, C., Baker, S. C., Shallice, T., Frackowiak, R., & Dolan, R. (1995). The
Mind’s Eye — Precuneus Activation in Memory-Related Imagery. Neurolmage, 2(3),
195-200. Doi: 10.1006/nimg.1995.1025.

Folville, A., Bahari, M. A., Delhaye, E., Salmon, E., D’ Argembeu, A., & Bastin, C. (2020).
Age-related differences in neural correlates of vivid remembering. Neurolmage, 206:
116336. Doi: 10.1016/j.neuroimage.2019.116336.

Folville, A., Simons, J. S., D’Argembeau, A., & Bastin, C. (2021). | remember it like it was
yesterday: Age-related differences in the subjective experience of remembering.
Psychonomic Bulletin & Review, 29(4), 1223-1245. Doi: 10.3758/513423-021-02048-

y.

Frank, M. G. & Gilovich, T. (1989). Effect of Memory Perspective on Retrospective Causasl
Attributions. Journal of Personality and Social Psychology, 57(3), 399-403. Retrieved
from
http://test.scripts.psu.edu/users/n/x/nxy906/COMPS/CL T/social%20distance/FrankGil
ovichfirstthirdperson.pdf.

Freton, M., Lemogne, C., Bergouignan, L., Delaveau, P., Lehericy, S., & Fossati, P. (2014).
The eye of the self: precuneus volume and visual perspective during autobiographical
memory retrieval. Brain Structure and Function, 219(3), 959-968. Doi:
10.1007/s00429-013-0546-2.

Fulford, J., Milton, F., Salas, D., Smith, A., Simler, A., Winlove, C., & Zeman, A. (2018).
The neural correlates of visual imagery vividness — an fMRI study and literature
review. Cortex, 105, 26-40. Doi: 0.1016/j.cortex.2017.09.014.

141


https://doi.org/10.3758/s13423-021-02048-y
https://doi.org/10.3758/s13423-021-02048-y
http://test.scripts.psu.edu/users/n/x/nxy906/COMPS/CLT/social%20distance/FrankGilovichfirstthirdperson.pdf
http://test.scripts.psu.edu/users/n/x/nxy906/COMPS/CLT/social%20distance/FrankGilovichfirstthirdperson.pdf

Gaesser, B., Sacchetti, D. C., Addis, D. R., & Schacter, D. L. (2011). Characterizing age-
related changes in remembering the past and imagining the future. Psychology and
Aging, 26(1), 80-84. Doi: 10.1037/a0021054.

Galton, F. (1880). Statistics of Mental Imagery. Mind, 5(19), 301-318. Doi: 10.1093/mind/os-
V.19.301.

Gamboa, O. L., Antal, A., Moliadze, V., & Paulus, W. (2010). Simply longer is not better:
reversal of theta burst after-effect with prolonged stimulation. Experimental Brain
Research, 204(2), 181-187. Doi: 10.1007/s00221-010-2293-4.

Ganis, G., Thompson, W. L., & Kosslyn, S. M. (2004). Brain areas underlying visual mental
imagery and visual perception: an fMRI study. Cognitive Brain Research, 20(2), 226-
241. Doi: 10.1016/j.cogbrainres.2004.02.012.

Gardini, S., Cornoldi, C., Beni, R. D., & Venneri, A. (2006). Left mediotemporal structures
mediate the retrieval of episodic autobiographical mental images. Neurolmage, 30(2),
645-655. Doi: 10.1016/j.neuroimage.2005.10.012,

Gauthier, S., Anzalone, S. M., Cohen, D., Zaoui, M., Chetouani, M., Villa, F., Berthoz, A., &
Xavier, J. (2018). Behavioral Own-Body-Transformations in Children and
Adolescents With Typical Development, Autism Spectrum Disorder, and
Developmental Coordination Disorder. Frontiers in Psychology, 9:676. Doi:
10.3389/fpsyq.2018.00676.

Gauthier, B., Bréchet, L., Lance, F., Mange, R., Herbelin, B., Faivre, N., Bolton, T. A. W.,
Van De Ville, D., & Blanke, O. (2020). First-person body view modulates the neural
substrates of episodic memory and autonoetic consciousness: A functional
connectivity study. Neurolmage, 223:117370. Doi:
10.1016/j.neuroimage.2020.117370.

Gold, J. I. & Shadlen, M. N. (2007). The Neural Basis of Decision Making. Annual Review of
Neuroscience, 30, 535-574. Doi: 10.1146/annurev.neuro.29.051605.113038.

Graf, P. & Schacter, D. (1989). Unitization and grouping mediate dissociations in memory
for new associations. Journal of Experimental Psychology: Learning, Memory, &
Cognition, 15(5), 930-940. Doi: 10.1037/0278-7393.15.5.930.

142



Greenberg, D. L. & Verfaellie, M. (2010). Interdependence of episodic and semantic
memory: Evidence from neuropsychology. Journal of the International
Neuropsychological Society, 16(5), 748-753. Doi: 10.1017/S1355617710000676.

Grol, M., Vingerhoets, G., de Raedt, R. (2017). Mental imagery of positive and neutral
memories: A fMRI study comparing field perspective imagery to observer perspective
imagery. Brain and Cognition, 111, 13-24. Doi: 10.1016/j.bandc.2016.09.014.

Grater, T., Griter, M., Bell, V., & Carbon, C. C. (2009). Visual mental imagery in congenital
prosopagnosia. Neuroscience Letters, 433(3), 135-140. Doi:
10.1016/j.neulet.2009.02.021.

Guerin, S. A. & Miller, M. B. (2011). Parietal cortex tracks the amount of information
retrieved even when it is not the basis of a memory decision. Neuroimage, 55(2), 801-
807. Doi: 10.1016/j.neuroimage.2010.11.066.

Guterstam, A., Bjornsdotter, M., Gentile, G., & Ehrsson, H. H. (2015). Posterior Cingulate
Cortex Integrates the Senses of Self-Location and Body Ownership. Current Biology,
25(11), 1416-1425. Doi: 10.1016/j.cub.2015.03.059.

Habes, M., Janowitz, D., Erus, G., Toledo, J. B., Resnick, S. M., Doshi, J., Van der Auwera,
S., Wittfeld, K., Hegenscheid, K., Hosten, N., Biffar, R., Homuth, G., Volzke, H.,
Grabe, H. J., Hoffman, W., & Davatzikos, C. (2016). Advanced brain aging:
relationship with epidemiologic and genetric risk factors, and overlap with Alzheimer
disease atrophy patterns. Translational Psychiatry, 6:e776. Doi: 10.1038/tp.2016.39.

Hafting, T., Fyhn, M., Molden, S., Moser, M. B., & Moser, E. I. (2005). Microstructure of a
spatial map in the entorhinal cortex. Nature, 436(7052), 801-806. Doi:
10.1038/nature03721.

Hanslmayr, S. & Roux, F. (2017). Human Memory: Brain-State-Dependent Effects of
Stimulation. Current Biology, 27(10), 385-387. Doi: 10.1016/j.cub.2017.03.079.

Haramati, S., Soroker, N., Dudali, Y., & Levy, D. A. (2008). The posterior parietal cortex in
recognition memory: a neuropsychological study. Neuropsychologia, 46(7), 1756-
1766. Doi: 10.1016/j.neuropsychologia.2007.11.015.

Harlow, I. M. & Yonelinas, A. P. (2016). Distinguishing Between the Success and Precision
of Recollection. Memory, 24(1), 114-127. Doi: 10.1080/09658211.2014.988162.

143



Harris, M. A., Wiener, J. M., & Wolbers, T. (2012). Aging specifically impairs switching to
an allocentric navigational strategy. Frontiers in Aging Neuroscience, 4:29. Doi:
10.3389/fnagi.2012.00029.

Hassabis, D., Kumaran, D., & Maguire, E. A. (2007). Using Imagination to Understand the
Neural Basis of Episodic Memory. Journal of Neuroscience, 27(52), 14365-14374.
Doi: 10.1523/JNEUROSCI.4549-07.2007.

Hassabis, D. & Maguire, E. A. (2007). Deconstructing episodic memory with construction.
Trends in Cognitive Sciences, 11(7), 299-306. Doi: 10.1016/j.tics.2007.05.001.

Hautus, M. J. (1995). Corrections for extreme proportions and their biasing effects on
estimated values of d’. Behavior Research Methods, 27, 46-51. Doi:

10.3758/BF03203619.

Hayama, H. R., Vilberg, K. L., & Rugg, M. D. (2012). Overlap between the neural correlates
of cued recall and source memory: evidence for a generic recollection network?
Journal of Cognitive Neuroscience, 24(5), 1127-1137. Doi: 10.1162/jocn_a_00202.

Heaps, C. M. & Nash, M. (2001). Comparing Recollective Experience in True and False
Autobiographical Memories. Journal of Experimental Psychology, 27(4), 920-930.
Doi: 10.1037/0278-7393.27.4.920.

Hebscher, M., Ibrahim, C., & Gilboa, A. (2020). Precuneus stimulation alters the neural
dynamics of autobiographical memory retrieval. Neurolmage, 210(1):116575. Doi:
10.1016/j.neuroimage.2020.116575.

Hebscher, M., Levine, B., & Gilboa, A. (2018). The precuneus and hippocampus contribute
to individual differences in the unfolding of spatial representations during episodic
autobiographical memory. Neuropsychologia, 110, 123-133. Doi:
10.1016/j.neuropsychologia.2017.03.029.

Hebscher, M., Meltzer, J. A., Gilboa, A. (2019). A causal role for the precuneus in network-
wide theta and gamma oscillatory activity during complex memory retrieval. eL.ife,
8:43114. Doi: 10.7554/eLife.43114.

Hedden, T. & Gabirieli, J. D. E. (2004). Insights into the ageing mind: a view from cognitive

neuroscience. Nature Reviews Neuroscience, 5, 87-976. Doi: 10.1038/nrn1323.

144


https://doi.org/10.1016/j.neuroimage.2020.116575
https://doi.org/10.1016/j.neuroimage.2020.116575

Henson, R. N. A,, Shallice, T., & Dolan, R. J. (1999). Right prefrontal cortex and episodic
memory retrieval: a functional MRI test of the monitoring hypothesis. Brain, 122(7),
1367-1381. Doi: 10.1093/brain/122.7.1367.

Hermiller, M. S., Chen, Y. F., Parrish, T. b., & Voss, J. L. (2020). Evidence for Immediate
Enhancement of Hippocampal Memory Encoding by Network-Targeted Theta-Burst
Stimulation during Concurrent fMRI. Journal of Neuroscience, 40(37), 7155-7168.
Doi: 10.1523/JNEUROSCI.0486-20.2020.

Hermiller, M. S., VanHaerents, S., Raij, T., & Voss, J. L. (2019). Frequency-specific
noninvasive modulation of memory retrieval and its relationship with hippocampal
network connectivity. Hippocampus, 29(7), 595-609. Doi: 10.1002/hip0.23054.

Herwig, N. A., Sharan, A. D., Sperling, M. R., Brandt, A., Schulze-Bonhage, A., & Kahana,
M. J. (2020). Reactivated Spatial Context Guides Episodic Recall. Journal of
Neuroscience, 40(10), 2119-2128. Doi: 10.1523/JNEUROSCI.1640-19.2019.

Hickok, G. & Poeppel, D. (2004). Dorsal and ventral streams: a framework for understanding
aspects of the functional anatomy of language. Cognition, 92(1-2), 67-99. Doi:
10.1016/j.cognition.2003.10.011.

Hockley, W. E. & Consoli, A. (1999). Familiarity and recollection in item and associative
recognition. Memory & Cognition, 27(4), 657-664. Doi: 10.3758/BF03211559.

Hoepner, R. & Brandt, C. (2015). Out-of-body experience and epilepsy. Journal of
Neurosurgery: Pediatrics, 15(2):224. Doi: 10.3171/2014.8.PEDS14425.

Horner, A. J., Bisby, J. A., Bush, D., Lin, W. J., & Burgess, N. (2015). Evidence for holistic
episodic recollection via hippocampal pattern completion. Nature Communications,
6:7462. Doi: 10.1038/ncomms8462.

Hower, K .H., Wixted, J., Berryhill, M. E., & Olson, I. R. (2014). Impaired Perception of
Mnemonic Oldness, but not Mnemonic Newness, After Parietal Lobe Damage.
Neuropsychologia, 56, 409-417. Doi: 10.1016/j.neuropsychologia.2014.02.014.

Huang, Y. Z., Edwards, M. J., Rounis, E., Bhatia, K., & Rothwell, J. C. (2005). Theta Burst
Stimulation of the Human Motor Cortex. Neuron, 45(2), 201-206. Doi:
10.1016/j.neuron.2004.12.033.

145



Huang, Y. Z., Rothwell, J. C., Chen, R. S., Lu, C. S., & Chuang, W. L. (2011). The
theoretical model of theta burst form of repetitive transcranial magnetic stimulation.
Clinical Neurophysiology, 122(5), 1011-1018. Doi: 10.1016/j.clinph.2010.08.016.

Hubbard, E. M. & Ramachandran, V. S. (2005). Neurocognitive mechanisms of synesthesia.
Neuron, 48(3), 509-520. Doi: 10.1016/j.neuron.2005.10.012.

Hubley, A. M. (2010). Using the Rey-Osterrieth and Modified Taylor Complex Figures with
Older Adults: A Preliminary Examination of Accuracy Score Comparability. Archives
of Clinical Neuropsychology, 25(3), 197-203. Doi: 10.1093/arclin/acq003.

Hubley, A. M. & Tremblay, D. (2002). Comparability of total score performance on the Rey-
Osterrieth Complex Figure and a modified Taylor Complex Figure. Journal of
Clinical Neuropsychology, 24(3), 370-382. Doi: 10.1076/jcen.24.3.370.984.

Humphreys, G. F., Halai, A. D., Francesca, M. B., & Lambon Ralph, M. A. (2022). The
angular gyrus is engaged by autobiographical recall not object-semantics, or event-
semantics: Evidence from contrastive propositional speech production. bioRxiv.
Retrieved from https://doi.org/10.1101/2022.04.04.487000.

Humphreys, G. F., Jackson, R. L., & Lambon Ralph, M. A. (2020). Overarching Principles
and Dimensions of the Functional Organization in the Inferior Parietal Cortex.
Cerebral Cortex, 30(11), 5639-5653. Doi: 10.1093/cercor/bhaal33.

Humphreys, G. F., Jung, J. Y., Lambon Ralph, M. A. (2022). The convergence and
divergence of episodic and semantic functions across lateral parietal cortex. Cerebral
Cortex, 32(24), 5664-5681. Doi: 10.1093/cercor/bhac044.

Humphreys, G. F. & Lambon Ralph, M. A. (2015). Fusion and Fission of Cognitive
Functions in the Human Parietal Cortex. Cerebral Cortex, 25(1), 3547-3560. Doi:
10.1093/cercor/bhul98.

Humphreys, G. F. & Lambon Ralph, M. A. (2017). Mapping Domain-Selective and
Counterpointed Domain-General Higher Cognitive Functions in the Lateral Parietal
Cortex: Evidence from fMRI Comparisons of Difficulty-Varying Semantic Versus
Visuo-Spatial Tasks, and Functional Connectivity Analyses. Cerebral Cortex, 27(8),
4199-4212. Doi: 10.1093/cercor/bhx107.

146


https://doi.org/10.1101/2022.04.04.487000

Humphreys, G. F., Lambon Ralph, M. A., & Simons, J. S. (2021). A Unifying Account of
Angular Gyrus Contributions to Episodic and Semantic Cognition. Trends in
Neuroscience, 44(6), 452-463. Doi: 10.1016/j.tins.2021.01.006.

Humphreys, G. F. & Tibon, R. (2022). Dual-axes of functional organisation across lateral
parietal cortex: the angular gyrus forms part of a multi-modal buffering system. Brain
Structure and Function, 228, 341-352. Doi: 10.1007/s00429-022-02510-0.

Hupé, J. M. & Dojat, M. (2015). A critical review of the neuroimaging literature on
synesthesia. Frontiers in Human Neuroscience, 9:103. Doi:
10.3389/fnhum.2015.00103.

Hussey, E., Smolinsky, J. G., Piryatinsky, I., Budson, A. E., Ally, B. A. (2013). Using mental
imagery to improve memory in patients with Alzheimer’s disease: Trouble generating
or remembering the mind’s eye? Alzheimer Disease & Associated Disorders, 26(2),
124-134. Doi: 10.1097/WAD.0b013e31822e0f73.

Hutchinson, J. B., Uncapher, M. R., & Wagner, A. D. (2009). Posterior parietal cortex and
episodic retrieval: convergent and divergent effects of attention and memory.
Learning and Memory, 16(6), 343-356. Doi: 10.1101/Im.919109.

Hutchinson, J. B., Uncapher, M. R., Weiner, K. S., Bressler, D. W., Silver, M. A., Preston, A.
R., & Wagner, A. D. (2014). Functional heterogeneity in posterior parietal cortex
across attention and episodic memory retrieval. Cerebral Cortex, 24(1), 49-66. Doi:
10.1093/cercor/bhs278.

lachini, T., Ruggiero, G., Conson, M., & Trojano, L. (2009). Lateralization of egocentric and
allocentric spatial processing after parietal brain lesions. Brain and Cognition, 69(3),
514-520. Doi: 10.1016/j.bandc.2008.11.001.

lachini, T., Ruggiero, G., & Ruotolo, F. (2009). The effect of age on egocentric and
allocentric spatial frames of reference. Cognitive Processing, 10, 222-224. Doi:
10.1007/s10339-009-0276-9.

Inagaki, H., Meguro, K., Shimada, M., Ishizaki, J., Okuzumi, H., & Yamadori, A. (2002).
Discrepancy between mental rotation and perspective-taking abilities in normal aging
assessed by Piaget’s Three-mountain task. Journal of Clinical and Experimental
Neuropsychology, 24(1), 18-25. Doi: 10.1076/jcen.24.1.18.969.

147



Incisa della Rocchetta, A. & Milner, B. (1993). Strategic search and retrieval inhibition: The
role of the frontal lobes. Neuropsychologia, 31(6), 503-524. Doi: 10.1016/0028-
3932(93)90049-6.

Ingram, K. M., Mickes, L., & Wixted, J. T. (2012). Recollection can be Weak and Familiarity
can be Strong. Journal of Experimental Psychology: Learning, Memory, & Cognition,
38(2), 325-339. Doi: 10.1037/a0025483.

International Organization for Standardization. (2019). Colorimetry — Part 4: CIE 1976
L*a*b colour space (ISO/CIE Standard No. 11664-4:2019). Retrieved from
https://www.iso.org/standard/74166.html.

lonta, S., Gassert, R., & Blanke, O. (2011). Multi-sensory and sensorimotor foundation of
bodily self-consciousness — an interdisciplinary approach. Frontiers in Psychology,
2:e383. Doi: 10.3389/fpsyg.2011.00383.

Irish, M. & Piguet, O. (2013). The pivotal role of semantic memory in remembering the past
and imagining the future. Frontiers in Behavioural Neuroscience, 7:27. Doi:
10.3389/fnbeh.2013.00027.

Irish, M. & Vatansever, D. (2020). Rethinking the episodic-semantic distinction from a
gradient perspective. Current Opinion in Behavioural Sciences, 32, 43-49. Doi:
10.1016/j.cobeha.2020.01.016.

Iriye, H. & Ehrsson, H. H. (2022). Perceptual illusion of body-ownership within an
immersive realistic environment enhances memory accuracy and re-experiencing.
iScience, 25(1): 103584. Doi: 10.1016/j.isci.2021.103584.

Iriye, H. & St. Jacques, P. L. (2018). Construction and Elaboration of Autobiographical
Memories from Multiple Visual Perspectives. bioRxiv. Retrieved from
https://www.biorxiv.org/content/10.1101/317594v1.

Iriye, H. & St. Jacques, P. L. (2021). Memories for third-person experiences in immersive
virtual reality. Nature Scientific Reports, 11(1):4667. Doi: 10.1038/s41598-021-
84047-6.

Jablonowski, J. & Rose, M. (2022). The functional dissociation of posterior parietal regions
during multimodal memory formation. Human Brain Mapping, 43(11), 3469-3485.
Doi: 10.1002/hbm.25861.

148


https://www.iso.org/standard/74166.html
https://www.biorxiv.org/content/10.1101/317594v1

Jacobs, J., Miller, J., Lee, S. A., Coffey, T., Watrous, A. J., Sperling, M. R., Sharan, A.,
Worrell, G., Berry, B., Lega, B., Jobst, B. C., Davis, K., Gross, R. E., Sheth, S. A.,
Ezzyat, Y., Das, S. R., Stein, J., Gorniak, R., Kahana, M. J., & Rizzuto, D. S. (2016).
Direct Electrical Stimulation of the Human Entorhinal Region and Hippocampus
Impairs Memory. Neuron, 92(5), 983-990. Doi: 10.1016/j.neuron.2016.10.062.

Jacobs, C., Schwarzkopf, D. S., & Silvanto, J. (2018). Visual working memory performance
in aphantasia. Cortex, 105, 61-73. Doi: 10.1016/j.cortex.2017.10.014.

Jackson, R. L., Bajada, C. J., Lambon Ralph, M. A., & Cloutman, L. L. (2020). The Graded
Change in Connectivity across the Ventromedial Prefrontal Cortex Reveals Distinct
Subregions. Cerebral Cortex, 30(1), 165-180. Doi: 10.1093/cercor/bhz079.

Jéncke, L. & Langer, N. (2011). A strong parietal hub in the small-world network of
coloured-hearing synaesthetes during resting state EEG. Journal of Neuropsychology,
5(2), 178-202. Doi: 10.1111/j.1748-6653.2011.02004.x.

Jannati, A., Block, G., Oberman, L. M., Rotenberg, A., & Pascual-Leone, A. (2017).
Interindividual variability in response to continuous theta-burst stimulation (cTBS) in
healthy adults. Clinical Neurophysiology, 128(11), 2268-2278. Doi:
10.1016/j.clinph.2017.08.023.

Janowsky, J. S., Shimamura, A. P., & Squire, L. R. (1989). Source memory impairments in
patients with frontal lobe lesions. Neuropsychologia, 31(8), 1043-1056. Doi:
10.1016/0028-3932(89)90184-x.

Jansen, P. & Kaltner, S. (2014). Object-based and egocentric mental rotation performance in
older adults: the importance of gender differences and motor ability.
Neuropsychology, Development, and Cognition. Section B, Aging, Neuropsychology
and Cognition, 21(3), 296-316. Doi: 10.1080/13825585.2013.805725.

Jefferies, E. & Lambon Ralph, M. A. (2006). Semantic impairment in stroke aphasia versus
semantic dementia: a case-series comparison. Brain, 129(Pt. 8), 2132-2147. Doi:
10.1093/brain/awl153.

Johnson, J. D. & Rugg, M. D. (2007). Recollection and the reinstatement of encoding-related
cortical activity. Cerebral Cortex, 17(11), 2507-2515. Doi: 10.1093/cercor/bhl156.

149



Jonker, C., Geerlings, M. I., & Schmand, B. (2000). Are memory complaints predictive for
dementia? A review of clinical and population-based studies. International Journal of
Geriatric Psychiatry, 15(11), 983-991. Doi: 10.1002/1099-
1166(200011)15:11<983::aid-gps238>3.0.c0;2-5.

Jung, J., Cloutman, L. L., Binney, R. J., & Lambon Ralph, M. (2017). The structural
connectivity of higher order association cortices reflects human functional brain
networks. Cortex, 97, 221-239. Doi: 10.1016/j.cortex.2016.08.011.

Jung, J., Lambon Ralph, M. A., & Jackson, R. L. (2022). Subregions of DLPFC Display
Graded yet Distinct Structural and Functional Connectivity. Journal of Neuroscience,
42(15), 3241-3252. Doi: 10.1523/JNEUROSCI.1216-21.2022.

Kahn, 1., Davachi, L., & Wagner, A. D. (2004). Functional-Neuroanatomic Correlates of
Recollection: Implications for Models of Recognition Memory. Journal of
Neuroscience, 24(17), 4172-4180. Doi: 10.1523/JNEUROSCI.0624-04.2004.

Kaltner, S. & Jansen, P. (2016). Developmental Changes in Mental Rotation: A Dissociation
Between Object-Based and Egocentric Transformations. Advances in Cognitive
Psychology, 12(2), 67-78. Doi: 10.5709/acp-0187-y.

Kapsetaki, M. E., Militaru, I. E., Sanguino, I., Boccanera, M., Zaara, N., Zaman, A., Loreto,
F., Malhorta, P. A., & Russell, C. (2022). Type of encoded material and age modulate
the relationship between episodic recall of visual perspective and autobiographical
memory. Journal of Cognitive Psychology, 34(1), 142-159. Doi:
10.1080/20445911.2021.1922417.

Karnath, H. O. & Rorden, C. (2012). The anatomy of spatial neglect. Neuropsychologia,
50(6), 1010-1017. Doi: 10.1016/j.neuropsychologia.2011.06.027.

Kay, L., Keogh, R., Andrillon, T., & Pearson, J. (2022). The pupillary light response as a
physiological index of aphantasia, sensory and phenomenological imagery strength.
eLife, 11:e72484. Doi: 10.7554/eLife.72484.

Keogh, R. & Pearson, J. (2018). The blind mind: No sensory visual imagery in aphantasia.
Cortex, 105, 53-60. Doi: 10.1016/j.cortex.2017.10.012.

150



Keogh, R., Wicken, M., & Pearson, J. (2021). Visual working memory in aphantasia:
Retained accuracy and capacity with a different strategy. Cortex, 143, 237-253. Doi:
10.1016/j.cortex.2021.07.012.

Kessler, K. & Wang, H. (2012). Spatial Perspective Taking is an Embodied Process, but Not
for Everyone in the Same Way: Differences Predicted by Sex and Social Skills Score.
Spatial Cognition & Computation, 12(2-3), 133-158. Doi:
10.1080/13875868.2011.634533.

Kessels, R. P. C., Hobbel, D., & Postma, A. (2009). Aging, Context Memory And Binding: A
Comparison of “What, Where And When” In Young and Older Adults. International
Journal of Neuroscience, 117(6), 795-810. Doi: 10.1080/00207450600910218.

Kiefer, M., Ansorge, U., Haynes, J. D., Hamker, F., Mattler, U., Verleger, R., & Niedeggen,
M. (2011). Neuro-cognitive mechanisms of conscious and unconscious visual
perception: From a plethora of phenomena to general principles. Advances in
Cognitive Psychology, 7, 55-67. Doi: 10.2478/v10053-008-0090-4.

Kim, H. (2010). Dissociating the roles of the default-mode, dorsal, and ventral networks in
episodic memory retrieval. Neurolmage, 50(4), 1648-1657. Doi:
10.1016/j.neuroimage.2010.01.051.

Kim, H. (2016). Default network activation during episodic and semantic memory retrieval:
A selective meta-analytic comparison. Neuropsychologia, 80(8), 35-46. Doi:
10.1016/j.neuropsychologia.2015.11.006.

Kind, A. (2021). Can imagination be unconscious? Synthese, 199(5-6), 13121-13141. Doi:
10.1007/s11229-021-03369-0.

Klein, A., Anderson, J., Ardekani, B. A., Ashburner, J., Avants, B., Chiang, M. C.,
Christensen, G. E., Collins, D. L., Gee, J., Hellier, P., Song, J. H., Jenkinson, M.,
Lepage, C., Rueckert, D., Thompson, P., Vercauteren, T., Woods, R. P., Mann, J. J.,
& Parsey, R. V. (2009). Evaluation of 14 nonlinear deformation algorithms applied to
human brain MRI registration. Neurolmage, 46(3), 786-802. Doi:
10.1016/j.neuroimage.2008.12.037.

Koen, J. D., Barrett, F. S., Harlow, I. M., & Yonelinas, A. P. (2017). The ROC Toolbox: A

toolbox for analyzing receiver-operating characteristic curves derived from

151



confidence ratings. Behaviour Research Methods, 49(4), 1399-1406. Doi:
10.3758/513428-016-0796-z.

Koen, J. D., Thakral, P. P., & Rugg, M. D. (2018). Transcranial magnetic stimulation of the
left angular gyrus during encoding does not impair associative memory performance.
Cognitive Neuroscience , 9(3-4), 127-138. Doi: 10.1080/17588928.2018.1484723.

Koenig-Robert, R. & Pearson, J. (2019). Decoding the contents and strength of imagery
before volitional engagement. Nature Scientific Reports, 9:3504. Doi:
/10.1038/s41598-019-39813-y.

Koenig-Robert, R. & Pearson, J. (2020). Decoding Nonconscious Thought Representations
during Successful Thought Suppression. Journal of Cognitive Neuroscience, 21(12),
2272-2284. Doi: 10.1162/jocn_a_01617.

Kopelman, M. D., Wilson, B. A., & Baddeley, A. D. (1989). The autobiographical memory
interview: a new assessment of autobiographical and personal semantic memory in
amnesic patients. Journal of Clinical and Experimental Neuropsychology, 11(5), 724-
744. Doi: 10.1080/01688638908400928.

Korkki, S. M., Richter, F. R., Gellersen, H. M., & Simons, J. S. (2022). Reduced memory
precision in older age is associated with functional and structural differences in the
angular gyrus. bioRxiv. Retrieved from
https://www.biorxiv.org/content/10.1101/2022.05.26.493542v?2.

Korkki, S. M., Richter, F. R., Jeyarathnarajah, P., & Simons, J. S. (2020). Healthy Ageing
Reduces the Precision of Episodic Memory Retrieval. Psychology and Aging, 35(1),
124-142. Doi: 10.1037/pag0000432.

Korman, M., Weiss, P. L., Hochhauser, M., & Kizony, R. (2019). Effect of age on spatial
memory performance in real museums vs. computer simulation. BMC Geriatrics,
19(165). Doi: 10.1186/s12877-019-1167-2.

Kosslyn, S. M. (2005). Mental Images and The Brain. Cognitive Neuropsychology, 22(3-4),
333-347. Doi: 10.1080/02643290442000130.

Kosslyn, S. M., Ganis, G., & Thompson, W. L. (2001). Neural foundations of imagery.
Nature Reviews Neuroscience, 2(9), 635-642. Doi: 10.1038/35090055.

152


https://www.biorxiv.org/content/10.1101/2022.05.26.493542v2

Kosslyn, S. M., Pascual-Leone, A., Felician, O., Camposano, S., Keenan, J. P., Thompson,
W. L., Ganis, G., Sukel, K. E., & Alpert, N. M. (1999). Science, 2(284), 167-170.
Doi: 10.1126/science.284.5411.167.

Kosslyn, S. M. & Thompson, W. L. (2003). When is early visual cortex activated during
visual imagery? Psychological Bulletin, 129(5), 723-746. Doi: 10.1037/0033-
2909.129.5.723.

Kravitz, D. J., Saleem, K. S., Baker, C. I., & Mishkin, M. (2011). A new neural framework
for visuospatial processing. Nature Reviews Neuroscience, 12, 217-230. Doi:
10.1038/nrn3008.

Kuehn, E., Perez-Lopez, M. B., Diersch, N., Dohler, J., Wolbers, T., & Riemer, M. (2018).
Embodiment in the aging mind. Neuroscience & Biobehavioral Reviews, 86, 207-225.
Doi: 10.1016/j.neubiorev.2017.11.016.

Kuhl, B. A. & Chun, M. M. (2014). Successful Remembering Elicits Event-Specific Activity
Patterns in Lateral Parietal Cortex. Journal of Neuroscience, 34(23), 8051-8060. Doi:
10.1523/JNEUROSCI.4328-13.2014.

Kuhl, B. A., Johnson, M. K., & Chun, M. M. (2013). Dissociable neural mechanisms for
goal-directed versus incidental memory reactivation. Journal of Neuroscience, 33(41),
16099-16109. Doi: 10.1523/JNEUROSCI.0207-13.2013.

Kuhnke, P., Chapman, C. A, Cheung, V. K. M., Turker, S., Graessner, A., Martin, S.,
Williams, K. A., & Hartwigsen, G. (2023). The role of the angular gyrus in semantic
cognition: a synthesis of five functional neuroimaging studies. Brain Structure &
Function, 228(1), 273-291. Doi: 10.1007/s00429-022-02493-y.

Kuznetsova, A., Brockhoff, P., B., & Christensen, R. H. B. (2017). ImerTest Package: Tests
in Linear Mixed Effects Models. Journal of Statistical Software, 82(13), 1-26. Doi:
10.18637/jss.v082.i13.

Kwok, E. L., Leys, G., Koenig-Robert, R., & Pearson, J. (2019). Measuring Thought-Control
Failure: Sensory Mechanisms and Individual Differences. Psychological Science,
30(6), 811-821. Doi: 10.1177/0956797619837204

153



Kwon, S., Richter, F. R., Siena, M. J., & Simons, J. S. (2022). Episodic Memory Precision
and Reality Monitoring Following Stimulation of Angular Gyrus. Journal of
Cognitive Neuroscience, 34(4), 687-698. Doi: 10.1162/jocn_a_01814.

Ladyka-Wojick, N., Olsen, R. K., Ryan, J. D., & Barense, M. D. (2021). Flexible Use of
Spatial Frames of Reference for Object-Location Memory in Older Adults. Brain
Sciences, 11(11):1542. Doi: 10.3390/brainsci11111542.

Lambon Ralph, M. A. (2013). Neurocognitive insights on conceptual knowledge and its
breakdown. Philosophical Transactions of the Royal Society B: Biological Sciences,
369(1634):20120392. Doi: 10.1098/rsth.2012.0392.

Lambon Ralph, M. A., Jefferies, E., Patterson, K., & Rogers, T. T. (2017). The neural and
computational bases of semantic cognition. Nature Reviews Neuroscience, 18(1), 42-
55. Doi: 10.1038/nrn.2016.150.

Lambon Ralph, M. A., McClelland, J. L., Patterson, K., Galton, C. J., & Hodges, J. R. (2001).
No right to speak? The relationship between object naming and semantic impairment:
neuropsychological evidence and a computational model. Journal Cognitive
Neuroscience, 13(3), 341-356. Doi: 10.1162/08989290151137395.

Lambon Ralph, M. A. & Patterson, K. (2008). Generalization and differentiation in semantic
memory: insights from semantic dementia. Annals of the New York Academy of
Sciences, 1124(1), 61-76. Doi: 10.1196/annals.1440.006.

Lambrey, S., Doeller, C., Berthoz, A., & Burgess, N. (2012). Imagining Being Somewhere
Else: Neural Basis of Changing Perspective in Space. Cerebral Cortex, 22(1), 166-
174. Doi: 10.1093/cercor/bhr101.

Lawrence, M. A. (2016). ez: Easy Analysis and Visualization of Factorial Experiments. R

package version 4.4-0. Retrieved from https://CRAN.R-project.org/package=ez.

Lazzaro, V. D., Pilato, F., Saturno, E., Oliveriero, A., Dileone, M., Mazzone, P., Insola, A.,
Tonali, P. A, Ranieri, F., Huang, Y. Z., & Rothwell, J. C. (2005). Theta-burst
repetitive transcranial magnetic stimulation suppresses specific excitatory circuits in
the human motor cortex. Journal of Physiology, 565(3), 945-950. Doi:
10.1113/jphysiol.2005.087288.

154


https://cran.r-project.org/package=ez

Lee, H., Chun, M. M., & Kuhl, B. A. (2017). Lower Parietal Encoding Activation Is
Associated with Sharper Information and Better Memory. Cerebral Cortex, 27(4),
2486-2499. Doi: 10.1093/cercor/bhw097.

Lee, H. & Kuhl, B. A. (2016). Reconstructing Perceived and Retrieved Faces from Activity
Patterns in Lateral Parietal Cortex. Journal of Neuroscience, 36(22), 6069-6082. Doi:
10.1523/JNEUROSCI.4286-15.2016.

Leopold, D. A. (2012). Primary visual cortex, awareness and blindsight. Annual Review of
Neuroscience, 35, 91-109. Doi: 10.1146/annurev-neuro-062111-150356.

Levine, B., Svoboda, E., Hay, J. F., Winocur, G., & Moscovitch, M. (2002). Aging and
autobiographical memory: dissociating episodic from semantic retrieval. Psychology
and Aging, 17(4), 677-689. Doi: 10.1037/0882-7974.17.4.677.

Levine, D. N., Warach, J., & Farah, M. (1985). Two visual systems in mental imagery:

dissociation of “what” and “where” in imagery disorders due to bilateral posterior

cerebral lesions. Neurology, 35(7), 1010-1018. Doi: 10.1212/wnl.35.7.1010.

Li, B., Han, M., Guo, C., & Tibon, R. (2019). Unitization modulates recognition of within-
domain and cross-domain associations: Evidence from event-related potentials.
Psychophysiology, 56(11), e13446. Doi: 10.1111/psyp.13446.

Libby, L. K. & Eibach, R. P. (2002). Looking Back in Time: Self-Concept Change Affects
Visual Perspective in Autobiographical Memory. Journal of Personality and Social
Psychology, 82(2), 167-179. Doi: 10.1037/0022-3514.82.2.167.

Libby, L. K. & Eibach, R. P. (2011). Visual Perspective in Mental Imager: A
Representational Tool that Functions in Judgement, Emotion, and Self-Insight.
(2011). InJ. M. Olson & M. P. Zanna (Eds.), Advances in Experimental Social
Psychology (pp. 185-245). Academic Press. Doi: 10.1016/B978-0-12-385522-
0.00004-4.

Lindenberger, U. & Mayr, U. (2014). Cognitive Aging: Is There a Dark Side to
Environmental Support? Trends in Cognitive Sciences, 18(1), 7-15. Doi:
10.1016/j.tics.2013.10.006.

155



Lo, S. & Andrews, S. (2015). To transform or not to transform: using generalised linear
mixed models to analyse reaction time data. Frontiers in Psychology, 6. Doi:
0.3389/fpsyg.2015.01171.

Lopez, A., Caffio, A. O., Spano, G., & Bosco, A. (2019). The effect of Aging on Memory for
Recent and Remote Egocentric and Allocentric Information. Experimental Aging
Research, 45(1), 57-73. Doi: 10.1080/0361073X.2018.1560117.

Lorenz, C. & Neisser, U. (1985). Factors of imagery and event recall. Memory & Cognition,
13(6), 494-500. Retrieved from
https://link.springer.com/content/pdf/10.3758/BF03198319.pdf.

Lowe, C. J. & Hall, P. A. (2018). Reproducibility and sources of interindividual variability in
the responsiveness to prefrontal continuous theta burst stimulation (cTBS).
Neuroscience Letters, 687(20), 280-284. Doi: 10.1016/j.neulet.2018.09.039.

Luke, S. G. (2017). Evaluating significance in linear mixed-effects models in R. Behavior
Research Methods, 49(4), 1494-1502. Doi: 10.3758/s13428-016-0809-y.

Luzzatti, C., Vecchi, T., Agazzi, D., Cesa-Bianchi, M., & Vergani, C. (1998). A neurological
dissociation between preserved visual and impaired spatial processing in mental
imagery. Cortex, 34(3), 461-469. Doi: 10.1016/s0010-9452(08)70768-8.

Lv, M. & Hu, S. (2020). Asymmetrical Switch Costs in Spatial Reference Frames Switching.
Perception, 49(3), 268-280. Doi: 10.1177/0301006620906087.

Maguire, E. A., Vargha-Khadem, F., & Mishkin, M. (2001). The effects of bilateral
hippocampal damage on fMRI regional activations and interactions during memory
retrieval. Brain, 124(Pt. 6), 1156-1170. Doi: 10.1093/brain/124.6.1156.

Makowski, D. (2018). The Psycho Package : An Efficient and Publishing-Oriented Workflow
for Psychological Science. Journal of Open Source Software, 3(22), 470. Retrieved

from https ://github.com/neuropsychology/psycho.R.

Makowski, D., Ben-Shachar, M. S., Patil, I., & Lidecke, D. (2020). Estimation of Model-
Based Predictions, Contrasts, and Means. R package version 0.8.0. Retrieved from
https://cran.r-project.org/web/packages/modelbased/index.html.

156


https://doi.org/10.1080/0361073X.2018.1560117
https://link.springer.com/content/pdf/10.3758/BF03198319.pdf
https://cran.r-project.org/web/packages/modelbased/index.html

Makris, N., Papadimitriou, G. M., Sorg, S., Kennedy, D. N., Caviness, V. S., & Pandya, D.
N. (2007). The occipitofrontal fascicle in humans: A gquantitative, in vivo, DT-MRI
study. Neuroimage, 37(4), 1100-1111. Doi: 10.1016/j.neuroimage.2007.05.042.

Maldjian, J. A., Laurienti, P. J., & Burdette, J. H. (2004). Precentral Gyrus Discrepancy in
Electronic Versions of the Talairach Atlas. Neurolmage 21(1), 450-455. Doi:
10.1016/j.neuroimage.2003.09.032.

Maldjian, J. A., Laurienti, P. J., Burdette, J. B., & Kraft, R. A. (2003). An Automated Method
for Neuroanatomic and Cytoarchitectonic Atlas-based Interrogation of fMRI Data
Sets. Neurolmage 19(3), 1233-1239. Doi: 10.1016/s1053-8119(03)00169-1.

Mandler, G. (1980). Recognizing: The judgment of previous occurrence. Psychological
Review, 87(3), 252-271. Doi: 10.1037/0033-295X.87.3.252.

Mandler, G. (2008). Familiarity Breeds Attempts: A Critical Review of Dual-Process
Theories of Recognition. Perspectives on Psychological Science, 3(5), 390-399. Doi:
10.1111/j.1745-6924.2008.00087 .x.

Marcotti, P. & St. Jacques, P. L. (2018). Shifting visual perspective during memory retrieval
reduces the accuracy of subsequent memories. Memory, 26(3), 330-341. Doi:
10.1080/09658211.2017.1329441.

Marcotti, P. & St. Jacques, P. L. (2022). Third-person perspectives in photographs influence
visual and spatial perspectives during subsequent memory retrieval. Journal of
Cognitive Psychology, 34(1), 45-63. Doi: 10.1080/20445911.2021.1935972.

Marks, D. F. (1973). Visual imagery differences in the recall of pictures. British Journal of
Psychology, 64(1), 17-24. Doi: 10.1111/j.2044-8295.1973.tb01322.x.

Mazurek, A., Bhoopathy, R. M., Read, J. C., Gallagher, P., & Smulders, T. V. (2015). Effects
of age on a real-world What-Where-When memory task. Frontiers in Aging
Neuroscience, 7:74. Doi: 10.3389/fnagi.2015.00074.

McCalley, D. M., Lench, D. H., Doolittle, J. D., Imperatore, J. P., Hoffman, M., & Hanlon,
C. A. (2021). Determining the optimal pulse number for theta burst induced change in
cortical excitability. Nature Scientific Reports, 11:8726. Doi: 10.1038/s41598-021-
87916-2.

157



McCarroll, C. J. (2017). Looking the past in the eye: Distortion in memory and the costs and
benefits of recalling from an observer perspective. Consciousness and Cognition, 49,
322-332. Doi: 10.1016/j.concog.2017.01.014.

McCarroll, C. J. (2018). Remembering from the outside: personal memory and the
perspectival mind. Oxford, Oxfordshire: Oxford University Press.

McClelland, J. L., McNaughton, B., & O’Reilly, R. C. (1995). Why there are complementary
learning systems in the hippocampus and neocortex: insights from the successes and
failures of connectionist models of learning and memory. Psychological Review,
102(3), 419-457. Doi: 10.1037/0033-295X.102.3.419.

Mclsaac, H. K. & Eich, E. (2002). Vantage point in episodic memory. Psychonomic Bulletin
& Review, 9(1), 146-150. Doi: 10.3758/BF03196271.

Mclsaac, H. K. & Eich, E. (2004). Vantage point in traumatic memory. Psychological
Science, 15(4), 248-253. Doi: 10.1111/j.0956-7976.2004.00660.x.

McKelvie, S. J. (1995). The VVIQ as a psychometric test of individual differences in visual
imagery vividness: A critical quantitative review and plea for direction. Journal of
Mental Imagery, 19(3-4), 1-106. Retrieved from
https://www.researchgate.net/profile/Stuart-

Mckelvie/publication/232463136_The VVIQ as_a_psychometric_test of individual
differences in_visual imagery vividness A_critical_quantitative review and_plea
for_direction/links/56af68b308ae7{87f56a8e54/The-VV1Q-as-a-psychometric-test-

of-individual-differences-in-visual-imagery-vividness-A-critical-quantitative-review-

and-plea-for-direction.pdf.

Merkow, M. B., Burke, J. F., & Kahana, M. J. (2015). The human hippocampus contributes
to both the recollection and familiarity components of recognition memory.
Psychological and Cognitive Sciences, 112(46), 14378-14383. Doi:
10.1073/pnas.1513145112.

Merriman, N. A., Ondfej, J., Roudaia, E., O’Sullivan, C. & Newell, F. N. (2016). Familiar
environments enhance object and spatial memory in both younger and older adults.
Experimental Brain Research, 234(6), 1555-1574. Doi: 10.1007/s00221-016-4557-0.

158


https://www.researchgate.net/profile/Stuart-Mckelvie/publication/232463136_The_VVIQ_as_a_psychometric_test_of_individual_differences_in_visual_imagery_vividness_A_critical_quantitative_review_and_plea_for_direction/links/56af68b308ae7f87f56a8e54/The-VVIQ-as-a-psychometric-test-of-individual-differences-in-visual-imagery-vividness-A-critical-quantitative-review-and-plea-for-direction.pdf
https://www.researchgate.net/profile/Stuart-Mckelvie/publication/232463136_The_VVIQ_as_a_psychometric_test_of_individual_differences_in_visual_imagery_vividness_A_critical_quantitative_review_and_plea_for_direction/links/56af68b308ae7f87f56a8e54/The-VVIQ-as-a-psychometric-test-of-individual-differences-in-visual-imagery-vividness-A-critical-quantitative-review-and-plea-for-direction.pdf
https://www.researchgate.net/profile/Stuart-Mckelvie/publication/232463136_The_VVIQ_as_a_psychometric_test_of_individual_differences_in_visual_imagery_vividness_A_critical_quantitative_review_and_plea_for_direction/links/56af68b308ae7f87f56a8e54/The-VVIQ-as-a-psychometric-test-of-individual-differences-in-visual-imagery-vividness-A-critical-quantitative-review-and-plea-for-direction.pdf
https://www.researchgate.net/profile/Stuart-Mckelvie/publication/232463136_The_VVIQ_as_a_psychometric_test_of_individual_differences_in_visual_imagery_vividness_A_critical_quantitative_review_and_plea_for_direction/links/56af68b308ae7f87f56a8e54/The-VVIQ-as-a-psychometric-test-of-individual-differences-in-visual-imagery-vividness-A-critical-quantitative-review-and-plea-for-direction.pdf
https://www.researchgate.net/profile/Stuart-Mckelvie/publication/232463136_The_VVIQ_as_a_psychometric_test_of_individual_differences_in_visual_imagery_vividness_A_critical_quantitative_review_and_plea_for_direction/links/56af68b308ae7f87f56a8e54/The-VVIQ-as-a-psychometric-test-of-individual-differences-in-visual-imagery-vividness-A-critical-quantitative-review-and-plea-for-direction.pdf
https://www.researchgate.net/profile/Stuart-Mckelvie/publication/232463136_The_VVIQ_as_a_psychometric_test_of_individual_differences_in_visual_imagery_vividness_A_critical_quantitative_review_and_plea_for_direction/links/56af68b308ae7f87f56a8e54/The-VVIQ-as-a-psychometric-test-of-individual-differences-in-visual-imagery-vividness-A-critical-quantitative-review-and-plea-for-direction.pdf

Merriman, N. A., Ondiej, J., Rybicki, A., Roudaia, E., O’Sullivan, C., & Newell, F. N.
(2018). Crowded environments reduce spatial memory in older but not younger
adults. Psychological Research, 82(2), 407-428. Doi: 10.1007/s00426-016-0819-5.

Mickes, L., Wixted, J. T., & Wais, P. E. (2007). A direct test of the unequal-variance signal
detection model of recognition memory. Psychonomic Bulletin & Review, 14(5), 858-
863. Doi: 10.3758/BF03194112.

Miller, E. K. (2000). The perfrontal cortex and cognitive control. Nature Reviews
Neuroscience, 1(1), 59-65. Doi: 10.1038/35036228.

Milton, F., Fulford, J., Dance, C., Gaddum, J., Heuerman-Williamson, B., Jones, K., Knight,
K. F., MacKisack, M., Winlove, C., & Zeman, A. (2021). Behavioral and Neural
Signatures of Visual Imagery Vividness Extremes: Aphantasia versus
Hyperphantasia. Cerebral Cortex Communications, 2(2), 1-15. Doi:
10.1093/texcom/tgab035.

Mogle, J. A., Hill, N., & McDermott, C. (2017). Subjective Memory in a National Sample:
Predicting Psychological Well-Being. Gerontology, 63, 460-468. Doi:
10.1159/000466691.

Montefinese, M., Sulpizio, V., Galati, G., & Committeri, G. (2015). Age-related effects on
spatial memory across viewpoint changes relative to different reference frames.
Psychological Research, 79, 687-697. Doi: 10.1007/s00426-014-0598-9.

Mooren, N., Krans, J., Naring, G. W. B., Moulds, M. L., & Minnen, A. V. (2016).
Consciousness & Cognition, 42, 142-149. Doi: 10.1016/j.concog.2016.03.009.

Morcom, A. M. & Fletcher, P. C. (2007). Does the brain have a baseline? Why we should be
resisting a rest. Neurolmage, 37(4), 1073-1082. Doi:
10.1016/j.neuroimage.2006.09.013.

Morikawa, K. & Mel, B. W. (2003). Sex differences in binding color to spatial location in
picture recognition memory. Journal of Vision, 3(9), 684. Doi: 10.1167/3.9.684.

Moris Fernandez., L. & Vadillo, M. A. (2020). Flexibility in reaction time analysis: many
roads to a false positive? Royal Society Open Science, 7(2):190831. Doi:
10.1098/rs0s.190831.

159



Moro, V., Berlucchi, G., Lerch, J., Tomaiuolo, F., & Aglioti, S. M. (2008). Selective deficit
of mental visual imagery with intact primary visual cortex and visual perception.
Cortex, 44(2), 109-118. Doi: 10.1016/j.cortex.2006.06.004.

Moscovitch, M., Cabeza, R., Winocur, G., & Lynn, N. (2016). Episodic Memory and
Beyond: The Hippocampus and Neocortex in Transformation. Annual Review of
Psychology, 67, 105-134. Doi: 10.1146/annurev-psych-113011-143733.

Monzel, M., Vetterlein, A., & Reuter, M. (2022). Memory deficits in aphantasics are not
restricted to autobiographical memory - Perspectives from the Dual Coding
Approach. Journal of Neuropsychology, 16(2), 444-461. Doi: 10.1111/jnp.12265.

Muggleton, N., Tsakanikos, E., Walsh, V., & Ward, J. (2007). Disruption of synaesthesia
following TMS of the right posterior parietal cortex. Neuropsychologia, 45(7), 1582-
1585. Doi: 10.1016/j.neuropsychologia.2006.11.021.

Mulder, T., Hochstenbach, J. B. H., van Huevelen, M. J. G., & der Otter, A. R. (2007). Motor
imagery: the relation between age and imagery capacity. Human Movement Science,
26(2), 203-211. Doi: 10.1016/j.humov.2007.01.001.

Nadel, L., Winocur, G., Ryan, L., & Moscovitch, M. (2007). Systems consolidation and
hippocampus: two views. Debates in Neuroscience, 1(2-4), 55-66. Doi:
10.1007/s11559-007-9003-9.

Nanay, B. (2020). Synesthesia as (Multimodal) Mental Imagery. Multisensory Research,
34(3), 281-296. Doi: 10.1163/22134808-bjal10027.

Nanay, B. (2021). Unconscious mental imagery. Philosophical Transactions of the Royal
Society B, 376(1817):20190689. Doi: 10.1098/rsth.2019.0689.

Nasreddine, Z. S., Phillips, N. A., Bédirian, V., Charbonneau, S., Whitehead, V., Collin, 1.,
Cummings, J. L., & Chertkow, H. (2005). The Montreal Cognitive Assessment,
MoCA: A Brief Screening Tool for Mild Cognitive Impairment. Journal of American
Geriatrics Society, 53(4), 695-699. Doi: 10.1111/].1532-5415.2005.53221.X.

Nelson, S. M., Cohen, A. L., Power, J. D., Wig, G. S., Miezin, F. M., Wheeler, M. E.,
Velanova, K., Donaldson, D. 1., Philips, J. S., Schlagger, B. L., & Petersen, S. E.
(2010). A Parcellation Scheme for the Human Left Lateral Parietal Cortex. Neuron,
67(1), 156-170. Doi: 10.1016/j.neuron.2010.05.025.

160



Nelson, S. M., McDermott, K. B., Wig, G. S., Schlagger, B. L., & Petersen, S. E. (2013).
The Critical Roles of Localization and Physiology for Understanding Parietal
Contributions to Memory Retrieval. The Neuroscientist, 19(6), 578-591. Doi:
10.1177/1073858413492389s.

Nigro, G. & Neisser, U. (1983). Point of View in Personal Memories. Cognitive Psychology,
15(4), 467-482. Doi: 10.1016/0010-0285(83)90016-6.

Norman, K. A. & O’Reilly, R. C. (2003). Modeling hippocampal and neocortical
contributions to recognition memory: a complementary-learning-systems approach.
Psychological Review, 110(4), 611-646. Doi: 10.1037/0033-295X.110.4.611.

Oberfeld, D. & Franke, T. (2013). Evaluating the robustness of repeated measures analyses:
The case of small sample sizes and nonnormal data. Behavior Research Methods,
45(3), 792-812. Doi: 10.3758/s13428-012-0281-2.

Okamoto, M., Dan, H., Sakamoto, K., Takeo, K., Shimizu, K., Kohno, S., Oda, I., Isobe, S.,
Suzuki, T., Kohyama, K., & Dan, I. (2004). Three-dimensional probabilistic
anatomical cranio-cerebral correlation via the international 10-20 system oriented for
transcranial functional brain mapping. Neurolmage, 21(1), 99-111. Doi:
10.1016/j.neuroimage.2003.08.026.

O’Keefe, J. & Nadel, L. (1978). The Hippocampus as a Cognitive Map. Oxford University
Press, New York.

Olsen, R. K., Moses, S. N., Riggs, L., & Ryan, J. D. (2012). The hippocampus supports
multiple cognitive processes through relational binding and comparison. Frontiers in
Human Neuroscience, 6:146. Doi: 10.3389/fnhum.2012.00146.

Olson, I. R. & Berryhill, M. E. (2009). Some Surprising Findings on the Involvement of the
Parietal Lobe in Human Memory. Neurobiology of Learning & Memory, 91(2), 155-
165. Doi: 10.1016/j.nim.2008.09.006.

Opitz, B. & Cornell, S. (2006). Contribution of familiarity and recollection to associative
recognition memory: insights from event-related potentials. Journal of Cognitive
Neuroscience, 18(9), 1595-1605. Doi: 10.1162/jocn.2006.18.9.1595.

161



Opitz, B., Mecklinger, A., & Friederici, A. D. (2000). Functional Asymmetry of Human
Prefrontal Cortex: Encoding and Retrieval of Verbally and Nonverbally Coded
Information. Learning & Memory, 7(2), 85-96. Doi: 10.1101/Im.7.2.85.

Palermo, L., Boccia, M., Piccardi, L., & Nori, R. (2022). Congenital lack and extraordinary
ability in object and spatial imagery: An investigation on sub-types of aphantasia and
hyperphantasia. Consciousness and Cognition, 103:103360. Doi:
10.1016/j.concog.2022.103360.

Palermo, L., Piccardi, L., Nori, R., Giusberti, F., & Guariglia, C. (2009). Pure imagery
neglect for places and objects. Cognitive Process, 10(Suppl. 2), s266-267. Doi:
10.1007/s10339-009-0323-6.

Palombo, D., Williams, L. J., Abdi, H., & Levine, B. (2013). The survey of autobiographical
memory (SAM): a novel measure of trait mnemonics in everyday life. Cortex, 49(6),
1526-1540. Doi: 10.1016/j.cortex.2012.08.023.

Panichello, M. F., DePasquale, B., Pillow, J. W., & Buschman, T. J. (2019). Error-correcting
dynamics in visual working memory. Nature Communications, 10:3366. Doi:
0.1038/s41467-019-11298-3.

Park, D. C. & Shaw, R. J. (1992). Effect of environmental support on implicit and explicit
memory in younger and older adults. Psychology and Aging, 7(4), 632-642. Doi:
10.1037/0882-7974.7.4.632.

Parks, C. M. & Yonelinas, A. P. (2015). The importance of unitization for familiarity-based
learning. Journal of Experimental Psychology: Learning, Memory, and Cognition,
41(3), 881-903. Doi: 10.1037/xIm0000068.

Patterson, K. & Lambon Ralph, M. A. (2016). The hub-and-spoke hypothesis of semantic
memory. In Hickok G. & Small, S. L. (Eds.). Neurobiology of Language (pp. 765-
775). Amsterdam, NL: Elsevier. Doi: 10.1016/B978-0-12-407794-2.00061-4.

Patterson, K., Nestor, P. J., & Rogers, T. T. (2007). Where do you know what you know? The
representation of semantic knowledge in the brain. Nature Reviews Neuroscience, 8,
976-987. Doi: 10.1038/nrn2277.

162



Paxton, J. L., Barch, D. M., Racine, C. A., & Braver, T. S. (2008). Cognitive Control, Goal
Maintenance, and Prefrontal Function in Healthy Aging. Cerebral Cortex, 18(5),
1010-1028. Doi: 10.1093/cercor/bhm135.

Pearson, J. (2014). New Directions in Mental-Imagery Research: The Binocular-Rivalry
Technique and Decoding fMRI Patterns. Current Directions in Psychological
Science, 23(3):178. Doi: 10.1177/0963721414532287.

Pearson, J. (2019). The human imagination: the cognitive neuroscience of visual mental
imagery. Nature Reviews Neuroscience, 20(10), 624-634. Doi: 10.1038/s41583-019-
0202-9.

Pearson, A., Marsh, L., Hamilton, A., & Ropar, D. (2014). Spatial transformations of bodies
and objects in adults with autism spectrum disorder. Journal of Autism and
Developmental Disorders, 44(9), 2277-2289. Doi: 10.1007/s10803-014-2098-6.

Pearson, J., Naselaris, T., Holmes, E. A., & Kosslyn, S. M. (2015). Mental Imagery:
Functional Mechanisms and Clinical Applications. Trends in Cognitive Sciences,
19(10), 590-602. Doi: 10.1016/j.tics.2015.08.003.

Peelen, M. V. & Caramazza, A. (2012). Conceptual Object Representations in Human
Anterior Temporal Cortex. Journal of Neuroscience, 32(45), 15728-15736. Doi:
10.1523/JNEUROSCI.1953-12.2012.

Peelle, J. E., Cusack, R., & Henson, R. N. A. (2012). Adjusting for global effects in voxel-
based morphometry: Gray matter decline in normal aging. Neurolmage, 60(2), 1503-
1516. Doi: 10.1016/j.neuroimage.2011.12.086.

Perlmutter, M. (1979). Age Differences in Adults’ Free Recall, Cued Recall, and
Recognition. Journal of Gerontology, 34(4), 533-539. Doi: 10.1093/geronj/34.4.533.

Peters, G. J., David, C. N., Marcus, M. D., & Smith, D. M. (2013). The medial prefrontal
cortex is critical for memory retrieval and resolving interference. Learning and
Memory, 20(4), 201-209. Doi: 10.1101/Im.029249.112.

Peters, M. A. K., Kentridge, R. W., Phillips, I., & Block, N. (2017). Does unconscious
perception really exist? Continuing the ASSC20 debate. Neuroscience of
Consciousness, 2017(1): nix015. Doi: 10.1093/nc/nix015. eCollection 2017.

163



Petersen, R. C., Smith, G. E., Waring, S. C., Ivnik, R. J., Tangalos, E. G., & Kokmen, E.
(1999). Mild Cognitive Impairment: Clinical Characterization and Outcome. Archives
of Neurology, 56(3), 303-308. Doi: 10.1001/archneur.56.3.303.

Pinheiro, J. C. & Bates, D. M. (2000). Mixed-Effects Models in S and S-PLUS. Springer-
Verlag. D0i:10.1007/b98882.

Piolino, P., Desgranges, B., Clarys, D., Guillery-Girard, B., Taconnat, L., ISingrini, M., &
Eustache, F. (2006). Autobiographical memory, autonoetic consciousness, and self-
perspective in aging. Psychology of Aging, 21(3), 510-525. Doi: 10.1037/0882-
7974.21.3.510.

Piolino, P., Desgranges, B., & Eustache, F. (2009). Episodic autobiographical memories over
the course of time: cognitive, neuropsychological and neuroimaging findings.
Neuropsychologia, 47(11), 2314-2329. Doi: 10.1016/j.neuropsychologia.2009.01.020.

Ploran, E. J., Nelson, S. M., Velanova, K., Donaldson, D. I., Petersen, S. E., & Wheeler, M.
E. (2007). Evidence Accumulation and the Moment of Recognition: Dissociating
Perceptual Recognition Processes Using fMRI. Journal of Neuroscience, 27(44),
11912-11924. Doi: 10.1523/JNEUROSCI.3522-07.2007.

Pobric, G., Jefferies, E., & Lambon Ralph, M. A. (2010). Amodal semantic representations
depend on both anterior temporal lobes: Evidence from repetitive transcranial
magnetic stimulation. Neuropsychologia, 48(5), 1336-1346. Doi:
10.1016/j.neuropsychologia.2009.12.036.

Pouliot, S. & Gagnon, S. (2005). Is egocentric space automatically encoded? Acta
Psychologica, 118(3), 193-210. Doi: 10.1016/j.actpsy.2004.10.016.

Pounder, Z., Jacob, J., Evans, S., Loveday, C., Eardley, A. F., & Silvanto, J. (2022). Only
minimal differences between individuals with congenital aphantasia and those with
typical imagery on neuropsychological tasks that involve imagery. Cortex, 148, 180-
192. Doi: 10.1016/j.cortex.2021.12.010.

Price, A. R., Bonner, M. F., Peelle, J. E., & Grossman, M. (2015). Converging Evidence for
the Neuroanatomic Basis of Combinatorial Semantics in the Angular Gyrus. Journal
of Neuroscience, 35(7), 3275-3284. doi: 10.1523/JNEUROSCI.3446-14.2015.

164



Price, A. R., Peelle, J. E., Bonner, M. F., Grossman, M., & Hamilton, R. H. (2016). Causal
Evidence for a Mechanism of Semantic Integration in the Angular Gyrus as Revealed
by High-Definition Transcranial Direct Current Stimulation. Journal of Neuroscience,
36(13), 3829-3838. Doi: 10.1523/JNEUROSCI.3120-15.2016.

Qureshi, A. W., Apperly, I. A., & Samson, D. (2010). Executive function is necessary for
perspective selection, not Level-1 visual perspective calculation: evidence from a
dual-task study of adults. Cognition, 117(2), 230-236. Doi:
10.1016/j.cognition.2010.08.003.

Qureshi, A. W. & Monk, R. L. (2018). Executive function underlies both perspective
selection and calculation in Level-1 visual perspective taking. Psychonomic Bulletin
& Review, 25(4), 1526-1534. Doi: 10.3758/513423-018-1496-8.

Rademaker, R. & Pearson, J. (2012). Training Visual Imagery: Improvements of
Metacognition, but not Imagery Strength. Frontiers in Psychology, 3:224. Doi:
10.3389/fpsyg.2012.00224.

Rajah, M. N. & D’Esposito, M. (2005). Region-specific changes in prefrontal function with
age: a review of PET and fMRI studies on working and episodic memory. Brain,
128(9), 1964-1983. Doi: 10.1093/brain/awh608.

Rajah, M. N. & Mclntosh, A. R. (2005). Overlap in the functional neural systems involved in
semantic and episodic memory retrieval. Journal of Cognitive Neuroscience, 17(3),
470-482. Doi: 10.1162/0898929053279478.

Ranganath, C. & Ritchey, M. (2012). Two cortical systems for memory-guided behaviour.
Nature Reviews Neuroscience, 13(10), 713-726. Doi: 10.1038/nrn3338.

Rathbone, C. J., Holmes, E. A., Murphy, S. E., & Ellis, J. A. (2015). Autobiographical
memory and well-being in aging: The central role of semantic self-images.
Consciousness and Cognition, 33, 422-431. Doi: 10.1016/j.concog.2015.02.017.

Raz, N., Gunning-Dixon, F., Head, D., Rodrigue, K. M., Williamson, A., & Acker, J. D.
(2004). Aging, sexual dimorphism, and hemispheric asymmetry of cerebral cortex:
replicability of regional differences in volume. Neurobiology of Aging, 25(3), 377-
396. Doi: 10.1016/S0197-4580(03)00118-0.

165



Reid, L. M. & Maclullich, A. M. J. (2006). Subjective memory complaints and cognitive
impairment in older people. Dementia and Geriatric Cognitive Disorders, 22(5-6),
471-481. Doi: 10.1159/000096295.

Reilly, J., Peelle, J. E., Amanda, G., & Crutch, S. J. (2016). Linking somatic and symbolic
representation in semantic memory: The dynamic multilevel reactivation framework.
Psychonomic Bulleting & Review, 23(4), 1002-1014. Doi: 10.3758/s13423-015-0824-
5.

Renoult, L., Irish, M., Moscovitch, M., & Rugg, M. D. (2019). From Knowing to
Remembering: The Semantic-Episodic Distinction. Trends in Cognitive Sciences,
23(12), 1041-1057. Doi: 10.1016/j.tics.2019.09.008.

Resnick, S. M., Pham, D. L., Kraut, M. A., Zonderman, A. B., & Davatzikos, C. (2003).
Longitudinal magnetic resonance imaging studies of older adults: a shrinking brain.
Journal of Neuroscience, 23(8), 3295-3301. Doi: 10.1523/JNEUROSCI.23-08-
03295.2003.

Rice, H. J. & Rubin, D. C. (2009). I can see it both ways: First- and third-person visual
perspectives at retrieval. Consciousness and Cognition, 18(4), 877-890. Doi:
10.1016/j.concog.2009.07.004.

Rice, H. J. & Rubin, D. C. (2011). Remembering from any angle: The flexibility of visual
perspective during retrieval. Consciousness and Cognition, 20(3), 568-577. Doi:
10.1016/j.concog.2010.10.013.

Richter, F. R., Cooper, R. A., Bays, P. M., & Simons, J. S. (2016). Distinct neural
mechanisms underlie the success, precision, and vividness of episodic memory. eLife,
5:€18260. Doi: 10.7554/eL ife.18260.

Rissman, J., Chow, T. E., Reggente, N., & Wagner, A. D. (2016). Decoding fMRI Signatures
of Real-world Autobiographical Memory Retrieval. Journal of Cognitive
Neuroscience, 28(4), 604-620. Doi: 10.1162/jocn_a_00920.

Ritchey, M. & Cooper, R. A. (2020). Deconstructing the Posterior Medial Episodic Network.
Trends in Cognitive Sciences, 24(6), 451-465. Doi: 10.1016/j.tics.2020.03.006.

Ritchey, M., Libby, L. A., & Ranganath, C. R. (2015). Chapter 3 - Cortico-hippocampal

systems involved in memory and cognition: the PMAT framework. In S. O’Mara,

166



Tsanov, M. (Eds.). Progress in Brain Research (219). Elsevier. Doi:
10.1016/bs.pbr.2015.04.001.

Robbins, T. W., James, M., Owen, A. M., Sahakian, B. J., Mclnnes, & Rabbitt, P. (1994).
Cambridge Neuropsychological Test Automated Battery (CANTAB): a factor analytic
study of a large sample of normal elderly volunteers. Dementia, 5(5), 266-281. Doi:
10.1159/000106735.

Robinson, J. A. & Swanson, K. L. (1993). Field and observer modes of remembering.
Memory, 1(3), 169-184. Doi: 10.1080/09658219308258230.

Robin, J. (2018). Spatial scaffold effects in event memory and imagination. Wiley
Interdisciplinary Reviews: Cognitive Science, 9(4):e1462. Doi: 10.1002/wcs.1462.

Robin, J., Buchsbaum, B. R., & Moscovitch, M. (2018). The Primacy of Spatial Context in
the Neural Representations of Events. Journal of Neuroscience, 38(11), 2755-2765.
Doi: 10.1523/JNEUROSCI.1638-17.2018.

Robin, J., Wynn, J., & Moscovtich, M. (2016). The spatial scaffold: The effects of spatial
context on memory for events. Journal of Experimental Psychology: Learning,
Memory, and Cognition, 42(2), 308-315. Doi: 10.1037/xIm0000167.

Roediger, H. L. & McDermott, K. B. (2013). Two types of event memory. Proceedings of the
National Academy of Sciences of the United States of America, 110(52), 20856-
20857. Doi: 10.1073/pnas.1321373110.

Rogers, T. T., Hocking, J., Noppeney, U., Mechelli, A., Gorno-Tempini, M. L., Patterson, K.,
& Price, C. J. (2006). Anterior temporal cortex and semantic memory: Reconciling
findings from neuropsychology and functional imaging. Cogntiive, Affective, &
Behavioral Neuroscience, 6(3), 201-213. Doi: 10.3758/cabn.6.3.201.

Rogers, T. T., Lambon Ralph, M. A., Garrard, P., Bozeat, S., McClelland, J. L., Hodges, J.
R., & Patterson, K. (2004). Structure and deterioration of semantic memory: a
neuropsychological and computational investigation. Psychological Review, 111(1),
205-235. Doi: 10.1037/0033-295X.111.1.205.

Rogers, M. K., Sindone, J. A., & Moffat, S. D. (2012). Effects of age on navigation strategy.
Neurobiology of Aging, 33(1), 15-22. Doi: 10.1016/j.neurobiolaging.2010.07.021.

167



Rolls, E. T. (2013). The mechanisms for pattern completion and pattern separation in the
hippocampus. Frontiers in Systems Neuroscience, 7:74. Doi:
10.3389/fnsys.2013.00074.

Rolls, E. T. (2016). Pattern separation, completion, and categorisation in the hippocampus
and neocortex. Neurobiology of Learning and Memory, 129, 4-28. Doi:
10.1016/j.nIm.2015.07.008.

Rorden, C., Hjaltason, H., Fillmore, P., Fridriksson, J., Kjartansson, O., Magnusdottir, S., &
Karnath, H. O. (2012). Allocentric neglect strongly associated with egocentric
neglect. Neuropsychologia, 50(6), 1151-1157. Doi:
10.1016/j.neuropsychologia.2012.03.031.

Rosch, E. (1978). Principles of categorization. In E. Rosch & B. B. Lloyd (Eds.), Cognition
and categorization (pp. 27-48). Hillsdale, NJ: Erlbaum.

Rosenbaum, R. S., Winocur, G., Binns, M. A., & Moscovitch, M. (2012). Remote spatial
memory in aging: all is not lost. Frontiers in Aging Neuroscience, 4:25. Doi:
10.3389/fnagi.2012.00025.

Rossi, S., Antal, A., Bestmann, S., Bikson, M., Brewer, C., Brockméller, J., Carpenter, L. L.,
Cincotta, M., Chen, R., Daskalakis, J. D., Lazzaro, V. D., Fox, M. D., George, M. S.,
Gilbert, D., Kimiskidis, V. K., Koch, G., Imoniemi, R. J., Lefaucheur, J. P., Leocani,
L., Lisanby, S. H., Miniussi, C., Padberg, F., Pascal-Leone, A., Paulus, W., Peterchev,
A. V., Quartarone, A., Rotenberg, A., Rothwell, J., Rossini, P. M., Santarnecchi, E.,
Shafi, M. M., Siebner, H. R., Ugawa, Y., Wassermann, E. M., Zangen, A., Ziemann,
U., & Hallett, M. (2021). Safety and recommendations for TMS use in healthy
subjects and patient populations, with updates on training, ethical and regulatory
issues: Expert Guidelines. Clinical Neurophysiology, 132(1), 269-306. Doi:
10.1016/j.clinph.2020.10.003.

Rossi, S., Hallett, Rossini, P. M., Pascual-Leone, A., & Safety of TMS Consensus Group.
(2009). Safety, ethical considerations, and application guidelines for the use of
transcranial magnetic stimulation in clinical practice and research. Clinical
Neurophysiology, 120(12), 2008-2039. Doi: 10.1016/j.clinph.2009.08.016.

168



Rouw, R., Scholte, H. S., & Colizoli, O. (2011). Brain areas involved in synaesthesia: a
review. Journal of Neuropsychology, 5(2), 214-242. Doi: 10.1111/j.1748-
6653.2011.02006.x.

Ruby, P. & Decety, J. (2001). Effects of subjective perspective taking during simulation of
action: a PET investigation of agency. Nature Neuroscience, 4(5), 546-550. Doi:
10.1038/87510.

Rugg, M. D. & Curran, T. (2007). Event-related potentials and recognition memory. Trends
in Cognitive Sciences, 11(6), 251-257. Doi: 10.1016/j.tics.2007.04.004.

Rugg, M. D. & King, D. R. (2018). Ventral lateral parietal cortex and episodic memory
retrieval. Cortex, 107, 238-250. Doi: 10.1016/j.cortex.2017.07.012.

Rugg, M. D. & Vilberg, K. L. (2013). Brain networks underlying episodic memory retrieval.
Current Opinions in Neurobiology, 23(2), 255-260. Doi: 10.1016/j.conb.2012.11.005.

Ruggiero, G., D’Errico, O., & lachini, T. (2016). Development of egocentric and allocentric
spatial representations from childhood to elderly age. Psychological Research, 80,
259-272. Doi: 10.1007/s00426-015-0658-9.

Runge, M. S., Cheung, M. W. L., & D’Angiulli (2017). Meta-analytic comparison of trial-
versus questionnaire-based vividness reportability across behavioral, cognitive and
neural measurements of imagery. Neuroscience of Consciousness, 2017(1), 1-13. Doi:
10.1093/nc/nix006.

Russell, C., Davies, S., Li, K., Musil, A. S., Malhotra, P. A., & Williams, A. L. (2019). Self-
perspective in episodic memory after parietal damage and in healthy ageing.
Neuropsychologia, 124, 171-181. Doi: 10.1016/j.neuropsychologia.2018.12.013.

Saimpont, A., Malouin, F., Tousignant, B., & Jackson, P. L. (2012). The influence of body
configuration on motor imagery of walking in younger and older adults.
Neuroscience, 222, 49-57. Doi: 10.1016/j.neuroscience.2012.06.066.

Saimpont, A., Malouin, F., Tousignant, B., & Jackson, P. L. (2013). Motor Imagery and
Aging. Journal of Motor Behavior, 45(1), 21-28. Doi:
10.1080/00222895.2012.740098.

169


https://doi.org/10.1016/j.neuropsychologia.2018.12.013

Salat, D. H., Buckner, R. L., Snyder, A. Z., Greve, D. N., Desikan, R. S. R., Bua, E., Morris,
J. C., Dale, A. M., & Fischl, B. (2004). Thinning of the Cerebral Cortex in Aging.
Cerebral Cortex, 14(7), 721-730. Doi: 10.1093/cercor/bhh032.

Sanchez-Cubillo, I., Perianez, J. A., Adrover-Roig, D., Rodriguez-Sanchez, J. M., Rios-
Lago,M., Tirapu, J., & Barcelo, F. (2009). Construct validity of the Trail Making
Test: Role of task-switching, working memory, inhibition/interference control, and
visuomotor abilities. Journal of the International Neuropsychological Society, 15(3),
438-450. Doi: 10.1017/S1355617709090626.

Satterthwaite, F. E. (1941). Synthesis of variance. Psychometrika, 6(5), 309-316. Doi:
10.1007/BF02288586.

Schacter, D. L. & Addis, D. R. (2007). The cognitive neuroscience of constructive memory:
Remembering the past and imagining the future. Philosophical Transactions of the
Royal Society B: Biological Sciences, 362(1481), 773-786. Doi:
10.1098/rsth.2007.2087.

Schacter, D. L., & Addis, D. R. (2020). Memory and imagination: Perspectives on
constructive episodic simulation. In A. Abraham (Ed.), The Cambridge handbook of
the imagination (pp. 111-131). Cambridge University Press. Doi:
https://doi.org/10.1017/9781108580298.008.

Schacter, D. L., Addis, D. R., Hassabis, D., Martin, V. C., Spreng, R. N., & Szpunar, K. K.
(2012). The Future of Memory: Remembering, Imagining, and the Brain. Neuron,
76(4), 677-694. Doi: 10.1016/j.neuron.2012.11.001.

Schacter, D. L. & Madore, K. P. (2016). Remembering the past and imagining the future:
Identifying and enhancing the contribution of episodic memory. Memory Studies,
9(3), 245-255. Doi: 10.1177/1750698016645230.

Schindler, A. & Bartles, A. (2013). Parietal Cortex Codes for Egocentric Space beyond the
Field of View. Current Biology, 23(2), 177-182. Doi: 10.1016/j.cub.2012.11.060.

Scoville, W. B. & Milner, B. (1957). Loss of recent memory after bilateral hippocampal
lesions. Journal of Neurology, Neurosurgery & Psychiatry, 20(1), 11-21. Doi:
10.1136/jnnp.20.1.11.

170



Seghier, M. L. (2013). The angular gyrus: multiple functions and multiple subdivisions.
Neuroscientist, 19(1), 43-61. Doi: 10.1177/1073858412440596.

Seghier, M. L. (2023). Multiple functions of the angular gyrus at high temporal resolution.
Brain Structure and Function, 228, 7-46. Doi: 10.1007/s00429-022-02512-y.

Seghier ML, Fagan E., & Price CJ. (2010). Functional subdivisions in the left angular gyrus
where the semantic system meets and diverges from the default network. Journal of
Neuroscience, 30(50), 16809-16817. Doi: 10.1523/JNEUROSCI.3377-10.2010.

Sestieri, C., Capotosto, P., Tosoni, A., Romani, G. L., & Corbetta, M. (2013). Interference
with episodic memory retrieval following transcranial stimulation of the inferior but
not the superior parietal lobule. Neuropsychologia, 51(5), 900-906. Doi:
10.1016/j.neuropsychologia.2013.01.023.

Sestieri, C., Shulman, G. L., & Corbetta, M. (2017). The contribution of the human posterior
parietal cortex to episodic memory. Nature Reviews Neuroscience, 18(3), 183-192.
Doi: 10.1038/nrn.2017.6.

Sharp D. J., Awad M., Warren J. E., Wise R. J., Vigliocco G., & Scott S. K. (2010). The
neural response to changing semantic and perceptual complexity during language
processing. Human Brain Mapping, 31(3), 365-377. Doi: 10.1002/hbm.20871.

Sheldon, S. & Chu, S. (2017). What versus Where: Investigating how Autobiographical
Memory Retrieval Differs when Accessed with Thematic versus Spatial Information.
Quarterly Journal of Experimental Psychology, 70(9), 1909-1921. Doi:
10.1080/17470218.2016.1215478.

Shen S. & Sterr, A. (2012). Is DARTEL-based voxel-based morphometry affected by width
of smoothing kernel and group size? A study using simulated atrophy. Journal of
Magnetic Resonance Imaging, 37(6), 1468-1475. Doi: 10.1002/jmri.23927.

Shimamura, A. P. (2011). Episodic Retrieval and the cortical binding of relational activity.
Cognitive, Affective, & Behavioral Neuroscience, 11(3), 277-291. Doi:
10.3758/s13415-011-0031-4.

Shimamura, A. P., Janowsky, J. S., & Squire, L. R. (1990). Memory for the temporal order of
events in patients with frontal lobe lesions and amnesic patients. Neuropsychologia,
28(8), 803-813. Doi: 10.1016/0028-3932(90)90004-8.

171



Simons, J. S., Graham, K. S., Owen, A. M., Patterson, K., & Hodges, J. R. (2001). Perceptual
and semantic components of memory for objects and faces: a pet study. Journal of
Cognitive Neuroscience, 13(4), 430-443. Doi: 10.1162/08989290152001862.

Simons, J. S. & Mayes, A. R. (2008). What is the parietal lobe contribution to human
memory? Neuropsychologia, 46(7), 1739-1742. Doi:
10.1016/j.neuropsychologia.2008.05.001.

Simons, J. S., Peers, P. V., Hwang, D. Y., Ally, B. A., Fletcher, P. C., & Budson, A. E.
(2008). Is the parietal lobe necessary for recollection in humans? Neuropsychologia,
46(4), 1185-1191. Doi: 10.1016/j.neuropsychologia.2007.07.024.

Simons, J. S., Peers, P. V., Mazuz, Y. S., Berryhill, M. E., & Olson, I. R. (2010). Dissociation
Between Memory Accuracy and Memory Confidence Following Bilateral Parietal
Lesions. Cerebral Cortex, 20(2), 479-485. Doi: 10.1093/cercor/bhp116.

Simons, J. S., Ritchey, M., & Fernyhough, C. (2022). Brain Mechanisms Underlying the
Subjective Experience of Remembering. Annual Review of Psychology, 73, 159-186.
Doi: 10.1146/annurev-psych-030221-025439.

Simons, J. S. & Spiers, H. J. (2003). Prefrontal and medial temporal lobe interactions in long-
term memory. Nature Reviews Neuroscience, 4(8), 637-648. Doi: 10.1038/nrn1178.

Simons, J. S., Verfaellie, M., Galton, C. J., Miller, B. L., Hodges, J. R., & Graham, K. S.
(2002). Recollection-based memory in frontotemporal dementia: implications for
theories of long-term memory. Brain, 125(11), 2523-2536. Doi:
10.1093/brain/awf247.

Singmann, H. & Kellen, D. (2019). An Introduction to Mixed Models for Experimental
Psychology. In D. Spieler & E. Schumacher (Eds.), New Methods in Cognitive
Psychology. Doi: 10.4324/9780429318405.

Skinner, E. I. & Fernandes, M. A. (2007). Neural correlates of recollection and familiarity: A
review of neuroimaging and patient data. Neuropsychologia, 45(10), 2163-2179. Doi:
10.1016/j.neuropsychologia.2007.03.007.

Sliwinska, M. W., Vitello, S., & Devlin, J. T. (2014). Transcranial Magnetic Stimulation for
Investigating Causal Brain-behavioral Relationships and their Time Course. Journal
of Visualized Experiments, 89: 51735. Doi: 10.3791/51735.

172



Smith, S. A. (2019). Virtual reality in episodic memory research: A review. Psychonomic
Bulletin & Review, 26(4), 1213-1247. Doi: 10.3758/s13423-019-01605-w.

Smith, C. N., Wixted, J. T., & Squire, L. R. (2011). The Hippocampus Supports Both
Recollection and Familiarity When Memories Are Strong. Journal of Neuroscience,
31(44), 15693-15702. Doi: 10.1523/JNEUROSCI.3438-11.2011.

Squire, L. R. (2004). Memory systems of the brain: A brief history and current perspective.
Neurobiology of Learning and Memory, 82(3), 171-177. Doi:
10.1016/j.nIm.2004.06.005.

Squire, L. R. (2009). The Legacy of Patient H.M. for Neuroscience. Neuron, 61(1), 6-9. Doi:
10.1016/j.neuron.2008.12.023.

Squire, L. R., Genzel, L., Wixted, J. T., & Morris, R. G. (2015). Memory Consolidation. Cold
Spring Harbor Perspectives in Biology, 7(8): a021766. Doi:
10.1101/cshperspect.a021766.

Squire, L. R., Stark, C. E. L., & Clark, R. E. (2004). The medial temporal lobe. Annual
Review of Neuroscience, 27, 279-306. Doi:
10.1146/annurev.neuro.27.070203.144130.

Squire, L. R. & Zola-Morgan, S. (1991). The medial temporal lobe memory system. Science,
253(5026), 1380-1386. Doi: 10.1126/science.1896849.

Sreekumar, V., Nielson, D. M., Smith, T. A., Dennis, S. J., & Sederberg, P. B. (2018). The
experience of vivid autobiographical reminiscence is supported by subjective content
representations in the precuneus. Nature Scientific Reports, 8:14899. Doi:
10.1038/s41598-018-32879-0.

Staresina, B. P., Henson, R. N. A., Kriegeskorte, N., & Alink, A. (2012). Episodic
Reinstatement in the Medial Temporal Lobe. Journal of Neuroscience, 32(50), 18150-
18156. Doi: 10.1523/JNEUROSCI.4156-12.2012.

Stark, C. E. & Squire, L. R. (2001). When zero is not zero: The problem of ambiguous
baseline conditions in fMRI. Proceedings of the National Academy of Sciences,
98(22), 12760-12766. Doi: 10.1073/pnas.221462998.

St. Jacques, P. L. & Levine, B. (2007). Ageing and autobiographical memory for emotional
and neutral events. Memory, 15(2), 129-144. Doi: 10.1080/09658210601119762.

173



St. Jacques, P. L., Carpenter, A. C., Szpunar, K. K., & Schacter, D. L. (2018). Remembering
and Imagining Alternative Versions of the Personal Past. Neuropsychologia, 110,
170-179. Doi: 10.1016/j.neuropsychologia.2017.06.015.

St. Jacques, P. L., Szpunar, K. K., & Schacter, D. L. (2017). Shifting visual perspective
during retrieval shapes autobiographical memories. Neurolmage, 148(1), 103-114.
Doi: 10.1016/j.neuroimage.2016.12.028.

St-Laurent, M., Abdi, H., & Buchsbaum, B. R. (2015). Distributed Patterns of Reactivation
Predict Vividness of Recollection. Journal of Cognitive Neuroscience, 27(10), 2000-
2018. Doi: 10.1162/jocn_a_008309.

Stein, J. F. (1992). The representation of egocentric space in the posterior parietal cortex.
Behavioral and Brain Sciences, 15(4), 691-700. Doi: 10.1017/S0140525X00072605.

Stein, A. V., Rappelsberger, P., Sarnthein, J., & Petsche, H. (1999). Synchronization Between
Temporal and Parietal Cortex During Multimodal Object Processing in Man.
Cerebral Cortex, 9(2), 137-150. Doi: 10.1093/cercor/9.2.137.

Steinberg, S. 1., Negash, S., Sammel, M. D., Bogner, H., Harel, B. T., Livney, M. G.,
McCoubrey, H., Wolk, D. A., Kling, M. A., & Arnold, S. E. (2013). Subjective
memory complaints, cognitive performance, and psychological factors in healthy
older adults. American Journal of Alzheimer’s Disease and other Dementias, 28(8),
776-783. Doi: 10.1177/1533317513504817.

Stevenson, R. F., Zheng, J., Mnatsakanyan, L., Vadera, S., Knight, R. T., Lin, J. J., & Yassa,
M. A. (2018). Hippocampal CA1 gamma power predicts the precision of spatial
memory judgements. Proceedings of the National Academy of Sciences of the United
States of America, 115(4), 10148-10153. Doi: 10.1073/pnas.1805724115.

Sutin, A. & Robins, R. W. (2010). Correlates and phenomenology of first and third person
memories. Memory, 18(6), 625-637. Doi: 10.1080/09658211.2010.497765.

Sutterer, D. W. & Awh, E. (2016). Retrieval practice enhances the accessibility but not the
quality of memory. Psychonomic Bulletin & Review, 23(3), 831-841. Doi:
10.3758/513423-015-0937-X.

174



Thakral, P. P., Madore, K. P., & Shacter, D. L. (2017). A Role for the Left Angular Gyrus in
Episodic Simulation and Memory. Journal of Neuroscience, 37(34), 8142-8149. Doi:
10.1523/JNEUROSCI.1319-17.2017.

Thakral, P. P., & Wang, T. H., & Rugg, M. D. (2017). Decoding the content of recollection
within the core recollection network and beyond. Cortex, 91, 101-113. Doi:
10.1016/j.cortex.2016.12.011.

The Math Works, Inc. (2017). MATLAB [Computer Software]. Retrieved from

https://www.mathworks.com/.

The Math Works, Inc. (2021). MATLAB [Computer Software]. Retrieved from

https://www.mathworks.com/.

Tibon, R., Fuhrmann, D., Levy, D. A., Simons, J. S., & Henson, R. N. (2019). Multimodal
Integration and Vividness in the Angular Gyrus During Episodic Encoding and
Retrieval. Journal of Neuroscience, 39(22), 4365-4375. Doi:
10.1523/JNEUROSCI.2102-18.2018.

Tibon, R. & Levy, D. A. (2014). Temporal texture of associative encoding modulates recall
processes. Brain and Cognition, 84(1), 1-13. doi: 10.1016/j.bandc.2013.10.003.

Tombaugh, T. N. (2004). Trail Making Test A and B: Normative data stratified by age and
education. Archives of Clinical Neuropsychology, 19(2), 203-214. Doi:
10.1016/S0887-6177(03)00039-8.

Torok, A., Bguyen, T. P., Kolozsvari, O., Buchanan, R. J., & Nadasdy, Z. (2014). Reference
frames in virtual spatial navigation are viewpoint dependent. Frontiers in Human
Neuroscience, 8:646. Doi: 10.3389/fnhum.2014.00646.

Tranel, D., Damasio, H., & Damasio, A. R. (1997). A neural basis for the retrieval of
conceptual knowledge. Neuropsychologia, 35(10), 1319-1327. Doi: 10.1016/s0028-
3932(97)00085-7.

Trelle, A. (2014). Decoding the role of the angular gyrus in the subjective experience of
recollection. Journal of Neuroscience, 34(43), 14167-14169. Doi:
10.1523/JNEUROSCI.3215-14.2014.

Tulving, E. (1985). Memory and Consciousness. Canadian Psychology, 26(1), 1-12. Doi:
10.1037/h0080017.

175


https://www.mathworks.com/
https://www.mathworks.com/
https://doi.org/10.3389/fnhum.2014.00646

Tulving, E. (2002). Episodic memory: from mind to brain. Annual Review of Psychology, 53,
1-25. Doi: 10.1146/annurev.psych.53.100901.135114.

Tulving, E. & Markowitsch, H. J. (1998). Episodic and declarative memory: role of the
hippocampus. Hippocampus, 8(3), 198-204. Doi: 10.1002/(SICI)1098-
1063(1998)8:3<198::AID-HIP02>3.0.CO;2-G.

Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O, Delcroix N,
Mazoyer B, Joliot M. (2002). Automated anatomical labeling of activations in SPM
using a macroscopic anatomical parcellation of the MNI MRI single-subject brain.
Neurolmage 15(1), 273-289. Doi: 10.1006/nimg.2001.0978.

uddin, L. Q., Supekar, K., Amin, H., Rykhlevskaia, E., Nguyen, D. A., Greicius, M. D., &
Menon, V. (2010). Dissociable Connectivity within Human Angular Gyrus and
Intraparietal Sulcus: Evidence from Functional and Structural Connectivity. Cerebral
Cortex, 20(11), 2636-2646. Doi: 10.1093/cercor/bhg011.

Uncapher, M. R., Hutchinson, J. B., & Wagner, A. D. (2011). Dissociable Effects of Top-
Down and Bottom-Up Attention during Episodic Encoding. Journal of Neuroscience,
31(35), 12613-12628. Doi: 10.1523/JNEUROSCI.0152-11.2011.

Uncapher, M. & Wagner, A. D. (2009). Posterior Parietal Cortex and Episodic Encoding:
Insights from fMRI Subsequent Memory Effects and Dual Attention Theory.
Neurobiology of Learning and Memory, 91(2):139. Doi: 10.1016/j.nim.2008.10.011.

Vallet, G. T. (2015). Embodied cognition of aging. Frontiers in Psychology, 6:463. Doi:
10.3389/fpsyg.2015.00463.

Vandenberghe, R., Price, C., Wise, R., Josephs, O., & Frackowiak, R. S. J. (1996). Functional
anatomy of a common semantic system for words and pictures. Nature, 383(6597),
254-256. Doi: 10.1038/383254a0.

van der Linden, M., Berkers, R. M. W. J., Morris, R. G. M., & Fernandez, G. (2017). Angular
Gyrus Involvement at Encoding and Retrieval Is Associated with Durable But Less
Specific Memories. Journal of Neuroscience, 37(39), 9474-9485; DOI:
10.1523/JINEUROSCI.3603-16.2017.

Vann, S. D., Aggleton, J. P., & Maguire, E. A. (2009). What does the retrosplenial cortex do?
Nature Reviews Neuroscience, 10(11), 792-802. Doi: 10.1038/nrn2733.

176



Vanston, J. E. & Strother, L. (2016). Sex differences in the human visual system. Journal of
Neuroscience Research, 95(1-2), 617-625. Doi: 10.1002/jnr.23895.

Varela, V., Evdokimidis, I., & Potagas, C. (2021). Binding objects to their spatiotemporal
context: Age gradient and neuropsychological correlates of What-Where-When task
performance. Applied Neuropsychology: Adult,30(2), 214-226. Doi:
10.1080/23279095.2021.1924719.

Vilberg, K. L., Moosavi, R. F., & Rugg, M. D. (2006). The relationship between
electrophysiological correlates of recollection and amount of information retrieved.
Brain Research, 1122(1), 161-170. Doi: 10.1016/j.brainres.2006.09.023.

Vilberg, K. L. & Rugg, M. D. (2007). Dissociation of the neural correlates of recognition
memory according to familiarity, recollection, and the amount of recollected
information. Neuropsychologia, 45(10), 2216-2225. Doi:
10.1016/j.neuropsychologia.2007.02.027.

Vilberg, K. L. & Rugg, M. D. (2008). Memory retrieval and the parietal cortex: a review of
evidence from a dual-process perspective. Neuropsychologia, 46(7), 1787-1799. Doi:
10.1016/j.neuropsychologia.2008.01.004.

Vilberg, K. L. & Rugg, M. D. (2009a). Functional significance of retrieval-related activity in
lateral parietal cortex: Evidence from fMRI and ERPs. Human Brain Mapping, 30(5),
1490-1501. Doi: 10.1002/hbm.20618.

Vilberg, K. L. & Rugg, M. D. (2009b). Left parietal cortex is modulated by amount of
recollected verbal information. NeuroReport, 20(14), 1295-1299. Doi:
10.1097/WNR.0b013e3283306798.

Vilberg, K. L. & Rugg, M. D. (2012). The Neural Correlates of Recollection: Transient
Versus Sustained fMRI Effects. Journal of Neuroscience, 32(45), 15679-15687. Doi:
10.1523/JNEUROSCI.3065-12.2012.

Vilberg, K. L. & Rugg, M. D. (2014). Temporal dissociations within the core recollection
network. Cognitive Neuroscience, 5(2), 77-84. Doi: 10.1080/17588928.2013.860088.

Visser, M., Jefferies, E., & Lambon Ralph, M. A. (2010). Semantic processing in the anterior
temporal lobes: a meta-analysis of the functional neuroimaging literature. Journal of
Cognitive Neuroscience, 22(6), 1083-1094. Doi: 10.1162/jocn.2009.21309.

177



Vogeley, K. & Fink, G. R. (2003). Neural correlates of first-person-perspective. Trends in
Cognitive Sciences, 7(1), 38-42. Doi: 10.1016/S1364-6613(02)00003-7.

Vogeley, K., May, M., Ritzl, A., Falkai, P., Zilles, K., & Fink, G. R. (2004). Neural correlates
of first-person perspective as one constituent of human self-consciousness. Journal of
Cognitive Neuroscience, 16(5), 817-827. Doi: 10.1162/089892904970799.

Voyer, D., Voyer, S. D., & Saint-Aubin, J. (2017). Sex differences in visual-spatial working
memory: A meta-analysis. Psychonomic Bulletin & Review, 24, 307-334. Doi:
10.3758/513423-016-1085-7.

Vranic, A., Martincevic, M., & Borella, E. (2021). Mental imagery training in older adults:
Which are benefits and individual predictors? International Journal of Geriatric
Psychiatry, 36(2), 334-341. Doi: 10.1002/gps.5428.

Wagpner, A. D., Shannon, B. J., Kahn, I., & Buckner, R. L. (2005). Parietal lobe contributions
to episodic memory retrieval. Trends in Cognitive Sciences, 9(9), 445-453. Doi:
10.1016/j.tics.2005.07.001.

Wagpner, I. C., van Buuren, M. Kroes, M. C. W., Gutteling, T. P., van der Linden, M., Morris,
R. G., & Fernandez, G. (2015). Schematic memory components converge within
angular gyrus during retrieval. eLife, 4:e09668. Doi: 10.7554/eL ife.09668.

Wagner, J. & Rusconi, E. (2023). Causal involvement of the left angular gyrus in higher
functions as revealed by transcranial magnetic stimulation: a systematic review. Brain
Structure and Function, 228, 169-196. Doi: 10.1007/s00429-022-02576-w.

Wais, P. E., Squire, L. R., & Wixted, J. T. (2010). In Search of Recollection and Familiarity
Signals in the Hippocampus. Journal of Cognitive Neuroscience, 22(1), 109-123. Doi:
10.1162/jocn.2009.21190.

Wang, J. X., Rogers, L. M., Gross, E. Z., Ryals, A. J., Dokucu, M. E., Brandstatt, K. L.,
Hermiller, M. S., & Voss, J .L. (2014). Targeted enhancement of cortical-
hippocampal brain networks and associative memory. Science, 345(6200), 1054-1047.
Doi: 10.1126/science.1252900.

Wang, J. X. & Voss, J. L. (2015). Long-lasting enhancements of memory and hippocampal-
cortical functional connectivity following multiple-day targeted noninvasive
stimulation. Hippocampus, 25(8), 877-883. Doi: 10.1002/hipo.22416.

178



Ward, J. (2013). Synesthesia. Annual Review of Psychology, 64, 49-75. Doi:
10.1146/annurev-psych-113011-143840.

Weniger, G., Ruhleder, Wolf, S., Lange, C., & Irle, E. (2009). Egocentric memory impaired
and allocentric memory intact as assessed by virtual reality in subjects with unilateral
parietal cortex lesions. Neuropsychologia, 47(1), 59-69. Doi:
10.1016/j.neuropsychologia.2008.08.018.

Weiss, P. H., Zilles, K., & Fink, G. R. (2005). When visual perception causes feeling:
enhanced cross-modal processing in grapheme-color synesthesia. Neuroimage, 28(4),
859-868. Doi: 10.1016/j.neuroimage.2005.06.052.

Weniger, G., Ruhleder, M., Wolf, S., Lange, C., & Irle, E. (2009). Egocentric memory
impaired and allocentric memory intact as assessed by virtual reality in subjects with
unilateral parietal cortex lesions. Neuropsychologia, 47(1), 59-69. Doi:
10.1016/j.neuropsychologia.2008.08.018.

Wheeler, M. E. & Buckner, R. L. (2004). Functional-anatomic correlates of remembering and
knowing. Neuroimage, 21(4), 1337-1349. Doi: 10.1016/j.neuroimage.2003.11.001.

Wicken, M., Keogh, R., & Pearson, J. (2021). The critical role of mental imagery in human
emotion: insights from fear-based imagery and aphantasia. Proceedings of The Royal
Society B, 288:1946. Doi: 10.1098/rspb.2021.0267.

Williams, A. D. & Moulds, M. L. (2008). Manipulating recall vantage perspective of
intrusive memories in dysphoria. Memory, 16(7), 742-750. Doi:
10.1080/09658210802290453.

Winlove, C. I. P., Milton, F., Ranson, J., Fulford, J., MacKisack, M., MacPherson, F., &
Zeman, A. (2018). The neural correlates of visual imagery: A co-ordinate-based meta-
analysis. Cortex, 105, 4-25. Doi: 10.1016/j.cortex.2017.12.014.

Wixted, J. T. (2007). Dual-Process Theory and Signal-Detection Theory of Recognition
Memory. Psychological Review, 114(1), 152-176. Doi: 10.1037/0033-
295X.114.1.152.

Wixted, J. T. & Mickes, L. (2010). A continuous dual-process model of remember/know
judgments. Psychological Review, 117(4), 1025-1054. Doi: A continuous dual-

process model of remember/know judgments.

179



Wixted, J. T. & Squire, L. R. (2010). The role of the human hippocampus in familiarity-based
and recollection-based recognition memory. Behavioural Brain Research, 215(5),
197-208. Doi: 10.1016/j.bbr.2010.04.020.

Wolfe, J. M. & Horowitz, T. S. (2017). Five factors that guide attention in visual search.
Nature Human Behaviour, 1:0058. Doi: 10.1038/s41562-017-0058.

Wong, J. X., de Chastelaine, M., & Rugg, M. D. (2013). Comparison of the neural correlates
of encoding item-item and item-context associations. Frontiers in Human
Neuroscience, 7:436. Doi: 10.3389/frhum.2013.00436.

Worsley, K., J., Marett, S., Neelin, P., Vandal, A. C., Friston, K. J., & Evans, A. C. (1996). A
unified statistical approach for determining significant signals in images of cerebral
activation. Human Brain Mapping, 4(1), 58-73. Doi: 10.1002/(SICI)1097-
0193(1996)4:1<58::AID-HBM4>3.0.CO;2-0.

Wynn, S. C., Hendriks, M. P. H., Daselaar, S. M., Kessels, R. P. C., & Schutter, D. J. L. G.
(2018). The posterior parietal cortex and subjectively perceived confidence during
memory retrieval. Learning and Memory, 25(8), 382-389. Doi:
10.1101/1m.048033.118.

Yamamoto, N. & DeGirolamo, G. J. (2012). Differential effects of aging on spatial learning
through exploratory navigation and map reading. Frontiers in Aging Neuroscience,
4:14. Doi: 10.3389/fnagi.2012.00014.

Yazar, Y., Bergstrom, Z. M., & Simons, J. S. (2012). What is the parietal lobe contribution to
long-term memory? Cortex, 48, 1381-1382. Doi: 10.1016/j.cortex.2012.05.011.

Yazar, Y., Bergstrom, Z. M., & Simons, J. S. (2014). Continuous Theta Burst Stimulation of
Angular Gyrus Reduces Subjective Recollection. PLoS ONE, 9(10):e110414. Doi:
10.1371/journal.pone.0110414.

Yazar, Y., Bergstrom, Z. M., & Simons, J. S. (2017). Reduced multimodal integration of
memory features following continuous theta burst stimulation of angular gyrus. Brain
Stimulation, 10(3), 624-629. Doi: 10.1016/j.brs.2017.02.011.

Yeh, N. & Rose, N. S. (2019). How Can Transcranial Magnetic Stimulation Be Used to
Modulate Episodic Memory?: A Systemic Review and Meta-Analysis. Frontiers in
Psychology, 10:993. Doi: 10.3389/fpsyg.2019.00993.

180



Ye, Q., Zou, F., Lau, H., Hu, Y., & Kwok, S. C. (2018). Causal Evidence for Mnemonic
Metacognition in Human Precuneus. Journal of Neuroscience, 38(28), 6379-6397.
Doi: 10.1523/JNEUROSCI.0660-18.2018.

Yonelinas, A. P. (1994). Receiver-operating characteristics in recognition memory: Evidence
for a dual-process model. Journal of Experimental Psychology: Learning, Memory,
and Cognition, 20(6), 1341-1354. Doi: 10.1037/0278-7393.20.6.1341.

Yonelinas, A. P. (1997). Recognition memory ROCs for items and associative information:
The contribution of recollection and familiarity. Memory and Cognition, 25(6), 747-
763. Doi: 10.3758/bf03211318.

Yonelinas, A. P. (2002). The Nature of Recollection and Familiarity: A Review of 30 Years
of Research. Journal of Memory and Language, 46(3), 441-517. Doi:
10.1006/jmla.2002.2864.

Yonelinas, A. P., Aly, M., Wang, W. C., & Koen, J. D. (2010). Recollection and Familiarity:
Examining Controversial Assumptions and New Directions. Hippocampus, 20(11),
1178-1194. Doi: 10.1002/hip0.20864.

Yonelinas, A. P., Otten, L. J., Shaw, K. N., & Rugg, M. D. (2005). Separating the brain
regions involved in recollection and familiarity in recognition memory. Journal of
Neuroscience, 25(11), 3002-3008. Doi: 10.1523/JNEUROSCI.5295-04.2005.

Yonelinas, A. P. & Parks, C. M. (2007). Receiver operating characteristics (ROCSs) in
recognition memory: a review. Psychological Bulletin, 133(5), 800-832. Doi:
10.1037/0033-2909.133.5.800.

Yu, S. S., Johnson, J. D., & Rugg, M. D. (2012). Dissociation of Recollection-related neural
activity in ventral lateral parietal cortex. Cognitive Neuroscience, 3(3-4), 142-149.
Doi: 10.1080/17588928.2012.669363.

Zago, S., Allegri, N., Cristoffanini, M., Ferrucci, R., Porta, M., & Priori, A. (2011). Is the
Charcot and Bernard case (1883) of loss of visual imagery really based on
neurological impairment. Cognitive Neuropsychiatry, 16(6), 481-504. Doi:
10.1080/13546805.2011.556024.

181



Zaman, A. & Russell, C. (2022). Does autonoetic consciousness in episodic memory rely on
recall from a first-person perspective? Journal of Cognitive Psychology, 34(1), 9-23.
Doi: 10.1080/20445911.2021.1922419.

Zeman, A., Della Sala, S., Torrens, L., & Gountouna, V. E. (2010). Loss of imagery
phenomenology with intact visuo-spatial task performance: A case of ‘blind
imagination’. Neuropsychologia, 48(1). 145-155. Doi:
10.1016/j.neuropsychologia.2009.08.024.

Zeman, A., Dewar, M., & Della Sala, S. (2015). Lives without imagery — Congenital
aphantasia. Cortex, 73, 378-380. Doi: 10.1016/j.cortex.2015.05.019.

Zeman, A., Milton, F., Della Sala, S., Dewar, M., Frayling, T., Gaddum, J., Hattersley, A.,
Heuermann-Williamson, B., Jones, K., MacKisack, M., & Winlove, C. (2020).
Phantasia — The psychological significance of lifelong visual imagery vividness
extremes. Cortex, 130, 426-440. Doi: 10.1016/j.cortex.2020.04.003.

Zhang, W. & Luck, S. J. (2008). Discrete Fixed-Resolution Representations in Visual
Working Memory. Nature, 453(7192), 233-235. Doi: 10.1038/nature06860.

Zhao, B., Della Sala, S., Zeman, A., & Gherri, E. (2022). Spatial transformation in mental
rotation tasks in aphantasia. Psychonomic Bulletin & Review. Doi: 10.3758/s13423-
022-02126-9.

Zou, F. & Kwok, S. C. (2022). Distinct Generation of Subjective Vividness and Confidence
during Naturalistic Retrieval in Angular Gyrus. Journal of Cognitive Neuroscience,
34(6), 988-1000. Doi: 10.1162/jocn_a_01838.

182



Appendix

Task Instructions for the Study Presented in Chapter 3

Note that these instructions are for the younger adult version of the task. The
instructions for the older adult version were identical to the younger adult one, except for the
omission of a response deadline in the test phase. The presentation of task instructions was
divided into chunks so that only the relevant information was given at the start of each phase

of the practice block.

Task Overview
= This task will test your memory for the positions of objects
viewed from different perspectives

= Testing will be divided into 10 blocks, with each block
consisting of four phases in the following order:

1.) Exploration Phase
2.) Study Phase

3.) Arithmetic Phase
4.) Test Phase

= More detailed instructions for each phase will follow in the
upcoming practice block

= Instruction navigation options and keys are shown on the Practice Task: press
bottom right corner of each screen

‘Right Arrow’ key
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Practice Block
Exploration Phase Instructions

Next screen: press
‘Right Arrow” key

Previous screen: press
‘Left Arrow’ key

Exploration Phase Overview

You will start each block by freely exploring the testing arena,
which consists of a walled circular area surrounded by four
external landmarks

You will have 15 seconds to view the testing arena from either a first-
or third-person perspective, then another 15 seconds to view the
arena from the alternative perspective:

First person

It is important that you familiarise yourself with the testingarena Next screen: press

during this phase as the four external landmarks change after every ‘Right Arrow’ key
block.

Third person

Previous screen: press
‘Left Arrow’ key
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Movement Controls
= Use the ‘W’, ‘A’, ‘S’, ‘D’ keys to move within the arena in both
perspectives:

‘W’ = walk forward

‘s’ = walk backward

‘A’ = sidestep left

‘D’ = sidestep right

Next screen: press
= When you hold these keys, you will initially move slowly but then ‘Right Arrow” key

get faster. You can use this to position yourself more precisely Previous screen: press
‘Left Arrow’ key

Camera Controls

In first person, look left or right by moving the mouse left or right:

= In third person, zoom in and out by moving your mouse forward and

backward:
' [
# f
Next screen: press
‘Right Arrow’ key

Previous screen: press
‘Left Arrow’ key
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Summary
Move using the ‘W’, ‘A’ ‘S’ ‘D’ keys
Depending on your perspective, you can use your

mouse to look from side-to-side or zoom in and
out on the arena

It is important that you are comfortable with
these controls as they will be used throughout the
memory task and help you memorise—and later
recall—the object positions with greater precision

Press ‘Space’ once you are ready to practice
the Exploration Phase Practice Exploration:

press ‘Space’ key

Previous screen: press
‘Left Arrow’ key

Practice Block
Study Phase Instructions

Next screen: press
‘Right Arrow’ key
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Study Phase Overview

After exploring the arena, you will study objects within the arena from
either first- or third-person perspectives:

These objects will be shown one at a time and could be animals, tools,
vehicles, food, or other common items

You will have 10 seconds to memorise the position of each object
within the arena, relative to the four external landmarks

Practice Study: press

Use the movement and camera controls you learned in the Exploration Space’ key

Phase to get a better sense of each object’s placement within the arena
A Previous screen: press
Press ‘Space’ once you are ready to practice the Study Phase ‘Left Arrow’ key

Practice Block
Arithmetic Phase Instructions

Next screen: press
‘Right Arrow’ key
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Arithmetic Phase Overview

= After studying the object positions, you will have 30 seconds to
complete simple addition and subtraction problems:

= Type your answer using the number keys and press ‘Space’ to
respond at your own pace

= You can also press ‘Backspace’ to delete mistakes before submitting

your answer Practice Arithmetic:
press ‘Space’ key

= Press ‘Space’ once you are ready to practice the Arithmetic _
Phase Previous screen: press

‘Left Arrow” key

Practice Block
Test Phase Instructions

Next screen: press
‘Right Arrow’ key
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Test Phase Overview Pt. |

» After completing arithmetic problems, your
memory for the object positions you memorised
earlier in the block will be tested from either
the same or alternative perspective from which
you studied them

» There will be no new objects and the order in
which they are shown will be random and
different from when you studied them

» Whether an object is tested from the same or
alternative study perspective will also be random

Next screen: press
‘Right Arrow’ key

Previous screen: press
‘Left Arrow” key

Test Phase Overview Pt. Il

You will first see each object on its own for 1 second and then have
up to 15 seconds to indicate its studied position:

Controls reminder:

Use the controls you learned earlier (shown in next screens) to move the press “Right Arrow’
black cross as precisely as you can to where you remember studying the key
object and press ‘Space’ to submit your response within the time limit

Previous screen: press
‘Left Arrow’ ke
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Movement Controls Reminder

= Use the ‘W’, ‘A’, ‘S’, ‘D’ keys to move within the arena in both
perspectives:

‘W’ = walk forward
‘s’ = walk backward
‘A’ = sidestep left

‘D’ = sidestep right

Next screen: press
= When you hold these keys, you will initially move slowly but then ‘Right Arrow” key

get faster. You can use this to position yourself more precisely Previous screen: press
‘Left Arrow’ key

Camera Controls Reminder

In first person, look left or right by moving the mouse left or right:

= In third person, zoom in and out by moving your mouse forward and

backward:
- [
Practice Test: press
‘Space’ key

x Previous screen: press
= Press ‘Space’ once you are ready to practice the Test Phase ‘L eft Arrow’ key
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End of Practice Block
= You have finished practicing a full testing block!

= If you need to take breaks during the testing session,
please try do so only after completing a full testing
block like the one you just practiced, otherwise your
task performance will be affected

= Press ‘Space’ once you are ready to begin the Main
Task

Begin Main Task: press
‘Space’ key
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