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Summary 

 Episodic and semantic memory are often thought of as separate but 

closely linked memory systems; however, the precise relationship between 

these systems is yet to be fully characterised. Here, I investigate the neural 

correlates of episodic and semantic memory in an attempt to understand 

the contributions of different brain regions to each memory system. I also 

assess the potential benefits of a novel learning technique for use by 

individuals with episodic memory impairment.  

 Chapter 2 uses fMRI and representational similarity analyses to 

explore the contributions of posterior midline structures to both episodic 

and semantic memory. I present evidence for the role of the retrosplenial 

cortex in representing episodic, but not semantic, information, whereas 

the precuneus and posterior cingulate cortex appear to play a role in 

representing the semantic content of memories. Chapter 3 also uses 

representational similarity analyses with fMRI data but focuses on 

semantic memory, exploring how different aspects of semantic concepts 

are represented in the anterior temporal lobes. Chapter 4 uses 

computational modelling and behavioural data to compare two theories of 

the mechanisms underlying a novel learning technique, cross-situational 

learning, the results of which suggest that cross-situational learning is 

supported by a statistical learning mechanism. Finally, Chapter 5 assesses 

the benefit of using cross-situational learning over standard explicit 

encoding methods in individuals diagnosed with mild cognitive 

impairment or Alzheimer’s disease when learning novel object-label pairs. 

The results suggest that while cross-situational learning provides no 
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benefit to the amount of information learned, the newly learned 

information is less likely to be forgotten.  

  

Together, this research shows that regions within the posterior 

midline and temporal lobes have differential contributions to episodic and 

semantic memory, therefore providing evidence for the dissociation of 

these memory types. This dissociation can then be leveraged to aid 

individuals with episodic memory impairment by using learning 

techniques that encourage alternative routes of encoding novel 

information.  
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Chapter 1 

 General Introduction  

1.1 Memory Systems 

 The ability to learn and remember is a critical component of human 

functioning, and yet, despite decades of research, we still do not fully understand 

the complex cognitive processes that allow us to effortlessly encode and retrieve 

the vast amounts of information that we rely upon in everyday life. Perhaps 

adding to this complexity is that ‘remembering’ is not a singular function and 

instead occurs through a multitude of mechanisms dependent on the information 

that is being processed.  

 Early evidence for the dissociation of different types of memory came 

from observations of individuals with amnesia caused by damage to the 

hippocampus. Despite severe impairments in recall ability, amnestic individuals 

were able to learn new procedural skills (e.g. Milner, 1962), and also 

demonstrate normal performance on priming tasks (Jacoby & Witherspoon, 

1982). These observations eventually led to the idea of multiple memory systems 

that are specialised for the processing and storage of different types of 

information (e.g. Tulving, 1987) with a critical distinction being made between 

declarative i.e. explicit, consciously accessible memories, and non-declarative, 

implicit memory, which encompasses memories for things that cannot be 

explicitly expressed but are instead demonstrated through behaviour, i.e. priming 

and procedural learning. Further distinctions in memory systems can be made, 

with declarative memory being divided into episodic and semantic memory 

(Tulving, 1983). Episodic memory is our memory for personally experienced 
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events linked to a particular time and place whereas semantic memory refers to 

our memory for meanings and concepts, abstract from any experiential memories 

regarding when that information was learned.  

1.2 Evidence for the dissociation of episodic and 
semantic memory systems 

 Behaviourally, episodic and semantic memory are very closely linked. For 

example recalling an episodic memory such as taking your dog for a walk in the 

park requires access to semantic knowledge about what a ‘dog’ or ‘park’ is; 

however, neuropsychological evidence suggests the possibility of dissociation 

between the two memory types. Cermak and O'Connor (1983) presented a case 

study of a man who had amnesia caused by encephalitis. In addition to being 

unable to form any new episodic memories, this individual showed a severe 

impairment in episodic recall of events that occurred prior to the onset of his 

brain damage. Having previously worked as a laser scientist, he was unable to 

recall any specific events from his employment, yet could read and interpret 

technical reports of new laser research with ease, although any new information 

was not retained. This individual had retained semantic information that had 

been learned prior to the onset of amnesia but no episodic memories could be 

recalled, therefore indicating a dissociation between episodic and semantic 

memory.  

 Further neuropsychological evidence for a dissociation of episodic and 

semantic memory can be seen in individuals with Alzheimer’s disease who show a 

characteristic progressive decline in episodic memory while other aspects of 

memory remain comparatively spared until later stages of the condition. 

Alzheimer’s disease is associated with the presence of hallmark neurofibrillary 
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tangles and amyloid plaques, located within various areas of the brain; however, 

one of the earliest and most prominently affected areas is the hippocampal 

formation, especially the entorhinal cortex (Braak & Braak, 1991). In terms of 

behaviour, impairments in episodic memory are usually the initial and most 

severe symptom (Bäckman, Small & Fratiglioni, 2001). While the organic and 

pervasive nature of Alzheimer’s disease does not allow for precise functional 

mapping of deterioration to behaviour, there is some evidence to suggest that 

memory impairment in Alzheimer’s disease is correlated with atrophy in the 

medial temporal lobes (MTL; Di Paola et al., 2007), which is also true of the 

episodic decline seen in normal ageing (Mormino et al., 2008). The relative 

sparing of semantic memory processes despite MTL atrophy seems to suggest that 

the two memory systems are relying on different neural regions.  

 Similarly, semantic dementia has also been proposed as evidence for the 

dissociation of semantic from episodic memory in humans (Warrington, 1975; 

Snowden, Goulding & Neary, 1989). Semantic dementia is a variant of 

frontotemporal dementia and is therefore characterised by frontotemporal lobar 

degeneration (McKhann et al., 2001). In particular, semantic dementia is 

associated with atrophy of the anterior temporal cortex, ventromedial frontal 

cortex and left anterior cingulate cortex (Rosen et al., 2002), and degree of 

semantic impairment is particularly related to atrophy in the left anterior 

temporal lobe (Mummery et al., 2000; Noppeney et al., 2007). Memory impaired 

participants with semantic dementia show impairment on tasks that require 

semantic knowledge, such as word naming or picture sorting but can perform 

normally on some tests of episodic memory that required the ability to recognise 

previously seen objects (Graham, Simons, Pratt, Patterson & Hodges, 2000). 

However, when the objects were perceptually different, for example, a different 

exemplar of a telephone when telephone is the target object, the same memory 
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impaired participants were often unable to recognise it as having been previously 

seen. A task like this requires some semantic knowledge to be able to generalise 

the meaning of 'telephone' to perceptually different examples of telephones. 

These results show that individuals with semantic dementia can perform well 

when the test of memory is purely episodic but begin to show impairments when 

the task involves a semantic element.  

1.3 Evidence for the interdependence of episodic 
and semantic memory systems 

 Much evidence supporting an interdependence between episodic and 

semantic memory has been put forward. For example, while many individuals 

with amnesia are able to learn new semantic information (Rempel-Clower et al., 

1996; Vargha-Khadem, Gadian, Watkins, Connelly, Van Paesschen & Mishkin, 

1997; Hirano & Noguchi, 1998), this learning is often a laborious process and 

any new information acquired is not well integrated into semantic memory 

(Greenberg & Verfaellie, 2010), thus showing that an intact episodic memory 

system is not required for semantic acquisition but likely facilitates it under 

normal conditions.  

 Similarly, Kan, Alexander & Verfaellie (2009) demonstrated how semantic 

knowledge facilitates episodic learning in a study with amnesic individuals. 

Participants studied the prices of grocery items, some of which were congruent 

with the participants' prior knowledge and others that were not. Participants 

were then asked to select the prices they had studied from sets of four options. 

Memory impaired participants who appeared to have working semantic memory 

systems performed better when prices were congruent with their prior 

knowledge; however, memory impaired participants with impaired semantic 
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memory did not show any benefit of congruency. This would therefore imply that 

the existing semantic knowledge held by some of the memory impaired 

participants facilitated their encoding of the new information presented to them. 

 While the previous examples have focused on interdependence at the 

encoding stage, another study with a similar outcome investigated the 

interdependence of semantic and episodic memories at retrieval. Healthy controls 

showed a facilitation effect for autobiographically significant names over other 

famous names on a variety of tasks (for example, speed reading and fame 

judgement tasks) whereas participants with amnesia showed no such effect 

(Westmacott, Black, Freedman & Moscovitch, 2004). This would indicate that the 

additional knowledge possessed by those with intact episodic memory systems 

provided an advantage over those who were relying on their semantic memories 

alone.  

 Theories that propose episodic and semantic memories are 

interdependent can account for scenarios where the two memory systems appear 

to function independently of one another, as well as when they interact closely. In 

the former scenario, the two memories are not completely independent, but 

instead represent two opposing ends of a spectrum of declarative memory, while 

scenarios that show a close interaction of episodic and semantic memories reflect 

cases where there is more overlap in the content of those memories.  
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1.4 Aims of this thesis 

1.4.1 Chapter 2 

 Despite a wealth of research investigating both episodic and semantic 

memory, the individual contribution of each memory system is still not 

understood. As discussed above, episodic and semantic memory are closely linked 

and this has presented a challenge for experiments that attempt to disentangle 

the two. Often, the contribution of each memory system is investigated 

individually; however, when an episodic memory is recalled, it also requires the 

activation of any related semantic concepts and therefore additional recruitment 

of semantic processing regions. Furthermore, episodic memories contain 

information about when and where an episode was experienced and as such, it is 

likely that brain regions and processes involved in representing spatial and 

temporal information will also be engaged when an episodic memory is recalled. 

The recruitment of regions for the various aspects of episodic memory has been 

observed in neuroimaging studies and has been termed “the core retrieval 

network” (e.g. Rugg & Vilberg, 2013; Wagner, Shannon, Kahn & Buckner, 2005); 

however, many of the same regions are also observed in studies of semantic 

memory (e.g. Binder, Desai, Graves & Conant, 2009). Although unsurprising for 

the reasons previously outlined, this overlap in functional anatomy raises 

questions about the interpretation of any findings, and particularly given the 

wide-range of experimental designs used across various studies, it can be difficult 

to decode precisely which cognitive processes are at work.  

 Newer analysis techniques such as multivariate pattern analyses and 

representational similarity analyses (RSA; Kriegeskorte, Mur & Bandettini, 2008), 

provide a more sensitive method to explore the specific contributions of different 
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brain regions to a given cognitive process. Instead of relying on the overall 

magnitude of blood-oxygen-level dependent (BOLD) responses in a given 

condition, RSA is sensitive to the spatial distribution of voxel-wise activity. As 

such, the use of RSA may allow capture of more subtle, but important, 

information about a given region’s contributions to memory processes that may 

otherwise be missed.  

 Even with the advantages conferred by the use of RSA on imaging data, 

there are still ambiguities in the literature regarding what information is being 

represented in different regions. Of particular interest are two studies that 

investigated memory-related representational similarity in the brain. Using words 

and pictures of objects belonging to different semantic categories, Fairhall & 

Caramazza (2013) investigated regions that were sensitive to the semantic 

similarity of objects irrespective on the modality they were presented in. A second 

study used RSA to investigate degrees of neural pattern reinstatement from 

encoding to retrieval while participants performed a associative memory task 

(Staresina, Alink, Kriegeskorte and Henson, 2013). Interestingly, both studies 

identified similar areas in the posterior medial cortex (PMC) but perhaps 

unsurprisingly, reached different conclusions. As theirs was a task of semantic 

memory, Fairhall & Caramazza (2013) concluded the representational similarity 

observed in PMC was related to semantic processing, whereas Staresina et al. 

(2013) interpreted the representational similarity seen in their study as indicative 

of involvement in episodic memory.  

 As a result of the prevalent ambiguity in interpreting memory-related 

neural responses, the main aim of Chapter 2 was to design a neuroimaging 

experiment that was able to control for the individual contributions of episodic 
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and semantic memory within each participant and use this to investigate brain 

regions preferentially involved in each memory system. 

 For this experiment, participants were tested on their recognition and 

source memory for object-scene pairs. Object stimuli belonged to 5 semantic 

categories; 4 of these categories and the objects belonging to them would have 

been familiar to all participants but the fifth category consisted of novel objects 

that would be unfamiliar. Within each category, two exemplars of each object 

were presented, but an additional third exemplar of each object type was used as 

a lure during tests of episodic recognition. All objects were presented on a unique 

background scene which served as the target in a source memory phase of the 

experiment. By comparing representational similarity between neural patterns at 

encoding and retrieval for objects that were recognised with a correct 

background source, objects that were not recognised, and objects that were 

recognised but accompanied by an incorrect source response, we hoped to 

identify the brain regions where reinstatement of neural activity patterns 

correlated with task performance.  

 Our manipulation of the semantic category membership of the objects 

provided the basis for the assessment of semantic processing as by comparing 

neural responses elicited when viewing the objects, we hoped to identify the 

brain regions that are sensitive to semantic category. Due to the simultaneous 

episodic and semantic components of this task, we were able to directly compare 

the contributions of each identified region to episodic and semantic memory 

within each participant.  
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1.4.2 Chapter 3 

 The work in Chapter 2 provided some insight into brain regions that are 

involved with representing episodic and semantic information; however, our 

focus was on the contribution of regions within the posterior medial cortex. 

These regions, while heavily implicated in memory functions, are also frequently 

associated with visual processing (Binder, Desai, Graves & Conant, 2009). As 

such, it may be that the case that the representational similarity we observed in 

the posterior medial cortex is related to the modality of the stimuli we used 

throughout the experiment which were limited to visual object images. 

Furthermore, many regions beyond the PMC have been implicated in semantic 

processing, including anterior and medial temporal lobes and the angular gyrus 

(Binder et al., 2009).  

 The anterior temporal lobes in particular have been widely implicated in 

the processing of semantic information and it has been proposed that the ATL 

may form an integrative hub that facilitates the convergence of relevant 

information from different sensory processing regions (“The hub-and-spoke 

model”; Lambon Ralph, Lowe & Rogers, 2007; Patterson, Nestor & Rogers, 2007). 

In this view, semantic concepts are not represented singularly in any one region 

but are instead expressed in terms of their various semantic features within 

relevant sensory processing areas which are then integrated to form coherent 

concepts by the semantic hub (e.g. Lambon Ralph et al., 2007). 

 As feature-based representations are thought to rely on modality specific 

areas, this could explain the recruitment of a widespread network of regions by 

tasks of semantic memory (Binder et al., 2009; Rugg & Vilberg, 2013).  

Additionally, this theory may also be useful in explaining somewhat inconsistent 
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observations of the regions involved in semantic processing between studies. 

Often studies attempt to identify semantic processing regions by looking for areas 

that respond to the semantic category of the stimulus (e.g. Devereux, Clarke, 

Marouchos, and Tyler, 2013; Fairhall & Caramazza, 2013); however, members of 

some categories inherently share other features beyond that of thematic category. 

It is frequently the case that members of a category share several aspects of visual 

similarities, for example, animals might “have four legs”, “have fur”, etc) and this 

may explain why visual processing regions are often found to be sensitive to 

category membership (Clarke & Tyler, 2014). On the other hand, objects 

belonging to a thematic category may not share many visual features, e.g. 

“doctors”, “medicine”, and “ambulances” which are all examples of things that 

might be associated with hospitals. Such thematic semantic grouping is often 

found to be associated with activity in inferior temporal an posterior parietal 

regions (Kalénine, Peyrin, Pochat, Segebarth, Bonthoux & Baciu, 2009; Mirman, 

Landrigan & Britt, 2017). 

 The aim of Chapter 3 was therefore to explore the regions involved in 

representing different semantic features of objects. We previously used object 

images in Chapter 2; however, it was decided to use spoken word stimuli for this 

investigation so as to remove potential influences of visual similarity between 

stimuli. We performed several analyses that grouped our spoken word stimuli 

according to different properties, ranging from perceptual to conceptual, and by 

using representational similarity analyses we hoped to identify the brain regions 

sensitive to each object feature of interest.  
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1.4.3 Chapters 4 & 5 

 The previous two chapters are concerned with identifying brain regions 

associated with representing episodic and semantic information in healthy adults; 

however, we have not yet explored how knowledge of the structures 

underpinning these memory mechanisms may be used to aid the memory of 

someone with a memory impairment. As previously discussed, Alzheimer’s 

disease (AD) is characterised by a gradual decline in episodic memory abilities 

and it is thought that this decline is associated with neurodegeneration, 

particularly affecting the hippocampus and surrounding regions (Braak & Braak, 

1991; Convit et al., 2000), which are key components of the episodic memory 

system (Aggleton & Brown, 1999; Vargha-Khadem et al., 1997).  

 Systems consolidation theory (McClelland, McNaughton, & O’Reilly, 

1995) proposes that learning is initially dependent on the hippocampus; however, 

despite causing a severe decline in episodic memory, Alzheimer’s disease appears 

to initially spare other aspects of memory (Morris & Kopelman, 1986). As is the 

case for individuals with amnesia due to hippocampal damage, individuals with 

Alzheimer’s disease demonstrate priming effects and the ability to acquire new 

procedural skills, both of which are aspects of non-declarative memory and rely 

largely on implicit learning mechanisms (Tulving & Schacter, 1990; Deweer, 

Ergis, Fossati, Pillon, Boller, Agid  Debois, 1994). Priming and procedural 

learning are types of non-declarative memory that rely largely on implicit 

learning mechanisms. 
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1.4.3.1 Chapter 4 

 Learning a language requires learning the associations between words 

and their referents. Although associative learning is typically thought of as 

relying on explicit learning and memory processes, in the special case of 

language, implicit processes also play a significant role (Ellis, 1994).  When first 

acquiring language, young children rapidly learn novel word-object associations, 

and in many cases these associations have not been explicitly taught to them. 

Furthermore, even when novel words are explicitly taught to young children, the 

precise referent of a given word may be unclear (Medina, Snedeker, Trueswell, 

and Gleitman, 2011). Without the prior language knowledge we possess as 

adults, the young learner may not yet know enough referents to infer the correct 

referent as intended by the speaker on their first encounter with a word. One 

potential learning mechanism that is thought to overcome the problem of 

referent ambiguity is cross-situational learning (e.g. Smith & Yu, 2008).  

 Cross-situational learning refers to the learning of word-referent pairs 

over multiple, individually ambiguous, situations. Two predominant theories 

attempt to account for the processes that underly this learning mechanisms: the 

Propose-but-Verify (PbV) model (Trueswell, Medina, Hafri & Gleitman, 2013), 

and statistical learning accounts (Kachergis, Yu & Shiffrin, 2012).  

 According to PbV models, upon encountering a novel word with 

ambiguous referents, the learner will form a hypothesis about an association 

between the word and one of those referents. On a subsequent encounter with 

the word, if the proposed referent is not present the hypothesis is falsified and a 

new hypothesis will be formed. If the referent is present, the hypothesis will be 

maintained indefinitely until a situation is encountered that later falsifies it. PbV 
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models posit that the learner is playing an active role and consciously forming 

hypotheses and associations about potential word-referent pairs. Under this view, 

learning likely relies on explicit episodic memory processes due to the need to 

store and consciously access previously formed word-object hypotheses.   

 An alternative view of the mechanism underlying cross-situational 

learning proposes that acquiring the correct word-object associations relies on 

implicit tracking of the statistical frequencies of word-object co-occurrences. That 

is, the number of times a word co-occurs with different objects is implicitly 

tracked and if challenged, learners are likely to select the word-object pair with 

the highest number of co-occurrences. Unlike PbV models, learning via tracking 

of the statistical regularities likely relies on unconscious, implicit processes that 

do not rely upon intact episodic memory function (Smith & Yu, 2007; Kachergis 

et al., 2012).  

 If cross-situational learning is an implicit process, this makes this learning 

method a potential candidate to aid individuals with memory impairment caused 

by damage to the hippocampus, such is the case in Alzheimer’s disease. 

Therefore, the aim of Chapter 4 is to use computational models of the PbV and 

statistical learning accounts to assess how well each model fits behavioural cross-

situational learning data.  

1.4.3.2 Chapter 5 

 In Chapter 4, we compared two potential accounts of cross-situational 

learning and found that statistical learning models provide a better fit to 

behavioural learning data collected from healthy adults. Although the evidence is 

somewhat mixed (e.g. Bier, Van Der Linden, Gagnon, Desrosiers, Adam, Louveaux 

& Saint-Mleux, 2008), previous investigations of implicit learning in AD suggest 
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that these learning tools may have the potential to aid learning and memory. 

Additionally, by using a method similar to habit learning, individuals with AD 

have previously demonstrated the ability to implicitly acquire and use 

probabilisitic information despite being unable to explicitly recall this information 

when challenged (Eldridge, Masterman & Knowlton, 2002).  

 Together, these findings suggest that cross-situational learning may be a 

potential tool to aid learning and memory in individuals with Alzheimer’s disease. 

The aim of Chapter 5 was therefore to investigate any potential benefit of cross-

situational learning to adults who had been diagnosed with either Mild Cognitive 

Impairment (MCI) or AD compared to an explicit associative learning task.  

 Over each of the two tasks, participants were presented with novel words 

and objects and asked to learn the correct word-object associations. Association 

learning was monitored periodically throughout each task as well as following a 

one-hour delay, thereby enabling assessment of cross-situational learning’s benefit 

on both initial learning performance and retention. 
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Chapter 2 

Episodic and semantic memory in the 
posterior medial cortex 

2.1 Abstract 

Using a neuroimaging task, we aimed to investigate episodic and semantic 

memory simultaneously in the same participants. Participants were presented 

with object-scene pairs and were asked to perform object familiarity judgements 

and also source memory judgements for the scenes the objects were presented 

on. We used representational similarity analyses to compare the patterns of 

neural activity present at encoding of the object-scene pair to the patterns elicited 

when later viewing the object on its own during the familiarity judgement task. 

Our results provide evidence for the retrosplenial cortex in representing episodic 

memory, but not semantic memory. We also show that the precuneus is 

preferentially involved in representing object, but not source, information, and is 

sensitive to semantic category effects.  
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2.2 Introduction 

 Episodic memories are memories for events that are specific to a 

particular place and time whereas semantic memories reflect knowledge that is 

not bound to any particular context.  These two memory types are intimately 

linked and consequently, investigating the neural processes that are specific to 

either episodic memory or semantic memory is challenging. It is often the case 

that fMRI experiments are designed to assess either episodic memory or semantic 

memory and do not necessarily control for the contribution of the other memory 

system. This therefore makes it difficult to ascertain the specific contributions of 

each memory system to the observed blood-oxygen level dependent (BOLD) 

effects in the brain. 

FIGURE 1.  
A: The semantic memory network (image adapted from Binder et al., 2009). B: The episodic 
memory network (image adapted from Rugg & Vilberg, 2013). Both showing common 
regions including the retrosplenial cortex, posterior cingulate, angular gyrus, medial 
prefrontal cortex, hippocampus and parahippocampal cortex. 

A:

B:

from Binder, Desai, Graves & Conant (2009)

from Rugg & Vilberg (2013)
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This difficulty in dissociating functional contributions of the two memory 

systems is highlighted by the largely overlapping regions of networks identified 

by fMRI investigations of episodic and semantic memory. Comparing Figure 1A, 

the “semantic memory network” (Binder, Desai, Graves & Conant, 2009) with 

Figure 1B, the “core retrieval network” (Rugg & Vilberg, 2013), highlights the 

commonalities between the anatomical regions involved in each memory 

network. Both networks include the angular gyrus, parahippocampal cortex and 

medial prefrontal cortex, irrespective of the stimulus modality used in the various 

studies (Rugg & Vilberg, 2013; Binder et al., 2009).  Additionally, regions within 

the posterior midline are involved in both networks, including the posterior 

cingulate and retrosplenial cortices. 

   

 These regions within the posterior midline are of particular interest to the 

current study as they appear intimately associated with memory and have been 

consistently implicated in a wide range of memory tasks. This is perhaps 

unsurprising given that behaviourally, episodic and semantic memory are very 

closely related (e.g. Kan, Alexander & Verfaellie, 2009; Westmacott, Black, 

Freedman & Moscovitch, 2004). Intuitively, it seems that recall of an episodic 

memory additionally requires activation of any associated semantic concepts. 

Retrieving a memory of an event that occurred during a school maths class would 

require activation of the general concepts of what ‘school’ or ‘maths’ are, but 

would likely also activate spatial and temporal information about where the 

school was, where the classroom was located within the school and how long ago 

the event took place. Indeed, episodic memory has been defined as consisting of 

“temporally dated episodes or events, and their temporal-spatial 

relations” (Tulving, 1972; p.385). By definition then, formation of episodic 

memories requires integration of conceptual, temporal and spatial information 
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which perhaps accounts for the widely distributed regions that make up the 

episodic memory networks (e.g. Rugg & Vilberg, 2013). 

 Studies of semantic memory are often conducted by presenting 

participants with a variety of stimuli (e.g. objects or words) that belong to 

different semantic categories (e.g. animals or tools), and contrasting the overall 

level of activity elicited by one category of objects with another, thereby 

observing any systematic differences between the conditions. The posterior 

cingulate and precuneus are both regions that have been frequently associated 

with semantic processing. For example, both areas show greater BOLD response 

to words versus non-words (Henson, Price, Rugg, Turner & Friston, 2002; 

Kuchinke, Jacobs, Grubich, Võ, Conrad & Hermann, 2005), and greater posterior 

cingulate activity has also been shown in response to semantically associated 

versus non-associated words (Assaf et al., 2006). Precuneus activity has been 

positively associated with tasks contrasting aspects of meaningfulness, e.g. word 

imageability and concreteness (Bedny & Thompson-Schill, 2006; Binder, 

Westbury, McKiernan, Possing & Medler, 2005) and text coherency (Ferstl & Yves 

von Cramon, 2001; Tylén, Christensen, Roepstorff, Lund, Østergaard & Donald, 

2015), and has also been linked to visuospatial imagery (Fletcher, Frith, Baker & 

Shallice, 1995), self-processing (Hebscher, Levine & Gilboa, 2017) and attention 

(Simon, Mangin, Cohen, Bihan & Dehaene, 2002), all of which require 

consciously attending to internal mental representations and therefore indicates 

that the precuneus plays an important role in semantic processing.  

 The RSc has been shown to be widely connected with the rest of the 

brain, particularly with the hippocampus and cortical sensory regions, perhaps 

making it well suited to integrating contextual information during memory 

processing (Vann, Aggleton & Maguire, 2009). The RSc also plays a critical role in 
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spatial memory, with lesions to the RSc being linked to impairments in describing 

or drawing routes from memory (Maguire, 2001), as well in path integration, as 

observed in rodent studies (Cooper, Manka & Mizumori, 2001). In an attempt to 

reconcile the involvement of the RSc in these two different functions, Bar and 

Aminoff (2003) conducted a series of fMRI experiments examining the role of the 

RSc in processing items with varying levels of contextual associations. Greater 

BOLD response was observed in the RSc for groups of items that were 

contextually related than for items with no contextual associations, but no 

difference in RSc activity was found between items with a spatial-context (e.g. 

items relating to the context farm) compared with items that were associated 

through a non-spatial context (e.g. items relating to the context music). These 

results were taken to suggest that the retrosplenial cortex is not preferentially 

involved in either episodic memory or spatial navigation, but instead supports 

both functions through the processing of contextual associations, perhaps by 

binding semantic representations to an associated spatial context.  

 More recently, experimental designs have been used with newer analysis 

techniques such as multivariate pattern analysis (MVPA; Kriegeskorte, Mur & 

Bandettini, 2008) which allows a more fine-grained characterisation of the neural 

response to different stimuli. Rather than simply contrasting activation 

magnitudes, MVPA takes into account the spatial pattern of voxel-wise activity 

associated with each stimulus to identify regions where activation patterns are 

more similar for stimuli within conditions than between them. Using this 

technique, Fairhall and Caramazza (2013) presented participants with either 

words or photos of objects that belonged to one of five semantic categories (e.g. 

birds, tools). Regions identified to be sensitive to the semantic category of the 

objects, irrespective of the modality the items were presented in, included the 

posterior cingulate/precuneus, as well as medial temporal gyrus (MTG), angular 
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gyrus and areas in ventral temporal and prefrontal cortices. Further analysis 

revealed that of these areas, only the MTG and posterior cingulate/precuneus 

regions were sensitive to the semantic similarity between categories, therefore 

suggesting that the posterior cingulate/precuneus and MTG are involved in the 

representation of amodal conceptual knowledge.  

 Despite the evidence implicating the PMC in semantic memory, activity in 

these regions has also been reported in studies of episodic memory. Using a 

‘Remember versus Know’ paradigm, Yonelinas, Otten, Shaw and Rugg (2005) 

examined regions associated with episodic recognition and familiarity. It was 

found that activity in the precuneus was associated with familiarity strength, and 

posterior cingulate activity was associated with recollection strength. These 

findings implicate both posterior cingulate and precuneus in episodic memory; 

however, while comparisons were made between conditions defined by episodic 

memory performance, it is likely that participants are incidentally activating 

semantic concepts associated with the experimental stimuli, making 

interpretation of any memory-related activations difficult to define as purely 

episodic. Indeed, studies of semantic memory have shown that passively viewing 

objects elicits category-related difference in BOLD response (Ishai, Ungerleider, 

Martin, Schouten & Haxby, 1999), showing that mere exposure to objects can 

activate associated semantic concepts. As such, it is likely that when items are 

presented during tasks of episodic memory, the observed activations are reflecting 

both the episodic components of encoding and retrieval as well as simultaneous 

semantic activations. 

  

 Multivariate pattern-classification analyses have also been used to further 

understand the contribution of different brain regions in recollection and 

familiarity processes. Again, using a ‘Remember versus Know’ paradigm, Johnson, 
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McDuff, Rugg and Norman (2009) compared neural activity patterns associated 

with recollection responses and familiarity responses of different confidence 

strengths. It was found that within the posterior cingulate and retrosplenial 

cortex the similarity between encoding and retrieval patterns for ‘Remember’, or 

recollection based responses, was greater than for familiarity based responses 

suggesting a role for these regions in representing episodic information.  

 Similarly, multivariate investigations have implicated the retrosplenial 

cortex in the successful learning of paired associates. Staresina, Alink, 

Kriegeskorte and Henson (2013) presented participants with object-scene image 

pairs and later assessed their memory for the correct pairings. It was found that 

within the retrosplenial cortex, subsequent memory performance was predicted 

by the extent to which activity patterns elicited during encoding were reinstated 

during an immediate delay period following each event; however, due to limited 

brain coverage it is not known whether similar effects would have been observed 

elsewhere in the posterior midline. While these findings suggest the retrosplenial 

cortex is involved in encoding and reinstating episodic information, this cannot 

be concluded with certainty. In this experiment, participants were asked to judge 

the plausibility of each object-scene pairing, presumably requiring activation of 

the relevant semantic representations. Without controlling for these co-occurring 

semantic activations it is difficult to ascertain whether activity in the retrosplenial 

cortex reflects episodic encoding of the newly learned associations, or instead 

reflects a neural representation of the two semantic concepts that are reactivated 

while participants think about the constituent components of the pair. 

 Given the ambiguity surrounding the precise role of these posterior 

midline structures in memory processing, the current study was designed to allow 

both episodic and semantic memory to be investigated simultaneously and within 



 29

the same participants. In order to understand the distinct contributions of 

different regions, we performed both whole-brain analyses as well as analyses in 

four regions of interest (ROIs) from within the posterior medial cortex. These 

ROIs were previously identified by Bzdok et al. (2015) and delineated by their 

distinct functional contributions and connectivity. Participants performed 

recognition and source memory judgements for object-scene pairs whereby each 

object belonged to one of 5 semantic categories. We predict that reinstatement 

within the retrosplenial cortex will relate to the binding of associations  together 

rather than representing individual semantic concepts, and therefore plays a role 

in episodic memory. Given previous evidence associating the precuneus in mental 

representations, we expect this region will be specifically involved in representing 

semantic concepts. To test these hypotheses, we used representational similarity 

analyses to assess similarity in patterns of neural activity as well as looking at the 

degree of reinstatement of these patterns between encoding and retrieval of 

episodic information.  

2.3 Methods 

2.3.1 Participants 

 Twenty-five participants were recruited from the University of Sussex 

through the use of flyers and online advertising. All were right-handed, had 

normal or corrected-to-normal vision and reported no history of neurological or 

psychiatric illness. All participants gave written, informed consent prior to 

participation in the study. Data from 4 participants were unusable due to 

technical difficulties (3 participants) or incidental findings during fMRI 

acquisition (1 participant). Data from a further 5 participants were not included 

in the final analyses due to poor performance on the task (see Behavioural Data). 
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As such, the final sample consisted of 16 participants (11 female) with a mean 

age of 23.06 years (SD = 3.53). The study was approved by the Research 

Governance and Ethics Committee of Brighton and Sussex Medical School (REF: 

15/090/BIR). 

2.3.2 In-Scanner Task 

2.3.2.1 Stimuli 

 Object images were selected to represent four familiar semantic 

categories: Animals, Clothing, Fruit & Vegetables, and Tools [Images retrieved 

from gettyimages.com, pngimg.com, commons.wikimedia.org], and one 

unfamiliar category: Novel. There were 6 types of object in each category and 3 

exemplars of each object, giving a total of 90 items (18 stimuli per category). The 

novel category contained 18 items from the Novel Object and Unusual Names 

(NOUN) Database (Horst, 2009) that were selected so as to be unfamiliar to all 

participants (mean familiarity rating = 13.83%). Two exemplars of each object 

were targets, while the third was always a lure. All images were presented in full 

colour, had any existing backgrounds removed and were resized so that the 

longest side was 400 pixels in length (see Appendix I). 

 Each target was displayed on one of 60 unique backgrounds (see 

Appendix II). Background images were selected to be 1280x1024 pixels and to 

belong to one of two themes: beaches at sunset, or mountains and lakes 

[Background images retrieved from gettyimages.com]. Equal numbers of objects 

from each category were assigned to either a beach or mountain background and 

object positioning on the background was equally distributed across right and left 

sides, while ensuring the object was still adequately visible on the background.  
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2.3.2.2 Procedure 

 All participants were instructed that they were participating in a memory 

study and were therefore explicitly asked to remember as many object-

background pairs as possible. Outside of the scanner, the procedure was 

explained to participants, who competed practise trials to familiarise themselves 

with the task requirements. Stimuli were presented over two fMRI runs lasting a 

maximum of 27 minutes each. The task consisted of three phases.  

 In the learning phase, each trial comprise one of the 60 target object-

background pairings presented on a unique background for 3.5 seconds in a 

randomised order. The objects were presented on the left or right-hand sides of 

unique beach or mountain backgrounds and participants were asked to 

remember the association between that particular object exemplar and 

background.  Each of the 12 target objects in each of the 5 categories were 

presented once each on one of 60 unique background (30 beaches, 30 

mountains; see Figure 2A). These stimuli were arranged so that all objects with 

beach backgrounds were displayed in one run, with all mountain background 

objects displayed in the other, the order of which was counterbalanced between 

participants. This meant that two types of objects from each of the five categories 

were displayed in each run (e.g. 2 from the animal category, 2 zebra images, 2 

pig images, and 2 elephant images were presented in run 1 on mountain 

backgrounds, and 2 rhinos images, 2 squirrel images and 2 tiger images were 

displayed in run 2 on beach backgrounds, with items from all categories 

following the same pattern) . Both runs were identical in procedure, with the 

only difference being the object-background pairings displayed. To obtain 
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patterns of fMRI activity for every trial, a “slow” event-related design was used 

with a fixed 10.5s ITI to allow the response to each stimulus to return to baseline.  

Following the learning phase was the recognition phase, where 

participants were shown  90 objects without backgrounds and judged each item 

to be “old” (previously studied; 60 target object-background pairs) or 

“new” (unstudied; 30 lure objects). Both the targets and corresponding lures 

were shown, giving a total of 90 recognition trials. The objects were first 

presented on a plain background, and after 6 seconds the options ‘yes’ or ‘no’ 

were displayed underneath for a further 4 seconds while participants made their 

selection (Figure 2B). 

 After all 90 targets and lures were presented in the recognition phase, the 

final phase probed participants’ source memory for the object-background 

pairings. All objects judged to be “old” in the recognition phase were then shown 

again alongside 4 different backgrounds of the same type as the target (either 

beach or mountain) for 7 seconds (Figure 2C). Participants made source memory 

judgements by selecting one of the backgrounds using an MRI-compatible button 

box: whichever background was highlighted at the end of the 7 seconds was 

taken as the response. As fMRI data from this phase was not analysed, there was 

a 0s ITI between background presentations. Following completion of the first run, 

field map and structural scans were obtained. Then, participants completed the 

second run of the experiment which followed the same procedure as the first, but 

for objects presented on the alternative background type.  
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FIGURE 2.  
A: Learning phase. Object-background pairs were presented in a randomised order. Each of the 60 
object-background pairs was presented for 3.5 seconds followed by a 10.5 second presentation of a 
fixation cross on a white screen. B: Recognition Phase.  Objects were presented one at a time on a white 
background for 6 seconds. The response options ‘yes’ and ‘no’ were then presented underneath the object 
and participants were required to indicate whether they recognised that object within 4 seconds. C: 
Source Memory Phase. For every item recognised in the previous phase, the item was presented again, 
alongside 4 background choices. The participant was required to indicate, within 7 seconds, which of 
the backgrounds was paired with the object. 
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2.3.3 MRI Acquisition 

All images were acquired in a 1.5T Siemens Avanto scanner equipped 

with a 32-channel phased array head coil. During each of the 25 minute runs, 

BOLD-sensitive T2*-weighted images were recorded using a gradient-echo EPI 

sequence with the following parameters: TR = 2620ms, TE = 42ms, FA = 90°, 

slice thickness = 3mm, interslice gap = 0.6mm, in-plane resolution = 3x3mm, 

field of view = 192mm, 35 axial slices per volume (ascending, progressive). 

Between each of the two experimental runs, a T1-weighted structural image at a 

resolution of 1mm3 was acquired for use during co-registration and 

normalisation. 

2.3.4 Image Pre-processing 

Al l image p re -p roces s ing was pe r fo rmed us ing SPM 12 

(www.fil.ion.ucl.ac.uk/spm). The first 5 volumes of each run were discarded to 

allow for T1 equilibrium. Images were slice-time corrected and spatially realigned 

to the mean EPI image of the time-series. Each participant’s structural scan was 

then co-registered to the mean EPI image and segmented so as to create the 

normalisation parameters that were subsequently used to normalise all functional 

images to Montreal Neurological Institute (MNI) stereotactic space. The 

structural images were also normalised, from which a mean image was created 

and used to display group level statistics. Finally, smoothing was applied to the 

normalised EPI images using a 6mm full-width at half-maximum Gaussian 

smoothing kernel. For MVPA data, analyses were carried out on unsmoothed 

data. Maps of the Fisher-transformed correlation coefficient at each voxel were 

then normalised to MNI space for group-level analysis. 
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2.3.5 Data Analysis 

Responses from the recognition and source memory portions of the 

experiment were recorded and assessed for accuracy. Participant responses were 

then categorised as follows: Hit+, where the participant correctly recognised the 

object as familiar and subsequently selected the correct background; Hit-, where 

the object was correctly recognised as familiar but an incorrect background was 

selected; Miss, where the object was not recognised, and therefore no background 

choice could be made; False Alarm, where a previously unseen object was 

incorrectly recognised as being familiar; and Correct Rejection, where a previously 

unseen object was correctly identified as unfamiliar. 

2.3.5.1 Univariate Analyses 
  

 For all univariate analyses, first-level general linear models were 

produced. Each period of interest was modelled as a boxcar function and 

convolved using SPM’s canonical hemodynamic response function (HRF). The 

models also included time and dispersion derivatives, a regressor modelling drift 

in MR signal intensity (taken as mean white matter intensity after voxel-wise z-

scoring) and the 6 motion parameters estimated during the image realignment 

procedure. For the univariate analyses pertaining to episodic memory, the GLM 

modelled the encoding and retrieval periods for each object, grouped by response 

type (Hit+, Hit-, Miss, False Alarm, or Correct Rejection). 

 One univariate analysis relating to semantic knowledge was performed, 

for which a GLM was produced modelling the presentation of objects within each 

of the 5 semantic categories (Animals, Clothing, Fruit & Vegetables, Tools, and 

Novel). For these analyses, only periods where the object was presented alone at 
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retrieval was of interest, and so encoding and source memory phases were 

modelled as regressors of no interest. 

Group-level effects of memory performance were investigated by 

contrasting all Hit trials with Miss trials, while effects of prior semantic 

knowledge were assessed by contrasting trials of unfamiliar and familiar items. 

Each contrast was conducted by performing a subtraction between betas of 

interest at the first level. The resultant first-level contrast estimates were then 

used in second-level random effects analyses against a null hypothesis of 0. 

2.3.5.2 Multivariate Pattern Analyses 

 In order to contrast patterns of neural activity for various factors of 

interest, representational similarly analyses (RSA; Kriegeskorte, Mur & 

Bandettini, 2008) were conducted using the CoSMoMVPA Toolbox for MATLAB 

(Oosterhof, Connolly & Haxby, 2016). As above, each analysis performed relates 

to either episodic or semantic memory.  

 In order to look for reinstatement of the encoding representations during 

successful memory retrieval, a GLM was performed where the encoding and 

retrieval periods from each trial were modelled as individual regressors. T-

statistic maps for each encoding and retrieval period from this GLM were used as 

inputs for all searchlight analyses pertaining to episodic memory.  

 A second GLM was constructed that modelled the retrieval periods 

associated with each object type as a single regressor. For example, the retrieval 

periods for all three zebras were modelled as one regressor. Therefore these 

regressors represent the response to particular objects, despite minor differences 



 37

in the visual appearance of the three pictures of each object. The t-statistic maps 

obtained from this GLM were used as inputs for all searchlight analyses 

pertaining to semantic memory. 

 For all analyses, contrast matrices were defined that predicted the 

differences in correlations for each pair of interest. Each contrast matrix 

contained cells that were positively or negatively weighted according to the 

specific model being tested, such that the overall matrix summed to zero. 

Searchlight maps were created so that surrounding any given voxel was a sphere 

containing all of the voxels within a 3 voxel radius. A Fisher-transformed 

correlation for each pairwise comparison of interest was calculated and 

multiplied by the corresponding value in the contrast matrix. This resulting value 

was then assigned to the voxel at the centre of the spherical searchlight. A one-

sample t-test against 0 was used to assess whole-brain significance for each 

contrast at the group level.  

2.3.5.3 Subjective Similarity Rating Data 
  

 In addition to the fMRI experiment described above, an additional dataset 

was collected from 204 participants (112 female, mean age = 34.2 years) via 

Amazon Mechanical Turk. This study was approved by the Sciences & Technology 

Ethics Committee at the University of Sussex (REF: ER/GC205/1). Participants 

were only asked to participate if they were fluent English speakers, but were not 

excluded based on nationality or age. Each participant was given one target item, 

e.g. “zebra”,  and they were then asked to rate the similarity between this item 

and each of the other 23 items used in the study (6 items in each of the 4 

categories) on a scale from 0-100. Each question was  presented above a sliding 

scale, and phrased as ‘On a scale from 1-100, how similar is [target] to each of 
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the objects below’, followed by a list of all the remaining objects in a randomised 

order (see Appendix III). The randomly selected target remained the same on 

every trial for a single participant, but varied between participants, and the object 

was each of the alternative objects, each presented once. Each item was 

presented as text, as opposed to an image so as to encourage responses to be 

made based on conceptual, rather than visual, similarity. All items participants 

were asked to rate were examples of the stimuli used in the imaging study, e.g. 

“pig”, “hammer”, “jacket”, with the exception of the novel items which were not 

included.  

  

 These ratings were collected so as to probe subjective similarity between 

the items used in the imaging study as individuals may differ on how similar they 

perceive two items to be. This study uses objects from different categories under 

the assumption that items from the same category are more conceptually similar 

than items from different categories; however, individuals may perceive these 

items to be similar based on attributes other than category membership. 

Obtaining subjective similarity ratings allows us to achieve two things: firstly, we 

can validate our assumption that objects from the same category are rated as 

more similar than objects from different categories, and secondly, we can use this 

data to generate a matrix of the average pairwise subjective similarity ratings for 

each object. We can then attempt to identify brain regions where the subjective 

similarity ratings most closely predicted the differences in neural similarity 

patterns observed.   
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2.4 Results 

2.4.1 Behavioural Data 
  

 In total, participants saw 60 object-background pairs with 30 additional 

object lures presented during the recognition phase. In order to ensure they were 

sufficiently attending to the task, participants were only included in the final 

analyses if they demonstrated above-chance performance. One participant was 

excluded due to a below-chance hit-rate on both runs, which indicates poor 

recognition performance. Despite adequate recognition performance throughout 

the task, a further four participants were excluded from analysis since their 

source judgement performance was not significantly above chance. All data from 

the remaining participants were used for semantic analyses (n = 16), while only 

runs with source memory performance at above-chance levels were included for 

any analysis pertaining to source memory (data from both runs: n = 8, data from 

Beach runs only: n = 2, data from Mountain runs only, n = 6). This meant that of 

the 16 participants, the entire data set from 8 participants was used, while Beach 

run data was excluded for 6 participants, and Mountain run data was excluded 

for 2 participants (see Table 1 for a summary of overall performance on the task).  

 In order to ensure the difficulty between the two runs was well matched, 

a d’ value was calculated for each of the remaining participant’s performance on 

each session (d’ = Z(hit rate) - Z(False Alarm rate)), and it was found that there 

was no significant difference between d’ values for each session (Beach: M=0.569 

SEM= 0.294; Mountain: M=0.328, SEM= 0.295, t(15) = 0.657, p = .521, ns.). 

Source memory judgements were only made for items participants judged to be 

“old” during the recognition phase, and so the proportion of correct object-
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background pairings (Hit+) to the total number of hits was calculated for each 

participant independently for each session. Overall, there was no significant 

difference in the proportion of Hit+ trials between Beach (M=.457, SEM=.038) 

or Mountain (M=.458, SEM=.028) runs, t(20) = 0.21, p = .984. This therefore 

indicates that there was a comparable level of task difficulty between the two 

runs. 

TABLE 1. Mean behavioural results for the participant cohort included in analyses. Figures 
show the average number & percentage of correct trials of each type. 

2.4.2 Imaging Data 

2.4.2.1 Whole-brain Episodic Analyses 

 A whole-brain searchlight was performed to identify regions where neural 

activity patterns from encoding are reinstated during the recognition phase for all 

hits. For this analysis, the contrast matrix was defined by assigning a positive 

Targets Lures

Hits (all) Hit+ Hit- Miss
Correct 

Rejection
False 

Alarm

Beach Mean
22.94 

(76.46%)
11.36 

(37.92%)
11.56 

(38.54%)
7.06 

(23.54%)
12.18 

(81.25%)
2.81 

(18.75%)

SEM
0.60 

(2.01%)
1.02 

(3.41%)
1.02 

(3.39%)
0.60 

(2.01%)
0.42 

(2.80%)
0.42 

(2.80%)

Mountain Mean
23.25 

(77.5%)
11.50 

(38.33%)
11.75 

(39.17%)
6.75 

(22.50%)
11.50 

(76.67%)
3.50 

(23.33%)

SEM
0.62 

(2.05%)
0.78 

(2.60%)
0.75 

(2.50%)
0.62 

(2.05%)
0.46 

(3.04%)
0.46 

(3.04%)

Combined
Mean

46.19 
(76.98%)

22.88 
(38.13%)

23.31 
(38.85%)

13.81 
(23.02%)

23.69 
(78.96%)

6.31 
(21.04%)

SEM
0.98 

(1.63%)
1.34 

(2.23%)
1.53 

(2.54%)
0.98 

(1.63%)
0.71 

(2.35%)
0.71 

(2.35%)
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value to all Hit trials and a negative value to all Miss trials so that the diagonal 

sums to zero. All other values in the matrix were assigned a value of 0 as they 

were not of interest in this analysis (Figure 3). The left precuneus, right superior 

occipital gyrus and left posterior cingulate all showed greater reinstatement of 

the neural activity patterns from encoding at retrieval for Hit trials (Figure 4), 

and clusters within each of these regions survived FWE cluster correction (Table 

2).  

         

FIGURE 3.  
Example weighted contrast matrix for one participant, designed to identify regions where 
reinstatement between encoding and retrieval was greater for all Hit trials (red) than Miss 
trials (blue). Any pairwise comparison that was not relevant in this analysis was assigned a 
value of 0.  
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FIGURE 4. 
Regions of the brain showing reinstatement effects from encoding to retrieval  that are 
greater for Hit trials than Miss trials. Clusters are significant at p<.005 (FWE cluster 
corrected, with a cluster-defining threshold of p<.001) 

TABLE 2. Regions of the brain where reinstatement for all Hit trials is greater than all Miss 
trials 

All clusters are significant at p<.05 (FWE cluster corrected with a cluster defining threshold of p<.
001) 

 Comparing Hit+ trials, i.e. objects which were subsequently paired with 

the correct background, to all Miss trials (Figure 5), revealed several regions 

where there was a higher degree of pattern reinstatement between encoding and 

retrieval (Figure 6). Five regions survived FWE correction: bilateral precuneus, 

right middle temporal, right superior occipital and left cuneus (Table 3). 

Region Peak 
t

K MNI

L Precuneus 5.62 283 -10, -72, 38

R Superior Occipital Gyrus/ R Lingual 
Gyrus/ L Cuneus 5.51 563 22, -94, 12

L Lingual Gyrus/ L Posterior Cingulate 
Cortex/ L Cerebellum 4.96 424 -2, -78, 2
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FIGURE 5. 
Example weighted contrast matrix for one participant, designed to identify regions where 
reinstatement between encoding and retrieval was greater for Hit+ trials (red) than Miss 
trials (blue). Any pairwise comparison that was not relevant in this analysis was assigned a 
value of 0. 

TABLE 3. Regions where patterns of BOLD activity from encoding are reinstated during 
successful retrieval of object-background pairs, as shown by representational similarity 
analysis.  

All clusters are significant at p<.05 (FWE cluster corrected with a cluster defining threshold of p<.
001) 

  

Region Peak t K MNI

Left Precuneus 6.46 310 -10, -72, 40

Right Precuneus 5.95 214 8, -52, 12

Right Middle Temporal 5.74 137 40, -68, 14

Right Superior Occipital/ Left Cuneus 5.32 744 22, -94, 12
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FIGURE 6. 
Regions of the brain where reinstatement is greater between encoding and retrieval for 
accurate source memory trials compared to Miss trials. Clusters are significant at p<.005 
(FWE cluster corrected, with a cluster-defining threshold of p<.001). 

2.4.2.2 Episodic ROI Analyses 

 In order to better understand the pattern of effects within the posterior medial 

cortex observed in the whole-brain analyses, region of interest (ROI) analyses were also 

performed. Four posterior medial cortex clusters were obtained from NeuroVault.org 

(Gorgolewski et al., 2015) and resampled to each participant’s native space. These ROIs 

were originally identified by Bzdok et al. (2015) using connectivity-based parcellation, 

and consisted of a precuneal (PrC) cluster, a ventral posterior cingulate cortex (vPCC) 

cluster, a dorsal posterior cingulate (dPCC) cluster and a retrosplenial (RSc) cluster 

(Figure 7). 
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FIGURE 7. 
The four ROIs as defined by Bzdok et al. (2015). Here, red is the precuneus cluster, green is 
the ventral posterior cingulate, blue is the dorsal posterior cingulate and magenta is the 
retrosplenial cortex cluster.  

 Three analyses were performed within each ROI, contrasting trials of each 

memory strength: Hit+>Miss, Hit->Miss, and Hit+>Hit-. For each participant, 

correlations for Miss, Hit+ and Hit- trials were extracted and averaged across the 

group giving an average measure of reinstatement for each trial type within each 

ROI (Figure 8).  

 A two-way repeated measures ANOVA was performed (ROI [Precuneus, 

vPCC, dPCC, Retrosplenial Cortex]) x (Response Type [Hit+, Hit-, Miss]); 

however, Mauchly’s test indicated that the assumption of sphericity had been 

violated for the main effect of ROI, χ2(5) = 12.53, p=.029, as well as for the ROI 

x Response Type interaction, χ2(20) = 37.02, p=.014, therefore degrees of 

freedom were corrected using Greenhouse-Geisser estimates of sphericity when 

reporting these effects.  
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FIGURE 8.  
Correlations between activity patterns at encoding and retrieval in the four ROIS (Precuneus, 
Retrosplenial Cortex, Ventral Posterior Cingulate Cortex (vPCC), Dorsal Posterior Cingulate 
Cortex (dPCC)) for Hit+ trials, Hit- trials and Miss trials.  
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 The analysis revealed a significant main effect of response type, F(1.91, 

28.66) = 9.25, p<.001, ω2 =.33, indicating that, across ROIs, the degree of 

reinstatement between encoding and retrieval is related to memory retrieval 

success. Contrasts revealed that, across regions, the reinstatement effects for 

Hit+ and Hit- responses were significantly greater than for Miss trials (both ps <.

001). 

 A significant main effect of ROI was also found, F(1.983, 28.659) = 

13.53, p<.001, ω2=.43, indicating there was a difference in the pattern of 

reinstatement between the 4 regions regardless of response type. Contrasts show 

that on average, reinstatement within the precuneal ROI was significantly greater 

than in all other regions: vPCC (p=.014), dPCC (p<.001) and RSc (p<.001), and 

both vPCC and dPCC had significantly greater levels of reinstatement than the 

retrosplenial cortex (both ps<.001).  

 The ROI x Response Type interaction did not reach significance, F(3.58, 

53.75) = 2.49, p =.06, ω2 = .09, suggesting that within each region, the 

differences in correlation strength for each response type reflected a broadly 

similar pattern.  

2.4.2.3 Whole-brain Semantic Analyses 

 The first semantic searchlight analysis was designed to identify regions 

where neural patterns elicited in response to viewing objects from the same 

semantic category are more similar than patterns elicited in response to objects 

from different semantic categories. To do this, the contrast matrix was defined by 

assigning a positive value to all within-category comparisons, a negative value to 

all between-category comparisons, and 0 to all comparisons on the diagonal so 

that the sum of the matrix was equal to zero (Figure 9). This analysis revealed 
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several regions where within-category similarity was greater than between 

category similarity (Figure 10), including bilateral precuneus and posterior 

cingulate cortex, extensive activations in visual areas, and semantic regions 

including inferior temporal gyrus, middle temporal gyrus, and angular gyrus, 

bilaterally (Table 4).  

 

 

FIGURE 9. 
Weighted contrast matrix designed to identify regions where neural activity patterns were 
most similar for objects belonging to same semantic category. Within each run, within-
category pairwise comparisons were assigned a positive value, while all between-category 
comparisons were assigned a negative value. On diagonal comparisons were assigned a value 
of 0, so that the entire matrix summed to zero.  

Precuneus
vPCC
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FIGURE 10. 
Regions of the brain sensitive to semantic category of the objects views. Clusters are 
significant at p<.005 (FWE cluster corrected, with a cluster-defining threshold of p<.001). 

TABLE 4. Regions of the brain where neural activity patterns are more similar for objects 
belonging to the same semantic category than to objects from different semantic categories.  

All clusters are significant at p<.05 (FWE cluster corrected with a cluster defining threshold of p<.

001) 

 A second semantic analysis used a similarity matrix that was constructed 

from the subjective similarity ratings (Figure 11). All comparisons on the 

diagonal were excluded from the analysis, as were any a comparisons that 

corresponded to across-run pairs in the imaging task. A whole-brain searchlight 

was performed to identify regions where subjective object similarity ratings 

Region Peak t K MNI

Cerebellum/ L Calcarine Gyrus/ R 
Middle Occipital Gyrus 8.53 16340 -2, -84, -10

R Inferior Frontal Gyrus 5.39 174 44, 8, 10

R Posterior Cingulate Cortex 4.55 150 2, -46, 24
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predicted neural pattern similarity. In addition to visual areas, regions identified 

by this analysis included right fusiform gyrus and right middle temporal gyrus 

(Figure 12).   

 

FIGURE 11. 
Weighted contrast matrix designed to detect regions in the brain where differences in the 
representational similarity between object pairs reflected differences in subjective similarity 
ratings. All object names are listed across both the x and y axes, and with each pairwise cell 
containing the average subjective similarity rating.  
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FIGURE 12. 
Regions where neural representational similarity for object pairs reflected similarity in the 
subjective ratings. Clusters are significant at p<.005 (FWE cluster corrected, with a cluster-
defining threshold of p<.001). 

2.4.2.4 Semantic ROI Analyses 
  

 As with the analyses pertaining to episodic memory, the above two 

semantic memory analyses were performed within the same posterior medial 

ROIs. A repeated measures ANOVA (ROI [Precunues, vPCC, dPCC, RSc] x 

Correlation [Within Category, Between Category]) revealed a significant main 

effect of ROI, F(1.594, 23.916) = 32.99, p<.001, ω2 = .662, (Greenhouse-

Geisser corrected) as well as a significant main effect of Correlation Type, 

F(1,15), p=.01, ω2 = .31; however, the interaction was not found to be 

significant, F(1.812, 27.180) = 2.156, p = .139, ω2 =.066 (Greenhouse-Geisser 

corrected).  This pattern of results (Figure 13) suggests that the overall degree of 

correlation between items varied across ROIs, with neural activity patterns within 

the precuneus showing the greatest similarity and patterns within the 

retrosplenial cortex showing the least. In general, activity patterns for items from 
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the same category appear to show a higher degree of similarity than for items 

from different categories, and this difference remained stable across ROIs.  

FIGURE 13. 
Average correlations for within- and between- category neural representations within the 
precuneus, ventral posterior cingulate (vPCC), dorsal posterior cingulate (dPCC) and 
retrosplenial cortex (RSc).  

The degree to which the model matrix derived from subjective object 

similarity ratings fit to the observed neural patterns was investigated within each 

ROI. For each participant, and each ROI, a value was obtained describing the 

correlation between the model and observed data. These values were used to 

conduct a repeated measures ANOVA which revealed a significant difference in 

correlation between the 4 regions, F(3, 45) = 3.767, p=.017, ω2 = .145, with 

neural activity in the precuneus appearing to correspond the most closely with 

behavioural ratings and the retrosplenial cortex the least (Figure 14). However, 

examining these regions individually suggests that the correlations of the 

precuneus and vPCC with the model were the only ones to significantly differ 

from 0 (Precuneus: M =.04, SE = 0.015, t(15) = 2.721, p=.016; vPCC: M =.

032, SE =0.013, t(15) = 2.42, p = .029). 
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FIGURE 14. 
Correlations between the observed neural representations and the model of subjective object 
similarity within each of the four regions of interest (ROIs): precuneus, ventral posterior 
cingulate cortex (vPCC), dorsal posterior cingulate cortex  (dPCC) and retrosplenial cortex 
(RSc).  
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2.5 Discussion 

 The current study investigated the functional contributions of structures 

within the PMC to both episodic and semantic memory. Using fMRI and 

representational similarity analyses, we aimed to identify regions within the 

posterior midline where (1) memory performance is associated with neural 

pattern reinstatement, and (2) similarity of neural activity patterns is associated 

with conceptual semantic similarity.  

 Whole-brain analyses revealed a relationship between memory 

performance and pattern similarity within a number of brain regions, including 

the precuneus and PCC/RSc. ROI analyses suggested that greater pattern 

similarity within the precuneus, vPCC and dPCC was associated with successful 

recognition memory. Within these areas, there was little difference in 

reinstatement between trials where the source was accurately recalled and trials 

where only the object was recognised. This indicates that within these areas 

information regarding the source is not reinstated regardless of source memory, 

and therefore suggests familiarity-based recognition of the object. Conversely, 

successful source memory was associated with greater pattern similarity in the 

retrosplenial cortex, where reinstatement was greater for Hit+ trials, but showed 

little difference between Hit- and Miss trials. This pattern of reinstatement within 

the RSc indicates that neural activity patterns are representing the source and 

object together and do not contain information about the object on its own.  

 In terms of our semantic analyses, the semantic category whole-brain 

searchlight identified a network of regions including the posterior midline as well 

as inferior temporal gyrus, middle temporal gyrus and the angular gyrus. These 

regions are commonly activated in response to semantic tasks and are thought to 
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play a role in representing both category and object level conceptual information 

(e.g. Binder et al., 2009). Indeed, a similar semantic network was identified by 

Clarke and Tyler (2014) who also found category-specific effects in these 

posterior midline regions.  

 Univariate studies comparing familiarity and recollection-based responses 

have shown no differences in activity within the precuneus for familiarity or 

recollection based responses (e.g. Yonelinas et al., 2005). Similarly, we did not 

observe a difference in pattern similarity within the precuneus for recognition 

with or without accurate source memory. This may suggest that the precuneus is 

encoding information concerning the individual objects rather than the 

association between the objects and the backgrounds they were presented on. 

Successful reinstatement of this object information may facilitate object 

perception and this perceptual fluency may form the basis of feelings of 

familiarity (Johnston, Dark & Jacoby, 1985). Furthermore, the largest semantic 

category effect we observed was within the precuneus, which not only showed 

the greatest difference in correlation for within- and between-category items, but 

the highest representational similarity overall. Together, these findings indicate 

the role of the precuneus may be related more to representing semantic 

information than specific episodic events. This is consistent with previous studies 

that have identified an association between activity in the precuneus and 

semantic richness (Binder et al., 2005; Ferreira, Göbel, Hymers & Ellis, 2015) and 

may also go some way to explaining the familiarity-specific responses often 

observed within the precuneus both in the current study and other investigations 

of episodic memory (Yonelinas et al., 2005; Daselaar, Fleck & Cabeza, 2006; 

Johnson et al., 2009).  
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 Interestingly, we observed a broadly similar pattern of results within the 

dorsal PCC region as seen within the precuneus, in that the correlation between 

encoding and retrieval patterns was greatest when source was remembered, 

lowest when neither object or source was remembered, and fell somewhere in 

between when objects were recognised but source was not. While the degree of 

correlation for Miss trials was the same for both vPCC and dPCC, within the dPCC 

Hit- responses showed marginally greater levels of correlation between encoding 

and retrieval than did Hit+ responses. As with the precuneus, this pattern of 

results suggests that both the vPCC and dPCC are encoding information 

pertaining to the individual objects, in that, there does not appear to be evidence 

for a relationship between subsequent source memory and pattern similarity in 

these areas. Furthermore, we observed evidence for semantic category effects 

within both the vPCC and dPCC, with little difference in the magnitude of these 

effects between the two regions. The subjective similarity analyses, however, 

revealed greater semantic effects for the vPCC but not the dPCC, suggesting some 

degree of functional sub-specialisation of these regions. 

 A potential explanation for observing this difference in only one of our 

two analyses is that the ROIs chosen in the present study may not precisely 

correspond to regions of sub-specialisation within the posterior midline. The 

posterior cingulate cortex in particular has been previously sub-divided according 

to varying criteria based on functional dissociations, connectivity, and 

cytoarchitecture (Bzdok et al., 2015;  Cha, Jo, Gibson & Lee, 2017; Vogt, Vogt & 

Laureys, 2006), and as such, the boundary that defines the sub-specialisation for 

the given task may not necessarily correspond with the boundary defined by the 

ROIs used here. Particularly given the relatively small volume of each of the four 

ROIs, even moderate differences in activations between conditions are likely to 

have a significant influence on the overall degree of representational similarity 
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ascribed to a given region. It therefore follows that the definition of each ROI’s 

boundary has a large impact on the ability to detect representational similarity 

and consequently the function attributed to each region. 

  

 Another potential confound may stem from the imbalanced number of old 

vs new objects during the recognition test. A common finding in investigations of 

recognition memory that require participants to distinguish between previously 

studied and non-studied items is that participants tend to show a bias for old 

responses (Kantner & Lindsay, 2012; Rotello & Macmillan, 2007). This may mean 

that some Hit trials are confounds in that the participant may not have been 

confident in their recognition even though they responded that they had seen the 

object before, and therefore the neural activity patterns associated with these 

trials are not necessarily indicative of recognition memory. One possible way to 

account for this would be to look at the rate of ‘old’ responses for new items and 

assess each participant’s bias for old responses accordingly. The current study 

used 60 studied items and 30 unstudied items, and we observed very few False 

Alarms where participants indicated that an item was old when it was in fact not. 

This means there were too few false alarms to allow for an accurate assessment 

of bias. However, if our participants were biased to responding ‘old’, we would 

expect to see far more false alarms, and as such, our data do not indicate a 

significant bias for ‘old’ response. Our participants were also aware that they 

would be asked to select the corresponding background for each item they 

recognized. Experimental instructions have an impact on response bias, 

particularly when participants will be asked to justify their responses at a later 

date, or, as is the case here, provide further memory evidence for each recognized 

item (Rotello, Macmillan, Reeder & Wong, 2005; Rotello & Macmillan, 2007). As 

such, it is likely that the responses given should be a close reflection of our 
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participants’ recognition memory and therefore the unbalanced number of old 

and new trials should not present an issue. 

 Within the retrosplenial cortex, our findings are consistent with the 

existing literature that provides evidence for the involvement of the RSc in 

processing of contexts (Bar and Aminoff, 2003), scenes (Henderson, Larson & 

Zhu, 2008), and object-scene associations (Staresina et al., 2013). The results 

reported here show that pattern similarity within the RSc is greatest for Hit+ 

trials, whereby an object is correctly paired with its background. These findings 

are corroborated by the results of the semantic ROI analyses where the RSc was 

observed to have not only the lowest overall degree of representational similarity, 

but also the smallest category effects, therefore providing little evidence that the 

retrosplenial cortex plays a predominant role in representing singular semantic 

concepts. Taken together, the evidence reported here strongly implicates the RSc 

in the representation of episodic information, particularly with regard to object-

scene associations, in line with findings from Staresina et al. (2013).  

 As discussed, regions within the PMC have previously been implicated in 

representing both object and category level information; however, we also 

observed extensive activations in visual processing areas. This may indicate that 

some of the semantic effects we have found are in fact reflecting the visual 

similarity between the experimental stimuli. Although efforts were made to 

ensure visual differences between the selected items, it is largely unavoidable 

that members of semantic categories share similar visual features, for example, 

animals tend to have legs and a tail, while tools generally have handles with an 

implement on the end. It is therefore possible that the activations observed in 

these visual areas relate to the overlap of perceptual features of within-category 

items rather than an overlap in conceptual activations. However, it has previously 
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been suggested that identification of shared visual features is an early component 

of conceptual processing that allows for category membership to be discerned 

(Clarke & Tyler, 2015). As such, while visual similarity may be driving the 

activations in visual regions, it does not necessarily mean that these activations 

are not related to the representation of semantic concepts.   

  

 The semantic category effects we observed may also relate to the 

congruency between the objects and the background they were presented on. As 

the background scenes were all outside environments, it may be that animals 

made for more congruent object-background pairs than did the other objects. ERP 

studies investigating the encoding of congruous vs incongruous words have found 

that processing for incongruous words is slower, and perhaps more effortful as 

memory is stronger for congruous words (Neville, Kutas, Chesney & Scmidt, 

1986; Demira, Malcolm & Henderson, 2012).  It could therefore be the case that 

the observed category effects are instead a representation of congruency rather 

than the animal category itself; however, our results did not suggest any 

differences in memory for animals and their associated backgrounds, compared 

with the other categories.  Additionally, the analyses run for the category effect 

took into account the within-category correlation for all categories, including 

those where the object-scene pairing would not have been congruous. It is 

therefore unlikely that any effect of congruency would survive the analysis. 

 Surprisingly, despite its key role in the processing of scenes (Epstein, 

Graham & Downing, 2003), and also the findings suggesting it is sensitive to the 

semantic category of objects (Fairhall & Caramazza, 2013), our whole-brain 

analyses did not reveal effects within the PHC. This may indicate that information 

contained within the PHC does not systematically differ on the variables tested 

for in this study. For example, although the PHC is involved in processing object-



 60

scene context, its role may not pertain specifically to processing the conceptual 

context of the scene, and instead may be more involved in processing the spatial 

relation of the object within the scene (Bar, Aminoff & Schacter, 2008). 

Alternatively, if the PHC is involved in processing information contained within 

the scene itself (Epstein, 2005), the lack of observed effects may be due to the 

similarity of the scenes used for each object. Objects were presented on images of 

either mountains with lakes, or beaches at sunset. Within each background 

category, scenes had a high degree of similarity so as to prevent participants from 

verbalizing differences between the scenes as a mnemonic technique.  Therefore, 

at retrieval, objects from different semantic categories may have simultaneously 

elicited reinstatement of their backgrounds, all of which were highly similar, and 

therefore may obscure any  reinstatement effects or semantic category effects of 

objects from being detected within the PHC.  

 In summary, the reported findings suggest that regions within the 

posterior midline cortex play differential roles in supporting episodic and 

semantic memory. Using representational similarity analyses, we have provided 

evidence that the retrosplenial cortex is involved in representing the content of 

episodic memories but not semantic concepts. On the other hand, representations 

within the precuneus and posterior cingulate cortex appear to be related to 

semantic concepts and memory judgements based on familiarity but are not 

specific to individual episodic events. 
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Chapter 3 

Dissociation of semantic and phonological 
similarity in spoken word comprehension 

3.1 Abstract 

Semantic knowledge appears to be represented in various regions throughout the 

brain. We aimed to understand the functional contribution of these different 

regions to aspects of semantic knowledge. While in the scanner, participants 

heard the names of animals spoken aloud by two individuals. The animal names 

belonged to two sub-categories (birds and mammals) and also varied in size (i.e. 

small birds, large birds, small mammals, large mammals). Representational 

similarity analyses were used to identify brain regions that were sensitive to 

similarities in acoustic and phonological properties of the spoken words and also 

similarities in semantic properties of the animals such as size and category 

membership. We provide evidence that different semantic properties are 

represented throughout temporal, occipital and parietal lobes, while the 

precuneus is particularly sensitive to acoustics similarities that signal speaker 

identity.  
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3.2 Introduction 

 In Chapter 2, we reported our own observations that semantic memory 

was associated with activity within the posterior midline. These results mirrored 

those of Fairhall & Caramazza (2013), in that objects belonging to the same 

semantic category were associated with more similar neural activity patterns in 

the precuneus and posterior cingulate cortex in particular. This study used images 

of objects and backgrounds, and as such, relied on the visual modality only; we 

therefore decided to use auditory stimuli in the current study to see whether a 

similar pattern of results would be found across the two modalities, with the aim 

of providing further evidence that the activations reported in Chapter 2 are 

modality-independent representations of conceptual meaning. Furthermore, we 

aimed to extend the the previous findings of semantic category effects by 

investigating the neural pattern similarity of sub-divisions within the animal 

category, As evidence suggests that even amodal semantic representations include 

information pertaining to elementary physical properties of an object (Peelan & 

Caramazza, 2012), we aimed to provide novel research extending our previous 

findings of semantic category effects by investigating the neural pattern similarity 

of sub-divisions within the animal category, while also controlling for the 

phonological and acoustic properties of words and speaker. The paradigm used 

here allows for representational similarity analysis of various low-level auditory 

processes, such as acoustic or phonological properties of a word, while at the 

same time investigating semantic processing of different animal features, such 

animal type (bird or mammal) or size (large or small), with the expectation that 

sub-category effects will be seen in proximity to the sensory region most closely 

associated with that physical feature.  
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 How humans comprehend the meanings of words has been the subject of 

decades of research, and yet the processes involved, and the functional anatomy 

of word processing are still not fully understood. Accessing semantic knowledge, 

that is, our knowledge of word meanings, facts, and information not tied to a 

personal experience, is a vital ability that allows us to understand the world 

around us, from knowing what an object is when we look at it, to understanding 

what a written or spoken word is referring to when we see or hear it. Studies of 

semantic knowledge and memory use various approaches: some focus on images 

of objects (Haxby, Gobbini, Furey, Ishai, Schouten,& Pietrini, 2001), some on 

written words (Kraut, Kremen, Segal, Calhoun, Moo & Hart Jr, 2002), while 

others use spoken words (Hoffman, Binney & Lambon Ralph, 2015) to assess 

which areas of the brain support the representation of semantic concepts.  

 A review of these investigations of semantic memory identified a common 

network of regions involved in semantic processing, largely comprising medial 

temporal lobes, middle temporal gyrus, areas within the posterior midline and 

the angular gyrus (Binder, Desai, Graves & Conant, 2009). Involvement of 

additional areas may be found depending on the modality of the experimental 

stimuli used; however, representations pertaining purely to the conceptual 

meaning of an object should remain invariant across modalities. Indeed, evidence 

shows that many of the same regions are activated by inputs from different 

modalities. For example, in a study using representational similarity analyses to 

identify regions of the brain involved in the semantic representations of objects, 

Fairhall & Caramazza (2013) found that the posterior middle/inferior temporal 

gyrus (pMTG/ITG) and precuneus show object-specific patterns of activation. 

Activity patterns within these regions were more similar for objects belonging to 

the same semantic category than for objects from different semantic categories, 
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regardless of whether items were presented as text or images, therefore pointing 

to modality-independent semantic processing occurring within these areas. 

 Many of the regions associated with amodal semantic processing are 

highly interconnected with sensory processing regions, and this has led to the 

idea of ‘convergence zones’ where multimodal sensory information can be 

integrated before accessing domain-general semantic information (Damasio, 

1989; Damasio & Damasio, 1994). Convergence zones are suggested to be 

functionally specialised for specific tasks and instead of storing representations of 

integrated information, act to bind together representations of individual 

semantic features that are held in modality-specific regions (Binder & Desai, 

2011). A slightly different view of the organisation of semantic representations is 

the ‘hub-and-spoke’ model, wherein widely distributed modality-specific sensory 

processing regions are the ‘spokes', and integration of this information occurs at a 

single bilateral cross-modal ‘hub’, namely, the anterior temporal lobes (ATL; 

Lambon Ralph, Lowe & Rogers, 2007; Patterson, Nestor & Rogers, 2007). Like 

convergence zones, the ATL is suggested to integrate the incoming information 

from distributed processing regions but is additionally able to generalise across 

semantically related features. Although viewed as a single ‘hub’, recent findings 

provide evidence of a graded sub-specialisation within the ATL, likely determined 

by the degree of functional connectivity between the various ATL sub-regions and 

other cortical areas (Binney, Parker & Lambon Ralph, 2012; Rice, Hoffman & 

Lambon Ralph, 2015). 

 Studies using object images to investigate semantic memory have found 

that object representations are widely distributed in the visual cortex (Haxby et 

al., 2001) and appear to be organised by increasing specificity of feature 

similarities along the ventral visual stream. Perceptual features have been shown 
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to be coded in occipital and occipitotemporal cortex, while conceptual features 

appear to be coded with increasing specificity along the posterior-anterior axis of 

the ventral temporal lobe (Peelan & Caramazza, 2012; Clarke & Tyler, 2014).  

 Similar encoding gradients have been found for semantic activation 

elicited by spoken words. Increasing speech intelligibility, and therefore 

increasing availability of semantic information, has been associated with a 

posterior to anterior shift in activity from auditory processing areas along the 

superior temporal sulcus (Scott, Blank, Rosen and Wise, 2000). Furthermore, 

Hoffman et al., (2015) observed a dorsal-medial gradient of encoding according 

to word concreteness, with abstract words being associated with activity in the 

superior temporal gyrus, while concrete words elicited a more medial ATL 

response, peaking in fusiform and parahippocampal gyri. 

 Taken together, the evidence discussed demonstrates that independent of 

stimulus modality, the ATL is involved in processing semantic information about a 

concept. These findings are consistent with the view of graded representations 

within the ATL, organised according to functional connectivity/proximity to 

primary sensory processing regions, in that, the closer an ATL sub-region is to a 

primary sensory cortex, the greater the specificity of encoding is to that particular 

modality (Lambon Ralph, Jefferies, Patterson & Rogers, 2017). The evidence also 

shows that this semantic information may be coded for according to different 

semantic features along gradients of specificity, and as such, categorisation of 

objects according to different semantic features will reveal similarity in neural 

activity patterns in different subregions of the ATL. For example, representations 

for items categorised by size or colour will be more similar to each other in 

medial regions of the ATL due to its proximity to visual processing regions (e.g. 

Peelan & Caramazza, 2012), while categorisations based on phonological 
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similarity (in the case of spoken words) will elicit greater representational 

similarity in closer proximity to auditory processing regions (e.g. Scott et al., 

2000). 

 The current study aims to use representational similarity analyses to 

investigate the semantic activation elicited by spoken words. This study was 

designed to allow comparisons of the neural activations seen in response to 

different aspects of the stimuli, ranging from high-level phonological features to 

the semantic concepts activated in response to each word, by using stimuli that 

varied on few, controlled factors. In particular, the use of representational 

similarity analyses allows us to look for correlations in neural activity patterns 

based on different features and sub-categorisations of the experimental stimuli. 

We can then assess which regions of the brain support encoding of different 

semantic properties and are more able to isolate regions of the brain sensitive to 

the semantic content of a word. 

 We hypothesise that information pertain to a word’s phonology will show 

greatest spatial similarity in low-level auditory processing regions. 

Representations of speaker identity, such as gender, are likely to reflect acoustic 

properties of a stimulus more so than semantic content and therefore will show 

greatest specificity in primary auditory cortex but may additionally be observed 

in ATL regions close to these auditory regions. We also hypothesise that sensitivity 

to visual properties such as animal size will be present in visual processing 

regions in the occipital lobe but may also be found along the ventral visual 

stream in the ATL. Finally, representations of object category membership are 

likely to involve greater semantic activations and therefore we expect to find 

semantic category effects in regions more closely linked to the representation of 
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abstract concepts, for example in posterior medial cortex and medial temporal 

gyrus (e.g. Fairhall & Caramazza, 2013). 

3.3 Methods 

3.3.1 Participants 

 Twenty-four right-handed participants (15 female, mean age = 22.21, SD 

= 3.28) were recruited from the University of Sussex in return for payment or 

course credits. All participants has normal or corrected-to-normal vision, were 

native speakers of English and reported no history of neurological or psychiatric 

illness. Data from all participants were included in the analyses; however on two 

occasions participants did not complete the final run (run 6) of the experiment 

and therefore only data from the five completed runs were included for these two 

participants. Informed consent was obtained, and the experimental procedure 

was conducted as approved by the Research Governance and Ethics Committee of 

Brighton and Sussex Medical School (REF: 14-061-KEI). 

3.3.2 In-Scanner Task 

3.3.2.1 Stimuli 

 Stimuli consisted of 16 two-syllable animal names that were selected so as 

to belong to one of four categories: small birds, large birds, small mammals and 

large mammals. Voice recordings of these names were obtained from two 

speakers. To ensure they are attending to the task, participants were asked to 

make yes/no semantic judgements following the presentation of each animal 

name using the in-scanner button box. Such questions included “Will it fit in a 
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shoebox?” and “Is it noisy?”. Responses to these questions were subjective and 

not used for the analysis but served the purpose of encouraging activation of the 

relevant mental representations as well as encouraging engagement in the task.  

3.3.2.2 Procedure 

 Stimuli were presented over six functional runs lasting approximately 6 

minutes each. For each trial, a semantic judgement question was displayed on 

screen, and participants were asked to respond to this question for each of the 16 

animal names that were subsequently presented through MRI safe headphones. 

(Figure 15). There were a total of 12 distinct judgement questions asked 

throughout the experiment, and each question was responded to twice by each 

participant for all 16 animal names (see Appendix IV). Over the course of each 

run, participants heard the names of 16 animals, spoken by each of the two 

speakers twice, so that each animal name was heard 4 times per run. The order 

of questions was randomised across runs for all participants, but it was ensured 

that each question was presented before animals spoken by each speaker. For 

example, participants will have seen “Will it fit in a shoebox?” and then heard the 

animals names spoken by speaker 1, and then sometime later in the experiment, 

will have been presented with the same question, and then heard the animal 

names spoken by speaker 2. Questions were also selected to relate to different 

semantic aspects of the animals, and covered a range of properties including size, 

sound and colour.  

3.3.3 MRI Acquisition 

 All brain images were acquired in a 1.5T Siemens Avanto scanner 

equipped with a 32-channel phased array head coil. BOLD-sensitive T2*-
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weighted images were recorded using a gradient-echo EPI sequence with the 

following parameters: TR = 2620ms, TE = 42ms, FA = 90°, slice thickness = 

3mm, interslice gap = 0.6mm, in-plane resolution = 3x3mm, field of view = 

192mm, 35 axial slices per volume (ascending, progressive). After the 

experimental runs were completed, a T1-weighted structural image at a 

resolution of 1mm3 was acquired for use during co-registration and 

normalisation. 

 

FIGURE 15.  
An example of one experimental run. Participants were presented with a written question and 
subsequently heard the series of 16 animal names through headphones. For each animal 
name they heard, participants were asked to respond either ‘yes’ or ‘no’ to the question 
presented on screen using the button box. All animals were presented following each 
question, and names were presented 4 times in each run - twice from each speaker across the 
4 questions. Every semantic judgement was made for all 16 animal names twice, balanced 
across speakers, in a randomised order.  

Will it fit in a 
shoebox?

“Magpie”

“Squirrel”

     “Tiger”

…

…

Is it noisy?

“Robin”

“Cheetah”

     “Falcon”

…

…

Speaker 1 

Speaker 2

…
Is it carnivorous?

“Tiger”

“Eagle”

“Robin”

…

Is it all one 
colour?

“Hedgehog”

“Squirrel”

     “Buzzard”

…

…

Speaker 1 

Speaker 2

…

x6

…

…

…
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3.3.4 Image Pre-processing 

 A l l image p re -p roce s s ing was pe r fo rmed us ing SPM 12 

(www.fil.ion.ucl.ac.uk/spm). The first 5 volumes of each run were discarded to 

allow for T1 equilibrium. Images were slice-time corrected and spatially realigned 

to the mean EPI image of the time-series. Each participant’s structural scan was 

then co-registered to the mean EPI image and segmented so as to create the 

normalisation parameters that were later used to normalise all functional images 

to Montreal Neurological Institute (MNI) stereotactic space. Finally, smoothing 

was applied to the normalised EPI images using a 6mm full-width at half-

maximum Gaussian smoothing kernel. For MVPA data, analyses were carried out 

on unsmoothed data. Maps of the correlation coefficient at each voxel were then 

normalised to MNI space for group-level analyses. 

3.3.5 Data Analysis 
  

 A first-level general linear model (GLM) was produced for each 

participant. Within each run, animal names were presented twice per speaker and 

the two presentations were modelled as a single boxcar function and convolved 

using SPM’s canonical hemodynamic response function (HRF). The model also 

included time and dispersion derivatives and the 6 motion parameters estimated 

during the image realignment procedure. This GLM allowed for contrasts 

assessing several conditions of interest: animal type (bird vs mammal), speaker 

ID (speaker 1 vs speaker 2) and animal size (small vs large). 

  

 Multivariate pattern analyses were conducted using CoSMoMVPA Toolbox 

for MATLAB (Oosterhof, Connolly & Haxby, 2016). We performed 

representational similarity analyses to look for regions of the brain that were 
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sensitive to various characteristics of interest. To do this, t-statistic maps were 

generated by modelling the period immediately following the presentation of 

each animal name. 

 The t-statistic maps were used as inputs for whole-brain searchlight 

analyses that looked for correlations in neural activity patterns between our 

conditions of interest. For each analysis, a contrast matrix was defined by 

positively or negatively weighting cells according to predictions regarding the 

correlation between each pair of interest, such that the overall matrix summed to 

zero. Searchlights were then generated so that for any given voxel there was a 

sphere containing all voxels within a 3 voxel radius. Corresponding cells from the 

weighted contrast matrices were then used to multiply the Fisher-transformed 

correlation for each pairwise comparison of interest, the result of which was 

assigned to the centre voxel of each spherical searchlight. One-sample t-tests 

against 0 were then calculated and used to asses whole-brain significance at the 

group level for each contrast.  

  

 Behavioural data was not collected in this experiment as we were only 

interested in the neural response to auditory presentation of animal names. 

Although participants responded to judgment questions, these were subjective 

and as such had no correct answers. Furthermore, the purpose of the judgement 

questions was to ensure semantic representations of the objects were being 

activated, and therefore participants were instructed that response speed was not 

important, provided they responded within the time allotted for each trial, and as 

such, reaction time data was not recorded. 
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3.4 Results 

 We used representational similarity analyses (Kriegeskorte et al., 2008) to 

identify brain regions sensitive to various features of the experimental stimuli. 

That is, by comparing the spatial pattern of neural activity elicited by stimuli 

grouped by different characteristics, i.e., animal type, size, or word phonology, 

we aim to find regions where activity patterns show greater similarity for stimuli 

that share a given feature. 

  

3.4.1 Regions sensitive to the identity of the speaker 

 The first analysis aimed to identify regions that are sensitive to speaker 

voice, that is, regions where words spoken by one speaker show greater 

representational similarity than words spoken by the second speaker and vice-

versa (Figure 16). This analysis revealed several regions that appear to be 

sensitive to speaker identity (Table 5). These regions are predominantly right-

lateralised and include right ITG, right hippocampus, right precuneus and 

bilateral precentral gyrus; however, only the cluster in the precuneus survived 

cluster correction (Figure 17). These results suggest that the precuneus is 

sensitive to the identity of the speaker, regardless of the word that is being 

spoken.  
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FIGURE 16. 
Weighted contrast matrix designed to identify brain regions where activity patterns are 
greater for words spoken by the same speaker than they are for words spoken by a different 
speaker. Displayed is the weighted matrix model for a single run and was therefore repeated 
for each run analysed so that only within-run comparisons were entered into the model. Red 
indicates positive weighting and blue indicates negative weighting. White indicates 
comparisons that were not used during the analysis as the matrix is symmetrical. 

FIGURE 17. 
Cluster within the precuneus where representational similarity is greater for within-speaker 
comparisons than between-speaker comparisons. Cluster is significant at p<.005 (FWE 
cluster corrected, with a cluster-defining threshold of p<.001) 
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TABLE 5. Brain regions where representational similarity is greater for words spoken by the 
same speaker than words spoken by different speakers. 

*Clusters are significant at p < 0.05 (FWE cluster corrected with a cluster-defining threshold of p < 
0.001). Remaining reported clusters are significant at p<.001 (uncorrected). 

3.4.2 Regions sensitive to word spoken  

 Next, we investigated regions where the word spoken elicited the greatest 

neural pattern similarity, i.e. regions of the brain that were sensitive to the word 

irrespective of speaker (Figure 18). This analysis identified six separate right-

lateralised clusters where representational similarity was greater when the two 

speakers said the same word as opposed to any other word. These clusters were 

located in the supramarginal gyrus, Heschl’s gyrus, inferior frontal gyrus, 

parahippocampal gyrus and two regions in middle frontal gyrus (Figure 19, Table 

6). These results indicate that these regions are particularly sensitive to the word 

that was spoken, regardless of speaker. As these results are from trials containing 

multiple different words, this suggests that the representational similarity in the 

regions observed is due to a property, or properties, of the word itself and not it’s 

semantic content.  

Region Peak t Size 
(voxels)

MNI 
(x, y, z)

R Precuneus 5.095 37* 20, -54, 32

R Inferior Temporal Gyrus 4.460 6 50, -12, -34

R Hippocampus/ R Inferior 
Temporal Gyrus 4.428 10 30, -8, -16

L Precentral Gyrus 4.077 18 -38, 2, 46

L Precentral Gyrus 3.832 5 -38, 0, 54
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FIGURE 18. 
Weighted contrast matrix designed to identify brain regions where the spatial representation 
of an animal name said by one speaker is more similar to the same name said by a different 
speaker than any other word. This is the weighted contrast matrix for a single run and was 
applied to data from all runs, thereby allowing for all within-run comparisons to be made. 
Red indicates positive weighting and blue indicates negative weighting. 
 

FIGURE 19. 
Brain regions where representational similarity is related to phonological similarity of the 
words spoken. Clusters are significant at p<.005 (FWE cluster corrected, with a cluster-
defining threshold of p<.001). 
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TABLE 6. Brain regions sensitive to the phonology of the word spoken 

All clusters are significant at p<.05 (FWE cluster corrected with a cluster defining threshold of p<.
001) 

3.4.3 Regions sensitive to type of animal 

 A third analysis was performed in order to identify regions sensitive to 

animal type. For this, a contrast matrix was defined whereby a positive value was 

assigned to all within-category comparisons (i.e. bird-bird, or mammal-mammal) 

and a negative value to all between-category comparisons within the same run 

(Figure 20). All comparisons falling on the diagonal, i.e. where each animal 

would be compared with itself, were assigned a value of 0 as even though they 

are spoken by different speakers, similarities in neural activity patterns elicited by 

these words are likely to reflect acoustical similarity in addition to any observable 

effects of animal type. This analysis identified several clusters throughout the 

brain appearing to be sensitive to the type of animal (Figure 21), including 

angular gyrus, fusiform gyrus, precuneus and middle temporal gyrus (see Table 

7), suggesting these regions are involved in processing information about the 

semantic content of the word being spoken, and information defining animal 

category membership in particular.  

Region Peak t Size 
(voxels)

MNI 
(x, y z)

SupraMarginal Gyrus 5.269 135 50, -40, 52

R Middle Frontal Gyrus 4.634 54 32, 42, 44

Heschl’s Gyrus 4.596 68 52, -16, 8

R Inferior Frontal Gyrus 4.380 22 42, 36, 8

R Parahippocampal Gyrus 4.345 32 16, -20, -20

R Middle Frontal Gyrus 4.022 23 26, 32, 32
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TABLE 7. Brain regions sensitive to animal sub-category membership 

All clusters are significant at p<.05 (FWE cluster corrected with a cluster defining threshold of p<.
001) 

FIGURE 20. 
Weighted contrast matrix designed to identify brain regions sensitive to the type of mammal, 
either mammal or bird. Here, all pairwise comparisons of birds, and all pairwise 
comparisons of mammals are assigned a positive weighting (red). All pairwise comparisons 
birds with mammals are assigned a negative weighting (blue). Pairwise comparisons falling 
on the diagonal were given a 0 weighting (white). This is the weighted contrast matrix for a 
single run and was applied to data from all runs, thereby allowing for all within-run 
comparisons to be made. 

Region Peak t
Size 
(voxels)

MNI 
(x, y z)

R Angular Gyrus 9.779 95 30, -50, 26

R Fusiform Gyrus/ R Middle Temporal 
Gyrus 9.079 20 30, -36, -20

L Precuneus 9.047 20 -24, 10, 18

R Precentral Gyrus 8.971 20 18, -34, 42

L Cerebellum 8.492 33 -28, -62, -46

L Parahippocampal Gyrus 8.212 11 32, 0, -32

L Precentral Gyrus 8.168 14 44, -18, 30

R Postcentral Gyrus 8.099 13 -32, -30, 38
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FIGURE 21. 
Brain regions where representational similarity is related to similarity in the types of animal. 
Clusters are significant at p<.005 (FWE cluster corrected, with a cluster-defining threshold of 
p<.001).  

 To further investigate whether differences in neuronal activity reflect 

processing of animal type or simply the word that was spoken, we looked to see 

whether any repetition suppression effects could be identified in key regions, 

either related to phonological processing or regions sensitive to semantic content 

of words. To do this, we compared the neural responses to each word (spoken by 

either speaker) and aimed to find regions where decreases in activation were 

associated with repeated stimuli. Unfortunately, this analysis did not reveal any 

significant effects of repetition suppression. This may be because attention was 

directed to different aspects of each animal, as prompted by the questions 

participants were responding to, which may have worked to negate any effects of 

repetition as different features are being attended to (e.g. Chouinard, Morrissey, 

Köhler & Goodale, 2008). Furthermore, as the analysis used words spoken by 

different speakers, the differences in acoustic properties may also have negated 

any repetition effects. Additionally, our lack of effects may also be explained by 

the fact that the repetition suppression analysis required contrasting of trials from 

different experimental runs. Due to inherent differences in BOLD signal between 
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each run (e.g. Coutanche & Thompson-Schill, 2012), it may have been difficult to 

detect any true repetition effects.  

3.4.4 Regions sensitive to size of animal 
  

 The final analysis aimed to identify brain regions sensitive to animal size. 

As such, the contrast matrix was defined so that all small-small comparisons and 

all large-large comparisons were assigned positive values, while any small-large 

comparisons were assigned negative values. Any comparison of an animal with 

itself, that is, any on-diagonal comparison, was assigned a value of 0 (Figure 22). 

As shown in Table 8, this analysis identified multiple, widespread clusters 

sensitive to animal size. In addition to language processing regions within the 

frontal lobe, many of these clusters were located in superior regions of bilateral 

temporal lobes (Figure 23). These results reveal regions that are involved in 

processing semantic information carried in the spoken stimuli, and in particular 

contain information relating to the physical size of the object, further supporting 

the idea that semantic concepts are represented according to sensorimotor 

features of the object (Peelan & Caramazza, 2012). 
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FIGURE 22. 
Weighted contrast matrix designed to identify brain regions sensitive to animal size. Here, all 
pairwise comparisons of small animals, and all pairwise comparisons of large animals are 
assigned a positive weighting (red). All pairwise comparisons of small animals with large 
animals are assigned a negative weighting (blue). Pairwise comparisons falling on the 
diagonal were given a 0 weighting (white) due to potential confounds of phonological 
similarity which was assessed in a previous analysis. This is the weighted contrast matrix for 
a single run and was applied to data from all runs, thereby allowing for all within-run 
comparisons to be made. 
 

FIGURE 23. 
Brain regions where representational similarity is related to similarity in animal size. 
Clusters are significant at p<.005 (FWE cluster corrected, with a cluster-defining threshold of 
p<.001).  

Speaker 1

Sp
ea

ke
r 

2



 81

TABLE 8.  
Brain regions sensitive to animal size 

All clusters are significant at p<.05 (FWE cluster corrected with a cluster defining threshold of p<.001 

Region Peak t Size 
(voxels)

MNI 
(x, y, z)

Left

Precentral gyrus / Supramarginal Gyrus 6.663 502 -58, -8, 36

Superior Temporal Gyrus / Middle Temporal Gyrus 6.294 1117 -48, -4, 6

Fusiform Gyrus 6.100 866 -24, -70, -18

Superior Frontal Gyrus 4.557 321 -14, 28, 38

Posterior Cingulate Cortex 5.487 316 0, -42, 34

Middle Oribital Gyrus 5.604 81 -28, 36, -2

Middle Occipital Gyrus 5.109 246 -36, -76, 20

Calcarine gyrus 4.987 129 -10, -80, 16

Medial Cingulate Cortex 4.706 178 -2, -2, 48

Angular Gyrus 4.698 186 -56, -56, 20

Postcentral Gyrus 4.532 115 -48, -30, 62

Olfactory Cortex 4.462 52 -6, 14, -8

Precentral Gyrus 3.885 30 -10, -18, 58

Cuneus 3.874 21 -14 -82, 42

Right

Superior Temporal Gyrus / Middle Temporal Gyrus 5.982 973 46, -20, 2

Postcentral Gyrus 5.603 117 52. -24, 44

Lingual Gyrus 5.440 35 16, -70. -14

Precuneus 5.110 89 6, -52, 22

Middle Frontal Gyrus 4.939 77 52, 36, 26

Anterior Cingulate Cortex 4.919 102 14, 40, 14

Olfactory Cortex 4.808 114 28, 6, -8

Hippocampus 4.665 47 34, -40, 0

Angular Gyrus 4.541 84 50, -50, 22

Thalamus 4.516 163 8, -16, 24

Postcentral Gyrus 4.393 58 14, -44, 58

Cuneus 4.220 72 22, -72, 30

Inferior Temporal Gyrus 3.795 23 62, -48, -8
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3.5 Discussion 

 The current study aimed to identify regions in the brain sensitive to the 

semantic content of spoken words. To do so, we collected functional imaging data 

and used representational similarity analyses to assess the similarity of spatial 

activations elicited by animal names grouped according to different 

characteristics, ranging from the acoustic properties of the speech itself, to animal 

features more reliant on abstract semantic knowledge. We hypothesised that 

spatial activity patterns for phonological similarity of the words themselves would 

show greatest similarity in auditory and speech processing areas (e.g. Lambon 

Ralph et al., 2007). We also hypothesised that spatial representations for abstract 

semantic concepts would show the greatest similarity in posterior medial cortex 

and middle temporal gyrus, but that more concrete concepts would elicit the 

greatest pattern similarity in medial areas proximal to the relevant primary 

sensory regions (e.g. Hoffman et al., 2015). For example, characteristics based on 

visual features of the animals were predicted to show greatest similarity near the 

visual ventral stream. 

3.5.1 Acoustic Similarity 

 A whole-brain searchlight analysis was performed to identify neural 

regions where representational similarity was greatest for words spoken by the 

same speaker, that is, any regions that are sensitive to the voice that is speaking 

the words rather than the words themselves. Discriminating the differences 

between speaker voices likely reflects low-level processing (Scott & Johnsrude, 

2003) and therefore it was predicted that representational similarity would be 

greatest in auditory processing regions along the superior temporal gyrus.  
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 Contrary to our predictions, only one cluster survived correction and this 

was located ventrally in the precuneus. Even prior to correction, no activations 

related to speaker identity were observed in superior temporal gyrus. As all 

stimuli were auditory, we would assume this region to be active throughout the 

entirety of the experiment (Zatorre & Binder, 2000) and therefore it may be that 

this region is not sensitive to acoustic differences in speakers, but instead is more 

sensitive to phonological similarity, as discussed below.  

 That the single surviving cluster is within the right precuneus is 

surprising, but may reflect a degree of semantic processing. The precuneus has 

previously been implicated in sentence comprehension tasks (Bottini et al., 

1994), with elicited activity being greater for speech versus non-speech sounds 

and increasing attention to the meaning of speech (von Kriegstein, Eger, 

Kleinschmidt & Giraud, 2003). Our observations of precuneal sensitivity to the 

speaker’s voice are therefore somewhat consistent with the existing literature of 

precuneus activations during speech processing; however, speech-related activity 

within the precuneus has been found to be largely left-lateralised (e.g. Price, 

2012) whereas our observed activations are in the right hemisphere. 

Furthermore, the design of the analysis used here suggests that the precuneus is 

not merely involved in speech comprehension, but is in fact representing 

information that is a consistent characteristic for each speaker individually but 

differs between the two.  

 One candidate characteristic may be speaker gender as greater right-

lateralised activity within the precuneus has been associated with male compared 

to female voices even after controlling for differences in pitch and loudness 

(Lattner, Meyer & Friederici, 2005; Sokhi, Hunter, Wilkinson & Woodruff, 2005). 
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Within the constraints of the current study it is not possible to determine whether 

the observed representational similarity within the precuneus is reflecting gender 

or indeed a different speaker-dependent characteristic; however, as all animal 

names were spoken by both speakers, it is unlikely that this similarity is due to 

the semantic content of the words themselves.  

3.5.2 Phonological and semantic similarity  

 A second whole-brain searchlight was performed to identify regions that 

showed greatest representational similarity when a particular animal name was 

spoken, despite being spoken by the two different speakers. Here, prediction and 

interpretation of the results is not straight forward: when two people speak the 

word ‘Eagle’, there will be high degree of phonologic similarity, even though 

speakers could differ on a number of characteristics that influences the acoustic 

profile of the word, such as age, gender, accent or prosody (Schweinberger, 

Kawahara, Simpson, Skuk & Zäske, 2014). There will also be a high degree of 

similarity in the semantic representation as regardless of speaker, the semantic 

content of the word remains the same. We therefore expected this analysis to 

reveal extensive representational similarity located predominantly in low-level 

auditory processing regions, but additionally in semantic processing regions in 

close proximity to auditory cortex within the anterior temporal lobe (e.g. Hickok 

& Poeppel, 2007).  

 This analysis revealed small clusters within the right frontal, parietal and 

temporal lobes. As expected, one cluster fell within Heschl’s gyrus, a structure 

containing primary auditory cortex (Rademacher, Morosan, Schormann, 

Schleicher, Werner, Freund & Zilles, 2001; Da Costa, van der Zwaag, Marques, 

Frackowiak, Clarke & Saenz, 2011), and this likely reflects the phonological 
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similarities between the words spoken. Additional clusters were observed in 

middle frontal, inferior frontal, supramarginal and parahippocampal gyri, all of 

which are regions that are associated with speech and language processing 

(Binder et al., 2009), and may therefore reflect additional semantic processes 

elicited in response to the words.  

 Previous imaging studies have presented evidence that the spoken word 

can simultaneously elicit both phonological and semantic processes, and these 

processes appear to rely on dissociable brain networks (Vigneau et al., 2006). 

However, one area traditionally associated with semantic processing, the inferior 

frontal gyrus (Poldrack et al., 1999), may also be sensitive to phonology 

(Sekiyama et al., 2003). Together, these findings have been interpreted as 

evidence that the inferior frontal gyrus may be involved in working memory, 

perhaps by retaining phonological information regarding a word until the 

relevant semantic information can be accessed (Vigneau et al., 2006).  

  

 The results from whole-brain analyses here reveal several areas that may 

be sensitive to either word phonology or semantic similarity; however, they are 

not able to adequately dissociate the two types of processing. Therefore 

representational similarity analyses were conducted to gain further insight into 

this distinction.  

3.5.3 Semantic Category Effects 

 Two analyses were performed looking at regions associated with 

representation of semantic features. First, we attempted to identify regions 

sensitive to the semantic category of animal, that is, regions where spatial 

patterns elicited by birds (or mammals) were more similar to patterns elicited by 
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other birds (or mammals). Many studies have explored the functional anatomy of 

semantic category effects (e.g. Ishai, Ungerleider, Martin, Schouten & Haxby, 

1999; Fairhall & Caramazza, 2013). Fairhall and Caramazza (2013) identified 

amodal category effects in posterior medial and inferior temporal gyri (pMTG/

ITG), angular gyrus, and the precuneus. As such, we expected to find animal-

category effects in in these proposed amodal cateogory-sensitive regions.  

 For the current study, all stimuli were presented aurally and therefore we 

would not be able to conclude any effects we observed are modality independent; 

however, if posterior medial and middle temporal regions are indeed involved in 

amodal category representation (e.g. Fairhall & Caramazza, 2013), we might 

expect to find activity in these regions to be associated with animal category. 

 Our analyses revealed several clusters that appeared sensitive to the type 

of animal. Consistent with our predictions and previous findings (e.g Fairhall & 

Caramazza, 2013), we observed semantic category effects in precuneus and 

middle temporal gyrus. Our analysis also identified several additional clusters, 

including angular gyrus and fusiform gyrus, both of which are also often found to 

be involved in semantic category representations (e.g. Chao, Haxby & Martin, 

1999) 

 Our finding that representational similarity within the precuneus is 

associated with animal sub-category provides evidence that semantic 

representations are stored according to their hierarchical taxonomy. Taxonomic 

categories are formed of objects of the same type, such as animals, clothes, or 

tools, whereas objects in the same thematic category are linked by external 

factors, such as co-occurrence in particular situations (Mirman, Landrigan & Britt, 

2017). For example, ‘duck' and ‘penguin’ belong to same taxonomic category - 
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‘birds’, but ‘penguin’ and ‘ice’ may belong to the same thematic category, yet 

'duck’ and ‘goose’ belong to the same taxonomic category and thematic category - 

perhaps ‘wildlife found near ponds’. The role of category representations in the 

precuneus has been previously established, for example, Fairhall & Caramazza 

(2013) found greater representational similarity for items belonging to the same 

semantic category compared to items belonging to different semantic categories. 

This finding also corroborates previous research that has found a link between 

the precuneus and both taxonomic and thematic category representations, 

although comparing the two types of processing revealed greater activity within 

the precuneus for processing taxonomic relationships (Sachs, Weis, Krings, Huber 

& Kircher, 2008) 

  

 Recent imaging studies have proposed that the angular gyrus is sensitive 

to thematic, rather than conceptual category (Mirman et al., 2017; de Zubicaray, 

Hansen & McMahon, 2013); however, investigations have revelled evidence to 

suggest the angular gyrus may be involved in representing both taxonomic and 

thematic information (Sachs et al., 2008). The distinction between taxonomic 

and thematic categories is not always clear; objects in a taxonomic category may 

also be linked thematically, and it is plausible that membership of a taxonomic 

category may form the basis of a thematic link between objects also. In the 

current study, perhaps membership to an animal sub-type category is not 

sufficient to discriminate representational similarity based on category alone; 

however, these sub-types of animals (e.g. birds) may themselves be linked 

thematically, thereby resulting in pattern similarity within the angular gyrus 

(Schwartz et al., 2011).  

  

 Representational similarity in the fusiform has also been linked with 

semantic category effects. This is often in response to visual stimuli (Martin, 
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2007; Mechelli, Sartori, Orlando & Price, 2005); however, fusiform activation in 

response to spoken words has been previously demonstrated (Hoffman et al., 

2015).  Although our study used auditory stimuli, property-based accounts of 

semantic representation such as the hub-and-spoke model (e.g. Lambon Ralph et 

al., 2007; Patterson et al., 2007) suggest that information about individual 

properties of an object are represented in regions specific to the modality of that 

property, i.e. visual regions might be expected to represent visual properties such 

a colour. These individual property representations are then integrated in a ‘hub’ 

to form coherent, amodal concepts. Previous investigations into the role of the 

fusiform gyrus suggests it is more sensitive to both and animals and fruits 

compared with tools, and this is thought to be because the fusiform is processing 

infomation related to the physical structural within-category similarity of these 

object types compared with that of tools  (Price, Nopeney, Phillips & Devlin, 

2003).  Given that birds are more visually similar to other birds than to mammals 

(and vice versa), the fusiform activity observed here likely reflects similarity in 

the representation of these visual properties.  

 Alternatively, the role of the fusiform gyrus in visual imagery (D’Esposito, 

Detre, Aguirre, Stallcup, Alsop, Tippet & Farah, 1997), may mean similarity 

within the fusiform observed in present study may have been elicited simply by 

participants imagining each animal while responding to the task questions. These 

questions were designed to encourage semantic activation of each animal concept 

as well as ensure participant engagement throughout the task; however, many of 

these questions required consideration of the visual properties of the animal (e.g. 

“Can it fit in a shoebox?”) which may have additionally activated visual and 

mental imagery processing regions (Ishai et al., 1999). However, questions asked 

throughout the experiment related to a variety of animal properties such as noise 

and also more abstract properties such as where it might be commonly found, 
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therefore other semantic aspects relating to the animal would also be attended 

to. While we cannot exclude the possibility that the representational similarity 

observed in the fusiform gyrus is simply related to visual similarity between 

objects (Bar et al., 2001), steps were taken to account for this, such as using 

aural stimuli and questions relating to different sensory areas, and therefore it 

seems more likely that the category effects observed within the fusiform are 

related to semantic processing of object category.  

  

3.5.4 Semantic Feature Effects 

 Our final analysis investigated brain regions that would be sensitive to 

animal size. As discussed, property-based accounts of semantic memory propose 

that various properties of an object are represented in modality-specific regions 

regardless of the input modality of a stimulus (Fairhall & Caramazza, 2013; 

Spitsyna, Warren, Scott, Turkheimer & Wise, 2006). We therefore expected to 

find animal size effects in regions associated with visual processing.  Additionally, 

we hoped to observe size effects beyond visual processing areas to be also present 

in potentially amodal processing regions such as posterior medial cortex and 

middle/inferior temporal gyrus (Fairhall & Caramazza, 2013). This is because 

size information appears to be automatically encoded, even when not required by 

the task at hand (Sellaro, Treccani & Cubelli, 2014), and has been suggested to 

play a functional role in object identification processes (Sellaro et al., 2014; De 

Simone, 2013), therefore suggesting accessing size information becomes an 

semantic feature of the object rather than a visual property (Treccani & Umiltà, 

2011).  

 As expected and consistent with previous studies (e.g. Julian, Ryan & 

Epstein, 2016), this analysis identified visual processing regions as being involved 
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in representation of object size, thereby providing evidence in support of 

distributed modality-dependent processing of semantic information. Moreover, 

we also identified several regions bilaterally in the ATL, with size sensitivity 

appearing to be associated with representations along the ventral visual stream, 

further strengthening support for the idea of these regions as a semantic hub that 

integrates representations from low-level processing areas into a coherent 

concept. Object size has previously been shown to be a property that many 

regions are sensitive to (Julian et al., 2016) which is consistent with the extensive 

size-sensitive activations we have identified in the current study. It has been 

suggested that size-sensitivity is so pervasive in different neural processing 

regions because it is relevant for a variety of behavioural and perceptual purposes 

- for example, small objects are often held or grasped whereas larger objects are 

interacted with on a different scale, perhaps in providing spatial cues and 

landmark information (see Konkle and Olivia, 2011). Additionally size cues may 

be informative for semantic categorisation of visual objects (e.g. “fruit” vs 

“vehicles”), and are also used to form size judgements regarding the source of a 

sound (Ives, Smith & Patterson, 2005), and therefore size information may lead 

to object identification rather than being activated as result of identification (De 

Simone, 2013, Treccani & Umiltà, 2011).  As such, object size information is 

relevant in a variety of processing modalities and its representation in widespread 

neural regions is therefore unsurprising given its utility in a multitude of 

cognitive domains.  

 Overall, we have used representational similarity analyses to show that 

different properties of an object are represented in different brain regions, even 

when all objects are members of supra-ordinate category. With the use of spoken 

word stimuli and two different speakers, we provide evidence that the precuneus 

is sensitive to characteristics that signal speaker identity. We have also shown that 
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different semantic properties such as size and category membership of objects are 

represented in different regions of temporal and parietal and occipital lobes. 

Despite the use of spoken word stimuli, we observe similarities in spatial 

representations of object properties in visual processing regions, consistent with 

proposals that representations of different feature similarities are underpinned by 

processing regions specific to the object property rather than the modality of the 

stimulus.  

 Together, these results providence evidence that different aspects of 

semantic memory are represented in a widespread network of brain regions that 

relate to the relevant sensory features (e.g. Lambon Ralph et al., 2007). In 

particular, this observation corroborates the association between the precuneus 

and semantic representations reported in Chapter 2. In Chapter 2, our results 

suggested that the precuneus was involved in object category representations, 

whereby neural activity patterns were more similar for objects from the same 

category that for objects belonging to a different category (i.e. neural patterns in 

response to images of tools were more similar to images of other tools than of 

animals, clothes or Fruit & vegetables). The current study builds on this finding 

by presenting observations that suggest the precuneus also represents more 

granular sub-ordinate category information, likely due to its involvement with 

taxonomic category representation (e.g. Sachs et al., 2008).  
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Chapter 4 

Assessing the underlying mechanism of cross-
situational learning 

4.1 Abstract  

Cross-situational learning is a learning method thought to partially account for 

how young children acquire new word-object associations across learning events 

that are individually ambiguous. Two main theories have been proposed to 

account for the mechanisms underlying cross-situational learning - Propose-but-

verify accounts assume explicit, intentional learning, while statistical learning 

account assume new associations are acquired implicitly. Predictions of learning 

patterns made by computational models of these two theories were compared 

with data obtained from healthy adults in a cross-situational learning task. We 

found that predictions made by the statistical learning model provided the best fit 

to behavioural data thereby suggesting cross-situational learning may rely on 

implicit learning processes.   
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4.2 Introduction 

 Work reported in the previous chapters has investigated the neural 

correlates of episodic and semantic memory, and these findings, along with 

further evidence in the literature, show that these two memory systems may rely 

on different brain regions (e.g. Cermak and O’Connor, 1983; Graham et al., 

2000). Episodic and semantic memory are two aspects of declarative memory, 

and are therefore thought to rely on explicit learning processes (Tulving, 1983). 

However, research has found evidence that suggests semantic information may 

also be learned via implicit processes, and this has been extensively demonstrated 

in language learning literature (Ellis, 2008; Conway, Bauernschmidt, Huang & 

Pisoni, 2010).  Despite impairment on tasks of explicit learning, individuals with 

episodic memory impairment are still able to learn implicitly (Dudai et al., 2004; 

De Vreese et al., 2001; Clare et al., 1999). The current study therefore aims to 

investigate whether implicit or explicit learning models most closely fit to 

behavioural learning data on a task that may have potential to aid learning in 

memory impaired participants, known as cross-situational learning (Smith & Yu, 

2008). If evidence suggests this type of learning occurs via implicit learning 

mechanisms, it may then warrant further study to assess its efficacy in individuals 

with episodic memory impairment.  

  

There are several methods by which humans acquire novel information 

and the way in which learning occurs is often dependent on the information that 

is to be acquired. Learning practical skills, such as how to ride a bike, is a form of 

implicit, procedural learning and once learned, we do not consciously think about 

how to perform the actions while we are doing them. On the other hand, some 

forms of learning and memory rely on explicitly and consciously forming 

particular associations, such as learning to associate a name with a particular 
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face. Language acquisition, however, appears to occur via both implicit and 

explicit learning methods although the ability to do so may change across the 

lifespan (Henson et al., 2016) .  

 In early childhood, infants are able to rapidly acquire novel word-object 

associations, with estimates suggesting infants as young as 18 months can learn 

up to 9 new nouns a day (Goldfield & Reznick, 1990; Bloom, 2000). Much of this 

noun acquisition is dependent on explicit learning, for example, a parent overtly 

labelling a particular object however, even when objects are explicitly labelled, 

the exact referent of that label is not always clear. Medina, Snedeker, Trueswell, 

and Gleitman (2011) recorded real-word naming events experienced by infants 

and replaced the real object labels with pseudo-words. When adults were asked 

to learn these artificial object labels they found that in many cases the exact 

referent of each label was highly ambiguous and the adults were often unable to 

successfully learn the correct referent for each novel word. Given the high degree 

of referential ambiguity when hearing a novel word, children are unlikely to rely 

solely on explicit learning to achieve the considerable rates of word acquisition 

they are capable of. Indeed, it is likely that implicit mechanisms are also involved 

in word acquisition, and that these mechanisms aid word-learning even in 

ambiguous situations. 

 One method of associative word acquisition, known as cross-situational 

learning (XSL), has been demonstrated in both adults and infants as young as 12 

months (Smith & Yu, 2008) and is thought to provide an explanation for how 

learning might occur across multiple individually ambiguous situations. For 

example, upon hearing the labels ‘apple’ and ‘banana’, it may not be immediately 

clear to the child which label belongs to which referent. On another occasion a 

child may again be presented with the referent ‘apple’ but this time with a 
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different fruit, such as a ‘pear’. Over time and multiple exposures to each word-

object pair, the child is able to gain enough information to determine which of 

the potential referents the label ‘apple’ belongs to. Additionally they can then also 

utilise this information to determine the correct labels of the other, previously 

ambiguous, word-object pairs they were exposed to. Although the ability to learn 

via cross-situational statistics has been shown throughout the lifespan (Yu & 

Smith, 2007; Smith & Yu, 2008; Smith, Smith & Blythe, 2010), the underlying 

mechanism by which this occurs is not yet understood.  

 Two predominant theories have attempted to account for how XSL might 

occur: one account, known as the propose-but-verify model (Trueswell, Medina, 

Hafri & Gleitman, 2013) posits that when a learner is presented with ambiguous 

referents for a novel label, they form a hypothesis that associates that label with 

one of the referents. This hypothesis is then preserved unless falsified by 

subsequent presentations of the word-object pairs — if the hypothesised referent 

is present on a subsequent presentation of the label, the hypothesis is 

maintained; however, if the proposed referent is not present, the hypothesis is 

falsified and a new object is hypothesised as the correct referent of the label 

which can then be verified or falsified in the same way. The second model of 

cross-situational learning proposes that word-object co-occurrences are tracked 

across exposures and when challenged to do so, a learner will pick the referent 

for a novel label based on which object co-occurred with that label most 

frequently (Kachergis, Yu & Shiffrin, 2012). Therefore, by tracking the statistical 

regularities between word-object co-occurrences, learners are eventually able to 

successfully associate each label with its correct referent.  

 These two models differ in the assumptions they make about the 

mechanisms of XSL - the PbV model assumes the learner is playing an interactive 
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role whereby they are actively forming and verifying hypotheses about the 

potential word-referent pairs (Trueswell et al., 2013). This is suggestive of a more 

explicit learning process, albeit one that differs from standard one-to-one explicit 

encoding as it takes place under conditions of uncertainty and therefore the 

correct referent is not immediately clear. On the other hand, statistically tracking 

word-object co-occurrences likely relies on implicit processes; it is unlikely that 

word-learners are able to consciously account for each word-object co-occurrence 

particularly given that XSL has been demonstrated even in cases of high 

ambiguity where labels could refer to any one of several potential referents (e.g. 

Yu & Smith, 2007). Additionally, XSL occurs incidentally, even in the absence of 

an overt instruction to learn, therefore suggesting it is an inherent process that 

may occur spontaneously and without conscious effort (Kachergis, Yu & Shiffrin, 

2010).  

 The current study aims to assess how well the PbV and statistical 

associative models capture cross-situational word-learning in healthy adults. 

Investigations into which model best fits real-world cross-situational learning 

have previously been conducted. One such study from Kachergis et al. (2017) 

compared the prediction accuracy of three proposed learning models, including 

their original associative model (Kachergis et al., 2012), an incremental 

probabilistic model (Fazly, Alishahi & Stevenson, 2010) and an implementation of 

the propose-but-verify model (Trueswell et al., 2013) and found that the 

associative model provided the best fit to the behavioural learning data. The 

current study aims to build on this work by using a similar learning paradigm and 

comparing the fit of the associative learning model and an adapted 

implementation of the PbV model. In their implementation, and in accordance 

with the original proponents of the PbV model, the model was restricted so that 

only one hypothesis could be held at any one time (Kachergis et al., 2017, 
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Trueswell et al., 2013). Adaptions of Propose-but-Verify have suggested that this  

restriction may be too limited and that holding more than one hypothesis at a 

time is in fact more likely to reflect real-world learning (e.g. Roembke & 

McMurray, 2016, Frank, Goodman, & Tenenbaum, 2009). As such, our PbV model 

allows for formation of multiple hypotheses; however, these hypotheses are 

subject to decay and may be forgotten over time if there has been an extended 

period since that word-object pair was last encountered, as may be the case in 

real-world learning where subsequent exposure to a novel object may only take 

place hours, days or weeks after the initial encounter. We therefore aim to assess 

whether this adaptation of the PbV model can provide a more accurate fit to the 

behavioural learning data compared with the associative learning model.  

Model predictions will be compared with behavioural data and assessed 

using the Bayesian Information Criterion (BIC), a measure of goodness-of-fit that 

takes into account the complexity of the model. We predict that the associative 

model will provide the best fit to the behavioural data.  

4.3 Methods 

4.3.1 Behavioural Task 

4.3.1.1 Participants 

 Forty undergraduate students from the University of Sussex took part in 

this experiment, which was approved by the Sciences & Technology Research 

Ethics Committee at the University of Sussex (REF: ER/ML435/1). All 

participants were able to speak English fluently and gave written informed 

consent prior to participation. Only participants who demonstrated clear evidence 
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of learning throughout the task were included in the analyses and so any 

participant who did not learn at least half of all word-object associations was 

excluded.  Ten participants failed to meet this criteria and therefore the final 

sample consisted of 30 participants (17 female) with a mean age of 20.87 years 

(SD = 2.46). 

4.3.1.2 Stimuli 

 Sixteen obscure objects (see Appendix V) and 16 pseudo-words (see 

Appendix VI) were selected from the Novel Object and Unusual Name database 

(NOUN Database; Horst & Hout, 2016). The NOUN database consists of photos of 

uncommon but real, complex 3D objects, all of which have an associated 

familiarity rating. The pseudo-words of the NOUN database were generated from 

several studies and user suggestions (see Horst & Hout, 2016). Objects were 

selected so as to be unfamiliar to participants (mean familiarity rating = 18.5%, 

SD = 10.14) and the pseudo-words chosen from the database were one- and two-

syllable novel words that have no meaning in the English language and would 

therefore be unfamiliar to our participants. All objects were resized to be 240 x 

240 pixels. Pseudo-words were presented aurally through laptop speakers at a 

volume comfortable to each participant.  

4.3.1.3 Procedure 

 Testing consisted of a single session whereby participants were instructed 

to learn the names of 16 novel objects. The experimental task consisted of 5 

blocks, and each block comprised of a study phase and a test phase. For each trial 

in the study phase (Figure 24), participants were presented with three of the 

novel objects on a white background, and were simultaneously aurally presented 
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with labels that corresponded to the on-screen objects. The order in which the 

labels were presented was randomised so as not to correspond with the order in 

which the objects appeared on the screen, and participants were informed of this 

prior to the experiment. In this way, participants heard three labels and saw three 

objects per trial but the correct pairings were not evident on each individual trial. 

On each trial, the three objects were visible on screen for 4.5 seconds, followed 

by an inter-trial interval of 3 seconds where a fixation cross was presented. The 

combination of object triads presented on each trial was randomised while also 

ensuring that all 16 objects were presented at least 3 times per learning block, 

thus giving a total of 16 trials per study phase within each of the 5 blocks. 

 Following the study phase in each block was a test phase (Figure 25), 

which consisted of a 16 alternative forced choice (16-AFC) test where 

participants were aurally presented with one label and were asked to select the 

object they believed corresponded to that label by highlighting the appropriate 

object. The test phase was self-paced, in that the next cue would not be presented 

until a selection had been made for the preceding label. This was repeated for all 

16 objects in a randomised order and no feedback was given to participants 

regarding their responses. The learning and test phases were completed a total of 

5 times allowing  progress of the object-label pair learning to be tracked 

throughout the experiment. 
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FIGURE 24. 
Learning phase of the cross-situational learning task. Three novel objects were presented on 
the screen while their novel labels were presented aurally in a randomised order. Different 
triads are shown so that all objects are presented 3 times per block for each of the 5 blocks.  
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FIGURE 25. 
Test phase of the cross-situational learning task that occurs at the end of each block. An 
array of all 16 objects was presented and one of the previously studied labels was presented 
aurally. Participants were asked to select which of the objects they believed the label referred 
to. This was repeated for all 16 objects on each of the 5 test blocks.  

4.3.2 Defining the models 

 The current study compared the fit of the behavioural data with that of 

the predictions made by two models: a propose-but-verify (PbV) model and an 

associative model. 

4.3.2.1 Associative Model 

 The associative model is described in detail elsewhere (Kachergis, Yu & 

Shiffrin, 2012), but in summary, the model provides an account of how 

association strengths between word-object pairs may accrue and decay over 

“Meela”

“Yosp”

“Cusk”
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multiple encounters and also when there is uncertainty regarding the potential 

word referents. These association strengths are represented by a word-object 

association matrix,  , which is updated on each learning trial according to the 

word-object pairs that are encountered. A core tenet of the associative model is 

that association strengths are influenced by the attention,  , afforded to each 

potential word-object pair. Attention is distributed preferentially to word-object 

pairings that have previously co-occurred, then to word-object pairings that are 

novel, and whose potential associations therefore carry a high degree of 

uncertainty. Uncertainty,  , is calculated using the normalised vector of 

associations for a given word or object,  ,  and is greatest when the 

referent of a given word is equally likely amongst all potential objects, and 

minimal (i.e. 0) when an association has been sufficiently strengthened that the 

association has become certain:  

  

 On each given learning trial, the association strengths between potential 

object-word pairs is updated according to the following rule: 

  

 Here,   is the association matrix (M) of all potential word(w)-

object(o) pairs,   is the forgetting parameter which governs decay over time of 

M
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associations for stimuli that have not been encountered recently,   is the attention 

that is being distributed, and   is a parameter that governs the differential 

weighting of uncertainty and prior knowledge. 

4.3.2.2 Propose-but-verify model  

 The propose-but-verify model has not been formally described 

mathematically; however, PbV models assume that learners form hypotheses 

based on the available information on a given trial, i.e. a hypothesis regarding a 

word-object pair will only be formed on a trial where the stimulus is present. 

Additionally, the number of hypotheses that can be retained at any one time is 

constrained by working memory capacity which therefore also constrains the 

likelihood that a new hypothesis can be formed on a given trial. Finally, PbV 

models also state that the probability of retaining a hypothesis is strengthened on 

each trial where the relevant stimulus is present and the hypothesis is not 

falsified.  

 Here, we use a mathematical model of the PbV account provided by Sam 

Berens (Berens, unpublished). This model predicts the learning of word-object 

pairs over 3 stages on each trial. First, the probability of recalling a hypothesis 

( ) on a given trial is calculated as follows:  

  

  

χ

λ

hn

Precalll(h) =
1

1 + exp( − 1 ∙ (R0 + R1 ∙ Vh))
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Above,   is the intercept of logistic function representing the lowest 

probability of recall for unverified hypotheses.   is the slope of the logistic 

function and represents the association between the number of times a 

hypothesis has been verified ( ) and the probability recall for that hypothesis. 

 is the the number of times that hypothesis   has been verified. In this way, the 

number of times a hypothesis is verified increases the probability of that 

hypothesis being recalled.  

  

 Secondly, the model assesses whether the given hypothesis can be falsified 

or verified based on information present in the trial. If the hypothesis is verified, 

the verification index is increased by 1. If the hypothesis is falsified, the 

association between the word-object pair is removed from the pool of available 

hypotheses.  

Finally, the model calculates the probability that a new hypothesis is generated. 

First, the degree of cognitive load is calculated:  

  

  

Cognitive load represents how taxing it is to maintain all of the 

hypotheses currently being retained. As the probability of hypothesis retention is 

influenced by verification index, the cognitive load associated with maintaining a 

hypothesis decreases with the number of times a hypothesis can be verified. That 

is, it is harder to maintain a hypothesis that has not been verified than one that 

has been verified a number of times. Cognitive load is then summed across all 

currently retained hypotheses and therefore the greater the number of 

R0

R1

Vh

Vh h

Load =
H

∑
h=1

1 − Precalll(h)



 105

hypotheses maintain, the greater the cognitive load, and therefore the less likely 

it is that a new hypothesis will be generated due to its increased demand on 

working memory. This is calculated using the following formula:  

  

  

Above,   is the base probability of generating a new hypothesis when no 

hypotheses are currently maintained and   is the slope of the logistic function 

encoding the association between cognitive load and the probability of forming a 

new hypothesis.  

4.3.3 Fitting the behavioural data 

 The 16 word-object pairings and their presentation orders assigned to 

each participant were recorded and used as input for each of the two models. The 

simulated annealing function from the MATLAB Global Optimisation Toolbox was 

used to generate values for the free parameters in each model (Associative: 3 - 

 ; PbV: 4 - R0, R1, F0, F1) and iteratively estimate values that best fit each 

participant’s observed learning performance.  

 Goodness of fit for each model was calculated for every combination of 

the free parameters using the log likelihood cost function. The log likelihood was 

based on difference between the participants’ actual responses (at test) and the 

predictions of each model. Because the PbV model provides one predicted 

response per trial, each trial was simulated 512 times, thereby allowing the 

Pgen =
1

1 + exp( − 1 ∙ (F0 + F1 ∙ Load))

F 0

F1

α, χ, λ
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probability of making each response to be calculated. As the associative model 

directly provides the probability of making each response, this was only 

simulated once.  

 After fitting the models, the log likelihoods were converted to BIC 

statistics using the following formula, where   is the number of trials,   is the 

number of free parameters, and   is the log likelihood value: 

  

 The BIC was then used to assess which model provided the best fit for 

each participant’s learning performance.  

4.4 Results 

4.4.1 Behavioural Data 

 Participants’ performance on the learning task was recorded as a binary 

correct vs incorrect for each response given on the test trials. In order to confirm 

that participants were learning across the task, the performance on each block 

was calculated as the proportion of correct responses given across the within-

block trials (Table 9). A one-sample t-test against chance revealed the average 

performance across participant on all blocks was significantly above chance, 

indicating that word-object associations were being formed even from the first 

learning block, minimum t(28) = 7.823, p<.001 (Figure 26). 
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̂
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FIGURE 26. 
Average learning performance, calculated as the proportion of correct word-object responses 
per learning block. 

TABLE 9 Proportion (and SEM) of correct object label pairs by learning block 

4.4.2 Model Fits 

The word-object pairs generated for each participant and the order in 

which they were presented was recorded and passed to each model. The 

responses given by participants on each trial were then used to compare the 

probability of making a given response, as calculated by the models, compared 

with actual responses made by participants. This therefore allowed the values of 

the free parameters to be estimated to best fit the observed data. For the 

associative model, there were 3 free parameters:  . The means for these free 

Block 1 Block 2 Block 3 Block 4 Block 5

Proportion object-
label pairs correct

0.241 0.392 0.595 0.655 0.739

SEM 0.03 0.04 0.05 0.05 0.05

α, χ, λ
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parameters were as follows:   = 0.91 (SD = 0.050),   = 0.071 (SD = 0.082), 

and   = 16.64 (SD = 3.51). The means of the 4 free parameters for the PbV 

model were estimated to be: R0 = 5.45 (SD =  3.42), R1 = 6.11 (SD = 3.86), F0 

= -.04 (SD =  2.08), and F1 = -4.58 (SD = 3.87). Goodness-of-fit was assessed 

by calculating the difference in the BIC for each model (Kass & Raftery, 1995); for 

the associative model, mean BIC = 292.14 (SD = 116.53), for the PbV model, 

mean BIC = 314.51 (SD = 129.60). As such, we found strong support for the 

associative model over the PbV model (mean  BIC = 22.38). In fact, the 

associative model was found to be a better fit for all but 4 individuals, showing 

that in the majority of cases the learning trajectory of our participants was not 

suggestive of use of a propose-but-verify strategy and instead more closely 

matches that which would be predicted by the associative model.  

4.5 Discussion 

 By using the learning data generated in the cross-situational learning task, 

we were able to compare human learning performance to the predictions made 

by two prominent models of cross-situational learning: the associative learning 

model (Kachergis et al., 2012) and an implementation of a propose-but-verify 

model (e.g. Trueswell et al., 2013).  Comparing the differences between the 

model predictions and the responses made by our participants, we were able to 

assess which of these two models best accounts for how cross-situational learning 

occurs. We found that the associative model provided the most accurate 

predictions of human cross-situational learning and fit the behavioural data more 

closely than did the PbV model in all but 4  (out of 30) cases. This therefore 

provides support for theories that suggest cross-situational learning occurs via 

tracking of word-object co-occurrence statistics. 

α χ

λ

Δ
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 Further evidence for the validity of the associative model has come from 

Kachergis et al. (2017) who compared the prediction accuracy of three proposed 

learning models, including their original associative model (Kachergis et al., 

2012), an incremental probabilistic model (Fazly, Alishahi & Stevenson, 2010) 

and an implementation of the propose-but-verify model (Trueswell et al., 2013). 

The associative model was found to provide the most accurate fit to the observed 

data over multiple experiments in which frequency and contextual diversity of 

the word-object pairs was manipulated. Given our similar findings, this shows 

that statistical learning models appear to accurately account for how learning 

occurs in situations with varying complexity and constraints, likely reflective of 

the complexity encountered in real-world learning scenarios.  

 The flexibility of statistical learning, particularly as described by the 

associative model (Kachergis et al., 2012), allows it to be applied to learning in a 

variety of contexts. Indeed, statistical learning has applications beyond that of 

word learning, and has been observed experimentally in the implicit learning of 

visual, spatial, and auditory sequences (Conway & Christiansen, 2005; Fiser & 

Aslin, 2001; Thomas et al., 2004), suggesting statistical learning could be a 

domain-general mechanism that is sensitive to patterns and regularities present 

in a variety of sensory inputs. Furthermore, while PbV requires the use of 

intentional strategies which would not be available to very young infants, 

statistical associative learning is a mechanism that is available across the lifespan 

(Kirkham, Slemmer & Johnson, 2002; Saffran & Wilson, 2003; Thomas et al., 

2004), and therefore could account for how both adults and very young infants 

are able to learn across situations. Given that statistical learning appears to be an 

implicit process, our findings also have further implications for the use of cross-

situational learning in a therapeutic settings.  
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 Explicit learning mechanisms are impaired by neurodegenerative 

conditions such as Alzheimer’s disease (Golby et al., 2005), whereas some ability 

to learn implicitly is spared (De Vreese et al., 2001; Clare et al., 1999). This 

impairment is thought to result from the neurodegeneration observed in regions 

of the brain known to underly declarative memory, both in terms of reduction of 

tissue volume and reduction in connectivity between regions (Brun & Englund, 

1981; Dudai, 2004; Di Paola et al., 2007; Mormino et al., 2008). These regions 

within the medial temporal lobe have previously been associated with both 

episodic and semantic learning and memory (Rugg & Vilberg, 2013; Binder et al., 

2009), and activity in these regions is associated with explicit encoding and recall 

of declarative memories (Squire, Stark & Clark, 2004; Yonelinas et al., 2005; 

Johnson et al., 2009). However, as some ability to learn implicitly remains (De 

Vreese et al., 2001; Clare et al., 1999), the regions supporting the implicit 

learning of semantic information in AD may be spared.  

  

 It has been suggested that performance on a cross-situational learning 

task is directly associated with the integrity of the white matter pathway along 

the inferior-longitudinal fasciculi to the anterior temporal lobe (ATL), and the 

uncinate fasciculus which connects the ATL with the inferior frontal gyrus (IFG; 

Ripolles et al., 2017). Activity in the IFG was also shown to be associated with 

cross-situational learning performance, as were other regions commonly 

associated with learning word associations (Berens et al., 2018). Greater activity 

in the IFG has been previously shown to be protective of memory loss in 

individuals at risk of Alzehimer’s disease (Lin et al., 2017). Furthermore, the IFG 

is thought to be part of the ventral attention network, which is associated with 

stimuli-driven, as opposed to goal-directed, attentional processes (Fox, Corbetta, 

Snyder, Vincent & Raichle, 2006). In individuals with MCI, it was found that 

connectivity within the ventral attention network was enhanced compared to 
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healthy controls and individuals with Alzheimer’s disease, which may indicate 

that in early stages of memory impairment these regions may help compensate 

for dysfunction in top-down processing for explicit declarative memory systems, 

by enhancing bottom-up processing resulting in improved implicit learning 

(Zhang et al., 2015). As such, interventions using cross-situational learning may 

benefit individuals with memory impairment by allowing new information to be 

learned implicitly (see Chapter 5). 

 Although we have found evidence in support of a statistical learning 

mechanism underpinning cross-situational learning, this is not consistent across 

the literature. By using a model-based representational similarity analysis of fMRI 

data, Berens, Horst and Bird (2018) showed that during a cross-situational 

learning task neural activity patterns within the hippocampus were more 

suggestive of a propose-but-verify style learning strategy than of a statistical-

learning associative model. However, while greater evidence was found for their 

PbV model, this does not exclude the possibility of an associative mechanism 

acting either in parallel or conjunctively (Kachergis, 2018).  

 When asked informally about the strategy they employed during the 

experiment, the majority of participants reported that the PbV model most 

accurately described their approach to the task. This is interesting given that our 

results instead suggest that the associative learning model is the most accurate fit 

to the behavioural data and perhaps indicates that participants are attempting to 

use conscious, explicit learning strategies despite also unconsciously engaging 

implicit mechanisms.  Of course, such assumptions cannot be made from informal 

self-reports, but it does raise the question of how intentional strategies might 

interact with unintentional strategies and impact learning performance.  
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 Indeed, models combining aspects of verification and statistical learning 

models have previously been proposed (Yurovsky & Frank, 2015, Stevens, 

Gleitman, Trueswell & Yang, 2017) and may go some way to providing insight 

into how explicit and implicit mechanism may work together. Yurovsky & Frank 

(2015) suggest that the accumulation of statistical information about word-object 

co-occurrences is used to inform hypothesis generation. Under this view, learners 

are thought to approximate co-occurrence statistics while also maintaining a 

single hypothesis for a potential referent that can be subsequently verified. Future 

hypothesised referents are then generated based on the approximated co-

occurrence statistics. Another model proposes that multiple hypotheses are 

maintained simultaneously, and it is the hypotheses themselves that accumulate 

weight as they are verified across exposures, as opposed to the word-object co-

occurrences (Stevens et al., 2017). Alternatively, the two systems could be viewed 

as separate mechanisms that are employed in different contexts, for example, in 

cases of high ambiguity, propose-but-verify style strategies may be better suited to 

learning the correct associations whereas statistical accumulation strategies are 

better suited when cognitive demands are lessened (Trueswell et al., 2013; 

Yurovsky & Frank, 2015).  In these scenarios, it is unlikely that the cognitive 

mechanism employed is decided upon a priori to the learning event, and as such 

it might be expected that each mechanism would operate in parallel, 

simultaneously aiding learning via different methods.  

 In summary, by comparing predicted responses obtained from two models 

of cross-situational learning to observed behavioural data, we report evidence to 

suggest cross-situational learning is supported by a statistical associative learning 

mechanism. Although we cannot definitively show this is the case with our 

participants, statistical associative learning is generally thought to rely on implicit 

learning processes. As such, cross-situational learning could be applied as a useful 
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learning aid in situations where explicit learning processes have been 

compromised, such as in cases of memory impairment due to Alzheimer’s disease.  
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Chapter 5 

Cross-situational word learning reduces 
forgetting in Mild Cognitive Impairment and 

Alzheimer’s disease 

Abstract  

 Cross-situational learning is where new word-object associations are 

gradually acquired across learning events that are each individually ambiguous. 

The current study investigated learning and retention via (1) cross-situational 

learning, and (2) straightforward paired-associate learning, in a mixed group of 

individuals with MCI and Alzheimer’s disease (AD) as well as a group of healthy 

age-matched controls. In both groups the learning rates and the number of 

associations learnt were the same under both learning conditions, although the 

performance of the memory impaired participants was lower than the controls. 

After a retention period of an hour, the controls showed equivalent rates of 

forgetting cross both conditions. However, the memory impaired participants 

forgot significantly fewer words that had been learnt under cross-situational 

learning. These findings suggest that cross-situational learning leads to improved 

retention for the experimental group. 



 115

5.2 Introduction  

 In Chapter 4, we investigated whether performance on a learning task 

known as cross-situational learning most closely fit to a model of implicit learning 

(Cross-Situational Learning; Kachergis et al., 2012), compared with a model of 

explicit learning (Propose-but-Verify; Trueswell et al., 2013). Our results 

indicated that cross-situational learning appears to rely on implicit learning 

mechanisms, rather than explicit processes. Individuals with Alzheimer’s disease 

are impaired on tasks of explicit memory, yet despite this, some ability to learn 

implicitly appears to be retained (Dudai et al., 2004; De Vreese et al., 2001; Clare 

et al., 1999), and as such, it was decided to assess the efficacy of cross-situational 

learning as a tool to aid learning performance in individuals with episodic 

memory impairment.  

 Individuals with Alzheimer’s disease (AD) show a characteristic 

progressive decline in episodic memory. While other aspects of memory and 

cognition are affected by the condition, impairments in episodic memory are 

usually the initial and most severe symptom (Bäckman, Small & Fratiglioni, 

2001). Alzheimer’s disease is associated with the presence of hallmark 

neurofibrillary tangles and amyloid plaques, located within various areas of the 

brain; however, one of the earliest and most prominently affected areas is the 

hippocampal formation (Braak & Braak, 1991; Convit et al., 2000).  

 Under systems consolidation accounts of declarative memory, initial 

representations of novel information are dependent on the hippocampus, but are 

consolidated over time until they are able to be independently supported by the 

neocortex (Dudai, 2004; McClelland, McNaughton & O’Reilly, 1995; O’Reilly & 
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Rudy, 2001). This includes both episodic and semantic memories. The initial 

reliance on the hippocampus likely explains the correlation between memory 

impairment and medial temporal lobe (MTL) atrophy in both AD and normal 

ageing (Di Paola et al., 2007; Mormino et al., 2008). However, despite the role of 

the hippocampus in acquiring novel associations, there is evidence that suggests 

this may not be the only mechanism by which new information is learned.  

 Vargha-Khadem et al. (1997) discussed three individuals who acquired 

amnesia due to bilateral hippocampal damage in early childhood (at birth, at age 

4 and at age 9; Vargha-Khadem et al., 1997). All three participants showed 

impaired episodic memory, for example, they were unable to recall what they had 

done that day and could not remember details of conversations they had had. 

Despite this impairment, all three individuals attended the mainstream school 

system, and although performance was below average, they had competent 

language abilities, having learned to read and write. Similar cases demonstrating 

a dissociation between episodic and semantic acquisition in developmental 

amnesia have been reported elsewhere (e.g. Martins, Guillery-Girard, Jambaqué, 

Dulac & Eustache, 2006; Dzieciol et al., 2017), indicating that although 

hippocampal atrophy does cause learning and memory impairments, it does not 

necessarily prevent new (semantic) information from being acquired. Indeed, 

while memory loss is a hallmark characteristic of Alzheimer’s disease, individuals 

with severe-moderate AD are still able to learn and retain new information, albeit 

performance is severely impaired compared with healthy individuals (e.g. Herlitz, 

Adolfsson, Bäckman, Nilsson, 1991; Di Paola et al., 2007).  

  

 Techniques using Errorless Learning principles (EL; Terrace, 1963; 

Baddeley & Wilson, 1994) such as the vanishing cues method (Glisky, Schacter & 

Tulving, 1986) have been found to facilitate learning of novel associations in AD 
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(De Vreese et al., 2001; Clare et al., 1999). The benefit these methods confer 

may relate to their ability to facilitate implicit, rather than explicit, learning. With 

EL, the aim is to reduce the production of errors when learning novel associations 

by continuously reinforcing correct associations while reducing the opportunity to 

reinforce incorrect associations (Wilson & Evans, 1996; Squires, Hunkin & Parkin, 

1997). The vanishing cues method also facilitates learning by progressively 

reducing the amount of information present in a cue so that only the amount of 

information required to prompt a correct response is given (Glisky et al., 1986). 

 The efficacy of these methods corresponds to findings that suggest brain 

regions underlying explicit learning processes are impaired to a greater degree 

than regions underlying implicit processes in AD (Golby et al., 2005). 

Interestingly, there is evidence to suggest that the effectiveness of implicit 

learning paradigms is correlated with the degree of impairment to explicit 

learning (Klimkowicz-Mrowiec, Slowik, Krzywoszanski, Herzog-Krzywoszanska & 

Szczudlik, 2008); however, whether or not implicit techniques have a greater 

advantage over explicit methods remains controversial, as some explicit trial-and-

error techniques appear to aid learning performance to a similar degree (Bier, Van 

Der Linden, Gagnon, Desrosiers, Adam, Louveaux & Saint-Mleux, 2008).  

 Another learning method that has been previously investigated in 

individuals with memory impairment is Fast Mapping (FM), which refers to the 

ability to rapidly associate a novel label with a novel target on a single exposure 

when it is presented amongst familiar competitors. FM was first described as a 

method by which young infants are able to rapidly acquire novel vocabulary 

(Carey, 1978; Carey & Bartlett, 1978), and evidence suggests infants as young as 

6 months demonstrate successful fast-mapping abilities (Friedrich & Friederici, 
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2011), although this does not necessarily lead to successful word-learning (Horst 

& Samuelson, 2008).  

 Sharon, Moscovitch & Gilboa (2011) investigated the efficacy of fast-

mapping as a learning method for individuals with amnesia caused by 

hippocampal lesions. Despite severely impaired performance on a standard 

associative memory task, memory impaired participants demonstrated 

performance comparable to that of controls on the fast mapping task. Moreover, 

the experimental groups’ retention for words learned by fast-mapping remained 

comparable to controls after a week’s delay, while memory for words learned 

during the standard associative task were at chance levels. The success of the fast 

mapping paradigm was interpreted to suggest a mechanism that allowed 

declarative knowledge to be rapidly acquired independently of the hippocampus, 

perhaps in a similar way to how young children are able to rapidly acquire 

vocabulary despite immature medial temporal lobe memory systems (Bauer, 

2008).  

 Despite the findings by Sharon et al. (2011), attempts at replicating this 

beneficial effect of fast mapping in amnestic individuals have been largely 

unsuccessful. A common finding of such replication studies is that while amnestic 

adults with hippocampal damage demonstrate successful fast-mapping of novel 

words during study, this does not translate into successful retention of the novel 

associations after a delay (Warren & Duff, 2014; Smith, Zhisen, Urgolites, 

Hopkins & Squire, 2014). Similarly, neither healthy older nor younger adults 

appear to show a retention benefit of fast-mapping compared with explicit 

encoding despite successful fast-mapping during study (Greve, Cooper & Henson, 

2014). Furthermore, Greve et al. found that hippocampal volume predicted 

memory performance in both fast-mapping and explicit-encoding conditions for 
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all participants, therefore suggesting both methods of learning are supported by 

the hippocampus to a similar extent.  

 Although fast-mapping may not reflect learning that is independent of the 

hippocampus, given the remarkable ability of young children to acquire new 

vocabulary, it may be that parallel brain circuits underpin word learning in some 

situations. If so, non-hippocampal learning circuits might aid new learning in 

individuals with episodic memory impairment. A similar technique to fast-

mapping is Cross-Situational Learning (XSL). Cross-situational learning has been 

extensively researched in the childhood development literature and, like fast-

mapping, is thought to partially account for how young children acquire new 

words (Smith & Yu, 2008, Yu, 2008). Often when a child encounters a novel 

word the correct referent of that word is ambiguous. For example, when hearing 

the word ‘fork’ for the first time there may be multiple objects present that the 

word may be referring to such as a knife, a spoon, a plate etc., so the correct 

referent is not immediately clear. Over time and multiple exposures, the child is 

able to associate the label ‘fork’ with the correct object despite never explicitly 

being taught. 

 A prominent theory accounting for how cross-situational learning occurs 

suggests that across multiple exposures, the statistical regularities between co-

occurring objects and labels are tracked, and that implicit associations are formed 

between the objects and labels that co-occur most frequently (Smith & Yu, 2007; 

Kachergis, Yu & Shiffrin, 2012). This idea is consistent with much behavioural 

evidence from infants (Smith & Yu, 2008; Smith & Yu, 2011) and adults (Yu & 

Smith, 2007; Smith, Smith & Blythe, 2010), as well as computational models that 

are able to use statistical regularities of word-object co-occurrences to 

approximately simulate human word acquisition (Yu, Ballard & Aslin, 2005). 
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 An alternative theory, however, is that cross-situational learning occurs 

through an explicit, hypothesis testing approach, known as the propose-but-verify 

model (Trueswell, Medina, Hafri & Gleitman, 2013). In this account of cross-

situational learning, the learner plays an active role in acquiring the novel 

associations. When the referent of a word is ambiguous, the learner will form a 

hypothesis regarding the potential referent of that word and maintain this 

hypothesis until the word is encountered again. On this subsequent encounter, 

the hypothesis can be either falsified or verified depending on whether or not the 

referent is present in this encounter.  

 These two theories present conflicting accounts of the mechanisms 

underlying cross-situational learning and therefore have different implications for 

its use as a learning tool. The statistical leaning account implies a potential 

reliance on implicit processes that may make cross-situational learning a 

beneficial method for individuals with AD. The ability to implicitly acquire and 

use probabilistic information has been previously demonstrated in AD, despite 

poor explicit memory for what they had learned when probed (Eldridge, 

Masterman & Knowlton, 2002), therefore suggesting the mechanisms required 

for XSL may remain intact. However, a recent imaging study has found evidence 

that, at least in healthy adults, cross-situational learning is dependent on PbV 

processes, underpinned by the hippocampus (Berens et al., 2018).  

 To investigate the efficacy of cross-situational learning, we recruited 21 

participants with mild to moderate memory impairment and 23 healthy control 

participants, who were asked to learn 18 novel object-word pairs across two 

learning tasks; explicit encoding and cross-situational learning. Participants in the 

experimental group had all achieved a score of 21 or above on the Mini-Mental 
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State Examination (MMSE), as administered at a memory assessment service 

(MAS) clinic. 

  

 We predicted that memory impaired participants would be impaired on 

the explicit encoding task relative to controls, but this impairment will be 

ameliorated on the cross-situational learning task, where performance will be 

much closer to that of controls. We also predicted that for the experimental 

group, retention performance, as tested after a delay, would be greater for words 

learned via cross-situational learning compared with words learned via explicit 

encoding. 

5.3 Methods 

5.3.1 Participants 
  

 Twenty-five participants with a diagnosis of either Mild Cognitive 

Impairment (MCI) or Alzheimer’s disease (AD) were recruited from memory 

assessment service (MAS) clinics across Sussex, referred directly by clinicians at 

the MAS clinics or by other members of the clinical care team, such as dementia 

advisors. All participants achieved a score of 21 or above on the Mini-Mental 

State Examination (MMSE) which was administered as part of their routine 

clinical care at the MAS clinic, and participants were excluded if memory 

impairment was thought to be caused by significant vascular involvement, as 

determined by the clinician. No memory impaired participant had been taking 

cognitive enhancement medication for longer than 4 weeks at the time of testing. 

This study was approved by the Research Ethics Committee of the West of 

Scotland (REF: 15/WS/0183). 
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 Although there was a significant difference in MMSE scores between 

those with a diagnosis of MCI compared to those with a diagnosis of AD (t(19) = 

4.28, p <.001), there were no corresponding significant difference between the 

two groups on the Doors & People task (see Table 10), indicating that the degree 

of memory impairment experienced by participants with each diagnosis did not 

differ significantly. It was therefore decided to treat all memory impaired 

participants as one experimental group.  

TABLE 10. Mean differences between individuals in the experimental group diagnosed with 
either Mild Cognitive Impairment (MCI) or Alzheimer’s disease (AD) on the Mini Mental 
State Exam (MMSE), Doors & People and Test of Premorbid Functioning (TOPF).  

 An additional 27 healthy control participants were also recruited to the 

study and were predominantly partners or spouses of participants from the 

experimental group. Of the 52 participants recruited, 8 were excluded from the 

final analysis due to missing data points as a result of early termination of the 

testing session at their request.  

MCI AD t-test

MMSE Mean 28 24.75 t(19) = 4.28, p<.001

SEM 0.37 0.59

Doors & People 
(Overall)

Mean 9.14 8.75 t(19) = 0.17, p  =.87

SEM 1.84 1.37

TOPF Mean 111.22 107.14 t(19) = 1.15, p = .26

SEM 2.12 2.62



 123

The final sample consisted of 44 participants (Table 11); 21 memory impaired 

participants (MCI n = 9, AD n = 12; 17 male; mean age = 76.52, SD = 8.16) 

and 23 control participants (6 male; mean age = 73.14, SD = 7.79). There was 

no significant difference between the mean age (t(42) = 1.241, p  = .221), or 

education level (t(42) = 0.76, p = .449) of each group.  

TABLE 11. Demographic information and neuropsychological test scores (where available) 
from participants in the experimental group MMSE = Mini Mental State Exam, TOPF = Test 
of Premorbid Functioning, D&P = Doors & People. 

Control Group Experimental Group

Score Percentile 
Score

Sex 6 Male, 17 Female 17 Male, 4 Female -

Age 73.78 
(SD = 7.84)

76.71 
(SD = 7.80)

-

Education 12.15 
(SD = 2.53)

12.83 
(SD = 3.36)

-

MMSE - 26.14 
(SD = 2.35)

-

TOPF IQ 104.91 
(SD = 8.97)

108.89 
(SD = 8.91)

-

Trail Making 
Test A

- 63.35 
(SD = 46.19)

37.14 
(SD = 22.39)

Trail Making 
Test B

- 151.29 
(SD = 96.06)

38.10 
(SD = 27.31)

Object 
Decision 
(VOSP)

- 17.24 
(SD = 2.28)

-

D&P Total 
Age Related 

Score

- 8.89 
(SD = 4.67)

33.68 
(SD = 35.03)

D&P: People - 7.53 
(SD = 3.31)

22.37 
(SD =24.29)



 124

5.3.2 Procedure 

 Testing consisted of a single session and took place either at the 

participants’ own home, or at the University of Sussex. All participants were 

asked to complete the computer based learning tasks and the Test of Premorbid 

Functioning (Wechsler, 2011). Those in the experimental group were also asked 

to complete several standardised tests of learning, memory and attention, 

consisting of the Doors & People (Baddeley, Emslie & Nimmo-Smith, 2006), the 

Trail-making test (Reitan,1992), and the Object Decision Task (Warrington & 

James, 1991). Finally, participants’ recall of the original computerised learning 

task was tested after approximately 1 hour to assess retention of any new 

information learned.  

  

 In order to minimise the impact of study participation on our participants 

and avoid increasing the total time required for each visit above 3 hours, the 

control group were not asked to complete the entire suite of neuropsychological 

tests. All control participants reported being in good health and did not have any 

immediate concerns about their cognition or memory.  

D&P: Shapes - 9.26 
(SD = 4.90)

37.63 
(SD = 38.85)

D&P: Names - 9.74 
(SD = 4.08)

40.26 
(SD = 36.95)

D&P: Doors - 9.42 
(SD = 3.32)

38.16 
(SD = 31.36)

Control Group Experimental Group

Score Percentile 
Score
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 The learning tasks were designed to compare explicit encoding and cross-

situational learning. Each version of the task consisted of 5 blocks and each block 

comprised a learning phase and a test phase. Each block of the explicit encoding 

task contained 9 trials - one trial per object-label pair. On each trial, a single 

object was presented on an otherwise blank screen for 5 seconds while the label 

associated with this object (randomised across participants) was presented 

aurally (Figure 27) and participants were asked to learn these associations. Each 

of the 9 objects and labels were presented sequentially in the same manner, once 

per block of learning phase.  

 Following the learning phase, was a test phase, wherein participants’ 

memory for each of the object-label pairs was assessed using a 9-alternative 

forced choice (AFC) array (Figure 28B). For each of the 9 test trials (one trial per 

object-label pair), all 9 objects were displayed on the screen, and participants 

were prompted with an aurally presented object label. Participants were then 

tasked with selecting which of the 9 objects they believed was associated with 

that label. This was repeated until participants had selected an object for each of 

the 9 labels.  

   

 This sequence of learning and test phases repeated five times, so that at 

the end of the explicit encoding task, participants had been exposed to each 

object-label pair 5 times, for a total of 25 seconds, and were tested on which 

object-label pairs were learned 5 times per pair across the task.  

 The cross-situational learning task followed a similar design, with the key 

exception being that two objects were presented on the screen at one time, and 

participants also heard both corresponding object labels, the presentation order 

of which was randomised, so that the order the labels were spoken did not 
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necessarily correspond with the order the objects were presented (Figure 28A). In 

order to learn via cross-situational learning, the learner must be exposed to the 

to-be-learned information across multiple situations and so participants were 

exposed to each object-label pair approximately 4 times during each learning 

phase, although the combination of which objects were presented together was 

pseudo-randomised across trials. As the number of exposures differed between 

the two conditions (4 exposures per block in the cross situational learning task, 

but 1 exposure per block in the explicit encoding task), the total length of 

exposure was controlled for so that participants saw each object for an average of 

25 seconds across each learning phase in both learning tasks (see Appendices VII 

& VIII for the objects and labels used throughout the experiment). The test phase 

followed an identical procedure to the explicit encoding task, except only objects 

learned in the cross-situational learning task were presented in the 9-AFC test 

(Figure 28B). 

 

FIGURE 27. 
Learning phase of the explicit encoding task. A single object was presented on the screen and 
its label spoken out loud. The test phase followed the same procedure as the cross-situational 
learning task (see Figure 28). 

“Zorch”

“Dite”

“Toma”
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FIGURE 28. 
A: Learning phase of the cross-situational learning task. Two novel objects are presented on 
the screen and the two object labels are spoken in a randomised order. B. Test phase of the 
cross-situational learning task. All 9 of the novel objects are presented in an array. One object 
label is presented aloud, and participants are asked to select which of the nine objects that 
label is referring to. This portion of the task is self-paced, and no feedback is given about 
their response.  

“Agen” 
“Vode”

“Agen” 
“Pabe”

“Pabe” 
“Ospi”

A

“Ospi”

“Agen”

B
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5.3.3 Data Analysis 

 Performance on the learning tasks was assessed by a 9-AFC forced test at 

the end of each of the five learning blocks, and again after a delay. Performance 

was recorded as binary outcomes on each trial, i.e. a ‘1’ for a correct object 

picked in response to a word, and a ‘0’ for an incorrect response. For each 

participant, within-block accuracy scores were computed as the proportion of 

correct responses made, and these scores were then averaged across groups to 

create group-level learning curves for each task. 

 To test whether the type of task had an impact on the number of novel 

word-object pairs learned after the study phase, performance data from the final 

learning block was used to conduct a 2 x 2 (Task [XSL, EE]) x (Group 

[Experimental Group ,Control Group] repeated measures analysis of variance 

(ANOVA).  

 To test retention after the delay, a forgetting score was calculated as the 

difference in performance between block 5 and after the delay. This data was 

then used to compute a second 2x2 (Task [XSL, EE]) x (Group [Experimental 

Group, Control Group]) ANOVA to assess any differences in retention 

performance between the two groups. 

All analyses were conducted using SPSS23 (IBM).  
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5.4 Results 

5.4.1 Learning performance 

 In order to investigate any differences in overall learning performance 

between the two groups, we examined the mean proportion of correctly labelled 

objects on the final learning block for each task (Table 12). A significant main 

effect of group was found, showing that for both tasks, control participants 

correctly labelled significantly more objects than did memory impaired 

participants, F(1, 42) = 14.33, p <.001; however, the Group * Learning Type 

interaction was not significant, F(1, 42) = 0.93, p = .341, therefore indicating 

that the way information was presented by the two tasks had little influence on 

overall learning performance (Figure 29).  

TABLE 12. Learning & Retention performance of the Control & Experimental groups on the 
explicit encoding and cross-situational learning tasks.  

  

 In order to see if the type of learning task influenced learning 

performance as a function of memory impairment, the relationship between 

learning performance, retention, and MMSE score was assessed. There was no 

correlation found between learning performance on either task and MMSE score 

(XSL: r = .271, n = 21, p = .23; EE: r = .246, n = 21, p = .28), suggesting that 

learning performance did not differ as a function of MMSE score for either 

learning condition. There was also no significant difference in learning 

Explicit Encoding Cross-Situational Learning

Learning Block 
5

Delayed Retest Learning Block 
5

Delayed Retest

Controls 0.86 
(SD = .18)

0.77 
(SD = .24)

0.78 
(SD = .30)

0.71 
(SD = .32)

Experimental 
Group

0.53 
(SD = .34)

0.35 
(SD = .32)

0.51 
(SD = .32)

0.49 
(SD = .29)
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performance on either task between individuals diagnosed with MCI and those 

diagnosed with AD (see Table 13).  

 TABLE 13. Learning & Retention performance of individuals in the 
experimental group diagnosed with either Mild Cognitive Impairment (MCI) or 
Alzheimer’s disease (AD) on the explicit encoding and cross-situational learning 
tasks.  

 

FIGURE 29. 
Graph showing the average learning curves for each task, by participant group (+/- 1SEM; 
MI = Memory Impaired Participants, EE = Explicit Encoding condition, XL = Cross-
situational learning condition).  
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(Proportion 
correct after 
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Mean 0.36 0.34 t(19) = 0.11, p = .91
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correct at 
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Mean 0.54 0.49 t(19) = 0.37, p = .72
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5.4.2  Retention after a delay 
  

From Table 13 above we can see that neither memory impaired 

participants or controls are performing at ceiling level on either task, but both 

groups are showing clear evidence of learning. Although memory impaired 

participants show impaired learning performance compared with controls, we 

predicted that cross-situational will benefit the experimental groups’ retention for 

words. As such a 2*2*2 ANOVA [test time * learning task * group] was carried 

out.  

 This revealed a significant main effect of Task, F(1, 42) = 26.18, p<.001 , 

but no significant main effect of Test Time (Block 5 vs Retest), F(1, ,42) = .040, 

p=.842. The Task*Test Time interaction was significant, F(1, 42) = 5.98, p<.019, 

which indicates that, across groups, the proportion of object-label pairs retained 

across the delay was significantly affected by the method used to learn them. The 

Test Time*Condition interaction was also significant, F(1,42) = 5.32, p=.026, 

suggesting a differential effect for retention between cross-situational learning 

and explicit encoding tasks. The critical Test Time*Task*Condition interaction 

was only marginally significant, F(1, 42) = 3.61, p=.064. To illustrate this effect 

further, a Forgetting Score was calculated for each participant on each task 

(calculated as proportion correct at block 5 – proportion correct at retest), and 

this value was used to directly compare retention effects further with planned 

follow-up t-tests.  

 Direct comparison of EE and XSL forgetting scores for memory impaired 

participants only reveals a significant difference, t(20) = 3.035, p = .007, d = 

0.62, indicating that on average, memory impaired participants are retaining 

more words learned via cross-situational learning than via explicit encoding 
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(Figure 30). There was no difference in the number of words forgotten by 

controls after a delay, t(22) = 0.393, p=.698, and, as with learning performance, 

there was no correlation between MMSE score and the number of words 

forgotten from either task (XSL: r = .258, n = 21, p = .26; EE: r = .111, n = 21, 

p = .63). 

FIGURE 30. 
A: Graph showing the mean forgetting scores for each participant group for words learned 
via cross-situational learning (XL) and explicit encoding (EE). B: Graph showing the 
distribution of forgetting scores for memory impaired participants and controls on both 
learning tasks.  

5.5 Discussion 

 The current study aimed to investigate the effects of a cross-situational 

learning technique on learning and retention performance in a group of memory-

impaired adults diagnosed with either Mild Cognitive Impairment or Alzheimer’s 
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disease. Learning and retention of 9 novel object-word pairs was assessed in two 

tasks: a traditional explicit encoding task, and a cross-situational learning task 

thought to encourage implicit learning. In both XSL and EE learning tasks, our 

experimental group showed significantly impaired learning performance when 

compared with controls. Additionally, the experimental group did not 

demonstrate a difference in overall learning performance between the two tasks. 

Interestingly, we observed a task-related difference in retention performance 

between the two participant groups, whereby the experimental group forgot 

significantly fewer words from the XSL condition than from the EE condition 

after a delay. Our findings therefore suggest that cross-situational learning may 

be a useful tool to enhance retention of novel information in memory-impaired 

adults.  

 To our knowledge, cross-situational learning has not been previously 

investigated in adults with MCI or AD; however, previous work has shown 

successful XSL in healthy younger and older adults (Yu & Smith, 2007; Peñaloza, 

Mirman, Cardona, Juncadella, Martin, Laine & Rodríguez-Fornells, 2017; Berens, 

Horst & Bird, 2018). Here, we extend these findings to demonstrate that in 

healthy older adults, XSL and EE learning methods result in comparable levels of 

performance, both in terms of learning and retention. Together with 

investigations of XSL in infants and children (Smith & Yu, 2008; Smith & Yu, 

2011), these results show cross-situational learning is a viable method of learning 

throughout the lifespan. 

 We also observed similar learning performance in our memory impaired 

cohort across the two tasks, albeit at an impaired level compared to controls. This 

initially suggests the tasks may rely on the same learning mechanisms. However, 

our finding that XSL improves retention after a delay challenges this 
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interpretation. The propose-but-verify model (Trueswell et al., 2013) postulates 

that individuals explicitly form hypotheses for the potential referents of words 

and actively attempt to either verify or falsify these hypotheses across encounters. 

Alternatively, statistical learning theories suggest that learning is guided via the 

implicit tracking of the frequencies of object-referent co-occurrences (Smith & Yu, 

2007; Kachergis et al., 2012). It is known that explicit learning is impaired in AD 

(Deweer, Ergis, Fossati, Pillon, Boller, Agid & Dubois, 1994), whereas some 

implicit learning ability is preserved (e.g. procedural learning; Grafman et al., 

1990; Deweer et al., 1994). Despite their improved recall, memory impaired 

participants were impaired in their learning performance on the cross-situational 

learning task which suggests learning still relies on explicit, episodic processes. 

That being said, the effect on retention performance suggests associations may be 

learned more robustly or that cross-situational learning provides additional 

routes through which the associations can be accessed, perhaps due to implicit 

learning that may be occurring simultaneously.  

 Interestingly, our control participants did not show a retention benefit of 

cross-situational learning. Individuals approach tasks using different cognitive 

strategies, and it may not be the case that learning occurs in the same way for 

both our memory impaired participants and controls. Participants in the current 

study were given instructions to learn and remember the word-object pairings 

which may promote adoption of more explicit learning strategies. This may be 

particularly true of our control participants who are more likely to be able to 

flexibly adopt different strategies in response to a given task (e.g. Albert, 1996; 

Baudic, Dalla Barba, Thibaudet, Smagghe, Remy & Traykov, 2006). Perhaps then 

the difference in retention observed is not necessarily a function of disease, but 

instead reflective of differential effects of implicit vs explicit learning that 

becomes more prominent when explicit learning is compromised.  



 135

 While it may be the case that the benefits of cross-situational learning are 

only observed when the explicit memory system is impaired, we did not find any 

evidence that learning and retention performance on either learning task was 

differentially influenced by degree of memory impairment, as indicated by MMSE 

scores. It should also be noted that participants in this experiment had only mild 

to moderate memory impairment. As such, we do not know whether individuals 

experiencing a higher degree of impairment would should a similar retention 

effect. Moreover, as cross-situational learning did not appear to aid learning of 

the pairs, it may be the case that those with a higher degree of memory 

impairment would not be able to learn the pairs and therefore would not be able 

to benefit from any potential retention effect. That said, it may be the case that as 

episodic impairment increases, so too do the benefits of cross-situational learning, 

as reliance on implicit, not explicit, learning and memory systems becomes more 

vital. Further investigations are needed to establish whether any beneficial effects 

of cross-situational learning vary systematically with memory impairment, and if 

so, to establish if these benefits remain limited to retention but not learning 

performance.  

 As this is the first study to provide evidence that cross-situational learning 

may improve retention of novel associations in individuals with AD and MCI, 

further work is needed to fully understand the extent and reliability of any 

advantage XSL may confer. In particular, the current study used pseudo-words 

and objects that were entirely unfamiliar to the participants. This had the benefit 

of minimising any confounds of prior knowledge; however, it may also have 

influenced the motivation of our participants to learn. Given that learning novel 

associations is an effortful process, particularly in the case of AD, a lack of 

motivation to learn these associations may have impacted the learning 
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performance of our participants. Not only that, but meaningful information, as 

opposed to arbitrary associations, is associated with improved recall performance 

both in healthy controls and amnestic participants (Castel, 2005; Kan, Alexander 

& Verfaellie, 2009).  

  

 Informal reports from participants in both conditions indicated that they 

found learning the word-object pairs difficult, particularly in the cross-situational 

learning task. Motivation is known to impact task performance (Pessoa, 2009), 

perhaps because there is a greater intrinsic reward associated with learning 

something when you are highly motivated to do so (Shohamy, 2011). As 

participants knew they would be learning pseudo-words and objects which they 

would not use once the test session was over, there was no additional motivation 

behind their learning other than the desire to perform well in the experiment. As 

such, using meaningful stimuli may go some way to negating any potential 

negative impact the use of novel words and objects might have had in the current 

study. Indeed, it may be the case that XSL could benefit not only retention, but 

also overall learning performance if participants are given sufficient semantic 

context and motivation to learn. The use of meaningful stimuli would also 

provide an opportunity to assess whether participants are able to flexibly apply 

any newly-learned information outside the constraints of the experimental task. 

This is particularly important to understand, as in order to be clinically 

meaningful the retained associations should be generalisable outside of the 

laboratory.  

 The sex ratio of our sample was imbalanced in that many more female 

than males were in the control group, and vice versa for the experimental group, 

perhaps due to our recruitment strategy for the control group which relied on 

spouses of memory impaired individuals. Research does not find evidence to 
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suggest that the incidence of Alzheimer’s disease differs between men and 

women up to the age of 90 (Ruitenberg, Ott, van Swieten, Hofman & Breteler, 

2001), and therefore this imbalance was initially unexpected; however, some 

research does suggest that women may be disproportionately affected by AD than 

men, but conversely the incidence of MCI may be greater in men (Mielke, Vemuri 

& Rocca, 2014). While not ideal, it is not believed that this ratio had an undue 

influence on our reported results. Evidence for a sex difference in memory ability 

is mixed, with evidence suggesting different aspects of memory favour different 

genders (Herlitz & Rehnman, 2008), but those that do report a clear sex 

difference tend to find that females out-perform males in tests of episodic 

memory where verbal processing is required (Herlitz & Yonker, 2002; Lewin, 

Wolgers & Herlitz, 2001., 2001), as is the case in the current study. While this 

may contribute to the differences between the control and experimental group 

observed during the learning tasks, it does not fully account for why the 

experimental group retained more words from the cross-situational learning 

condition than the explicit encoding condition, particularly when the control 

group retained a similar number of words from each task. One possible 

explanation is that cross-situational learning is only beneficial for males, and that 

the retention effect observed here is merely a reflection of this; however, to our 

knowledge, sex differences in cross-situational learning performance have yet to 

be reported in the literature. 

  

In conclusion, our findings show that cross situational learning does not 

confer an advantage to learning new object-word associations when compared 

with standard explicit encoding instructions, either in healthy older adults or in 

memory impaired individuals with MCI or AD. Furthermore, the experimental 

group acquired fewer object-word associations than the controls in both learning 

tasks.  However, after a delay, memory impaired participants with AD and MCI 
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show enhanced retention of words learned via XSL therefore suggesting cross-

situational learning may be a useful tool to improve memory not only for this 

population, but potentially also for others with hippocampal-related memory 

impairment.  
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Chapter 6 

General Discussion  

6.1 Summary of Results 
  

 This thesis had two main aims: firstly, to identify brain regions that are 

involved in representing the content of episodic and semantic memories, and 

secondly, to apply our current knowledge of the brain structures underlying these 

memory processes in order to develop a novel learning tool that benefits 

individuals with Alzheimer’s disease. By applying different experimental designs 

and analysis techniques, we attempted to further current understanding of the 

contribution various neural regions have on learning and memory processes. 

 Whereas most current imaging studies investigate either episodic or 

semantic memory in isolation, Chapter 2 aimed to design an fMRI experiment 

that allowed the study of both episodic and semantic memory simultaneously in 

the same participants. With a particular focus on structures in the posterior 

medial cortex, we used representational similarity analyses to begin disentangling 

the specific functional contributions of these regions to the different types of 

memory.  

 Episodic memory was investigated by comparing the neural activity 

patterns associated with viewing an object-scene pair to those elicited when 

viewing the object alone. We then compared the degree of pattern reinstatement 

between trials where the object was recognised but the source was not, trials 

where both the object and source were correctly paired, and trials where the 

object was not recognised at all. The pattern of results provides evidence for a 
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role of the RSc in source memory and recollection processes but not in familiarity 

driven responses. Moreover, we found no evidence for semantic category effects 

within the RSc, thereby suggesting that pattern reinstatement within this region 

is specific to the content of episodic memories and not merely the incidental 

activation of semantic concepts.  

 This finding is corroborated by other evidence in the literature that shows 

the retrosplenial cortex is involved in context-dependent fear conditioning in 

both mice (Corcoran, Frick, Radulovic & Kay, 2016) and humans (Fullana, 

Harrison, Soriano-Mas, Vervliet, Cardoner, Avila-Parcet & Radua, 2016) a process 

which relies on learning from past experience, and is therefore closely related to 

episodic memory. This may also be the case with the role of the RSc in spatial 

memory; the RSc may integrate the relevant contextual episodic information 

learned from personal experiences in order to facilitate navigation (Epstein, 

2008; Maguire, 2001; Bar & Aminoff, 2003). Furthermore, a case study of an 

individual with damage to the RSc reported impaired navigation ability, but 

retained recognition of landmarks and therefore understanding of where one is, 

thereby suggesting the RSc provides relational and directional information in an 

environment, but is not required to understand the context and identify where 

one is, which would relate to semantic processing (Ino, Doi, Hirose, Kimura, Ito & 

Fukuyama, 2007).  

 The current study also found evidence that reinstatement in the 

precuneus is object-specific, that is, reactivations of representations here are 

related to the familiarity of the object, and do not appear to reflect reinstatement 

of the background image. Additionally, our results revealed the greatest semantic 

category effects within the precuneus, suggesting that the object-specific 

representations are reflecting aspects of similarity between the objects. The 
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shared representational similarity for objects within categories may be due  to 

shared visual features of the objects (Clarke & Tyler, 2015). During the episodic 

memory task, the precuneus may be successfully reinstating representations that 

contain perceptual information, thereby increasing perceptual fluency for these 

objects which in turn affects judgements of familiarity (Johnston, Dark & Jacoby, 

1985). In this way, familiarity effects observed within the precuneus may in fact 

be reflective of semantic encoding processes.  

  

 Indeed, the precuneus has been extensively studied in the language 

processing literature, and has been shown to play a role in language 

comprehension (Xu, Kemeny, Park, Fratalli & Braun, 2005; Whitney, Huber, 

Klann, Weis, Krach & Kircher, 2009). In addition, the precuneus has also been 

shown to be involved in understanding metaphors (Mashal, Vishne & Laor, 

2014), and this is thought to be due to its role in supporting mental imagery 

(Fletcher, Frith, Baker, Shallice, Frackowiak & Dolan, 1995), and therefore 

activation of semantic concepts (Ishai et al., 1999). Another common finding is 

that the precuneus is involved in self-directed thought (Hebscher et al., 2017; Ye, 

Zou, Lau, Hu & Kwok, 2018). Some evidence suggests this may also be due to 

activations supporting mental imagery (e.g. Fletcher et al., 1995), but another 

suggestion is that the precuneus is associated with representing personal 

semantic information, that is, information that is autobiographical, but no longer 

associated with the original context in which it was acquired, and thus making it 

distinct from episodic memory (Renoult, Davidson, Palombo, Moscovitch & 

Levine, 2012). In this way, activity observed in the precuneus in response to self-

directed cognition may reflect activations of personally-relevant semantic 

content.  
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 Chapter 3 also used representational similarity analyses but instead aimed 

to elucidate how different aspects of semantic content are represented 

throughout the brain. With the use of spoken word stimuli we were able to look 

for brain regions involved in representing different features, ranging from 

phonological similarity to similarity in semantic concepts. We found that, as 

might be expected, phonological similarity was represented predominantly in 

Heschl’s gyrus, a primary auditory processing region (Rademacher, Morosan, 

Schormann, Schleicher, Werner, Freund & Zilles, 2001; Da Costa, van der Zwaag, 

Marques, Frackowiak, Clarke & Saenz, 2011).  

 The semantic category analysis here replicated our findings from Chapter 

2, in that, the precuneus was again found to be sensitive to semantic categories, 

even when stimuli are presented in a different modality. These findings can be 

explained by theories that suggest objects are not represented as a single concept, 

but are instead represented in terms of their various semantic features across 

different brain regions (e.g. Lambon Ralph et al., 2007; Patterson et al., 2007). It 

may therefore be the case that even spoken word presentation of a stimulus is 

sufficient to activate aspects of its visual properties which results in the observed 

representational similarity within the precuneus. This explanation is also relevant 

for our findings of similarity in neural activity patterns for objects of a similar size 

extensively throughout the brain. As discussed in Chapter 3, although it is a 

largely visual property, size information is required for a variety of purposes 

across several sensory modalities (Konkle and Olivia, 2011, Ives, Smith & 

Patterson, 2005). It therefore follows that these different processing regions each 

encode size-related representations of objects for use in various behavioural and 

perceptual processes.  
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 Again, these findings mirror other studies that find the precuneus is 

associated with mental imagery (Fletcher et al., 1995), as this would rely on the 

activation of various semantic features to be viewed through the ‘mind’s eye’. 

Furthermore, activity in the precuneus is frequently found to be associated  with 

attention (Simon et al., 2002), and also with the shifting of attention in particular 

(Shomstein & Yantis, 2004). One fMRI study found significant increases in 

precuneus activity when shifting attention between different types of object 

features, such as colour and shape (Nagahama et al., 1999), therefore 

corroborating our finding that the precuneus is involved in processing and 

encoding of object features.  

 In Chapter 4, we moved away from imaging investigations of memory and 

began to explore how our knowledge of memory processes might be used to aid 

those experiencing memory impairment. Cross-situational learning is a learning 

mechanism that has been proposed as one of the ways in which young children 

acquire new words. Cross-situational learning is thought to explain how language 

is acquired across multiple individually ambiguous learning encounters and two 

main theories have been proposed to account for the underlying mechanism. The 

aim of Chapter 4 was therefore to compare predictions made by computational 

models of these two theories and assess which model best fits behavioural 

learning data. Our results show that the statistical associative account predicts 

our behavioural data most accurately, which has interesting implications for its 

potential use as a learning tool for individuals with Alzheimer’s disease.   

 Statistical learning is thought to be an implicit learning mechanism, 

whereby information is acquired gradually and unconsciously. This gradual 

learning is akin to the way in which one might learn a habit, and indeed, similar 

habitual learning appears to remain intact in AD (Eldridge et al., 2002). This 
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gives rise to the possibility that a cross-situational learning task could be adapted 

for use for individuals with AD. Following this, the aim of Chapter 5 was to 

compare learning performance between healthy controls and memory impaired 

participants with either MCI or AD on two learning tasks - a cross-situational 

learning task and an explicit associative learning task.    

  

 This experiment revealed some interesting findings. Memory impaired 

participants with MCI or AD tend to show severe impairment on tasks of learning 

and memory, often performing well below the level of controls. This was no 

different in our study: on both learning tasks, the experimental group performed 

significantly worse than the matched control group, learning approximately 4 

fewer associations per task. However, when retention was tested after a 1-hour 

delay, the memory impaired participants retained significant more associations 

learned via cross-situational learning than associations from the explicit learning 

task. Therefore, while cross-situational learning does not appear to benefit the 

number of novel associations that can be formed, those that are formed do 

appear to be less susceptible to forgetting.  

 The finding that cross-situational learning can aid memory in AD is a 

novel one; however, results from other studies are consistent with the idea that 

implicit learning mechanisms may be of use for this memory impaired 

population. Brain regions that facilitate explicit learning are affected earlier and 

to a greater degree than regions involved in implicit learning (Golby et al., 2005). 

Furthermore, implicit errorless learning principles have been applied to learning 

techniques for individuals with AD with some success (De Vreese et al., 2001; 

Clare et al., 1999), although whether this benefit is greater than that conferred 

by some explicit learning techniques remains controversial (Bier et al., 2008). 

Nonetheless, we present evidence that shows cross-situational learning reduces 
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forgetting in AD and warrants further study to fully understand its potential as a 

learning tool.  

 As a whole, the results presented here provide further evidence that 

semantic and episodic memory are distinct, but closely related memory systems. 

In Chapter 2, our findings suggest the retrosplenial cortex is involved in 

representing episodic information, and findings from both Chapter 2 and Chapter 

3 suggest the precuneus is involved in representing semantic information. This 

would suggest that the memory systems are distinct as processing relies on 

different regions; however, our results also indicated that the dPCC and vPCC 

were involved in representing both episodic and semantic content of memories. 

Together this would indicate that while some regions are preferentially associated 

with one memory system over another, there is also a degree of overlap in the 

functional anatomy underlying both episodic and semantic memory. Furthermore, 

in Chapter 3, we presented results indicating that different aspects of semantic 

content are represented in different regions of the brain, closely related to the 

sensory processing region most relevant to that particular content. These 

activations were observed in the absence of specific episodic recall; however, 

episodic memories likely necessitate activation of semantic contents associated 

with a given event. It may therefore be the case that semantic information is 

activated during episodic recall and additional regions, such as the retrosplenial 

cortex, are recruited to represent information regarding the integration between 

each semantic concept and the context for which it is being recalled (Hayes, 

Nadel & Ryan, 2007).  

  

Chapters 4 and 5 together provide further evidence for the semantic-

episodic distinction. The associative learning model was found to most closely fit 

behavioural learning data, which therefore indicates that cross-situational 
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learning can occur via implicit learning processes. As episodic learning and 

memory is impaired in AD, the finding that our memory impaired participants 

were able to retain more words learned via cross-situational learning than by 

explicit encoding suggests that semantic information, but not episodic, may be 

learned implicitly given the correct environment and conditions. Episodic 

memory seems inherently bound to explicit processes as in order to recall an 

episodic memory, one must recall specific aspects of its content and temporal and 

spatial context, and such details would not be accessible if learned implicitly 

(Tulving, 1972). If episodic memories can only be formed explicitly, but semantic 

memories can be acquired by either implicit or explicit processes (e.g. Dennis & 

Cabeza, 2011), this would suggest that the two types of memory are distinct. 

Indeed, some evidence suggests implicit learning may depend more on the 

stratum than on MTL regions (Knowlton, 2002). However, given the finding that 

impaired semantic memory can impair episodic memory performance, and vice 

versa (e.g. Kan et al., 2009; Greenberg & Verfaellie, 2010), it appears that the 

two memory systems are interdependent and perhaps the most efficient 

processing occurs when the two work in conjunction. 

6.2 Limitations and further work 

 The work presented throughout this thesis has contributed to our current 

understanding of memory functioning within the brain and has also provided 

preliminary evidence for applications of a novel learning technique to aid 

learning, potentially via non-traditional associative learning mechanisms. 

However, some limitations exist that should be accounted for when extending the 

current work. 
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 Chapter 2 used an experimental design that allowed for simultaneous 

assessment of both episodic and semantic memory in the same participants. 

While we achieved our aim, and were able to identify structures involved in 

representing content of episodic and semantic memory, the experimental design 

could be improved upon in the future. We wanted to be able to compare 

reinstatement effects across a variety of trial types (Hit with source, Hit without 

source, Miss, False Alarm and Correct Rejection). Knowing that participants are 

generally very good at old/new recognition tests, we opted to make the 

experiment difficult with the hope of increasing the rate of Miss, False Alarm and 

Correct Rejection trial types. As such, we used multiple object exemplars for each 

type of object in a category (i.e. 3 different zebras in the animal category, one 

being a lure at the recognition stage) and presented objects on backgrounds 

belonging to one of two themes: beaches at sunset, or mountains by lakes. 

Unfortunately, this left us with many participants who were performing below 

chance on the source memory portion of the task and therefore had to be 

excluded from the analyses. Furthermore, the low rate of False Alarms and 

Correct Rejections did not allow us to perform analyses using these trial types.  

 A limitation of Chapter 3 was that by only using two speakers, we were 

unable to fully characterise what information was being represented by the 

precuneus observed during the acoustic analysis. In future, it may be useful to 

have multiple speakers which will allow more analyses and fine-grained grouping 

to be conducted to fully understand precisely which feature is driving the within-

speaker representational similarity.  

  

 Further adaptations could also be made to this experiment. Due to time 

constraints in the scanner, a limited number of stimuli were used; however, a 

greater number of stimuli that varied across more semantic dimensions would 

have allowed us to probe even further into how semantic content is organised. 
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Similarly, it may be interesting to use stimuli with greater variation in a single 

semantic dimension. Here, we broadly categorised the animals as big or small; 

however, differences in animal size  are relatively limited and we may have found 

more specific effects had we used stimuli with greater variation in sizes.  

  

 In Chapter 4, we compared two models of cross-situational learning and 

fit the model predictions to behavioural data. The statistical associative model 

has already been formally described by its original authors (Kachergis et al., 

2012); however, there was no existing mathematical model for the propose-but 

verify account and so the model used here was generated for the purposes of this 

study (Berens, unpublished). There are potential problems with this as there are 

several theoretical iterations of the propose-but-verify theory which cannot be 

accounted for in a single model. While the model used here attempted to capture 

and implement as many of the assumptions as possible, there may still remain 

some differences between our proposed models and those described by 

proponents of propose-but-verify.   

  

 Chapter 5 presents the findings with the most scope for future 

applications. We show evidence that learning word-object associations via cross-

situational learning may reduce forgetting of these associations, even if it does 

not benefit learning itself. In order to further characterise the usefulness of this 

learning tool, it will be necessary to study the effects of retention over a longer 

delay. The current study was only able to test retention 1 hour after the 

associations had been learned but in order for cross-situational learning to be 

viable as a memory tool in AD, retention effects should be stable over a longer 

time-course. 
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 Another aspect of this task that should be adapted in future work is the 

type of stimuli used. Here, we used novel objects and words to prevent any 

influence of prior knowledge on learning outcomes. Future work should explore 

whether the reduced forgetting effect holds when real-world stimuli are used, 

e.g. name and face pairs. If more meaningful stimuli are used, this may increase 

the motivation to learn. Under normal circumstances it might be expected that 

increased motivation should have a positive impact on learning performance; 

however, if the efficacy of cross-situational learning relies on implicit processes, 

increased motivation and attention may encourage attempts to learn explicitly, 

thereby negating any benefit that may have be seen.  

  

6.3 Conclusions and final remarks 

 Through the combined techniques of neuroimaging, representational 

similarity analyses, behavioural testing and computational modelling, this thesis 

has provided further insight into the workings of memory in the brain. We have 

provided evidence that suggests the retrosplenial cortex plays a specific role in 

episodic, but not semantic, memory while the reverse appears to be true of the 

precuneus, which seems preferentially involved in representing semantic content 

rather than content specific to any one episodic memory. Furthermore, we 

provide evidence to support accounts of semantic organisation that suggest a 

semantic concept is represented in widespread networks, with semantic features 

being coded for in relevant modality-specific regions. Finally, our work on cross-

situational learning has demonstrated that novel associations can be learned and 

retained even when the declarative memory system is impaired, potentially 

through implicit learning mechanisms. Our current evidence is promising; 
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however, further work is needed to fully understand the utility of this technique 

and its  potential for real-world applications.  
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Appendices 

Appendix I  

Chapter 2: All object stimuli used in the fMRI task, 2 objects of each type 
were randomly selected as targets and 1 object of each type was randomly 
selected as a lure. 

Animals Tools Clothing Fruit & Veg Novel
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Appendix II 

Chapter 2: Background images used in the fMRI experiment  
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Appendix III 

Chapter 2: Example Amazon Mechanical Turk Qualtrics Survey - 
responses were indicated via sliding scale (not shown). This example uses 
‘Zebra’ as the target object, but each different object was the target for 
different participants.  
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Appendix IV 

Chapter 3: Animal names used throughout the experiment, presented aurally. 

Chapter 3: Questions used throughout the experiment, presented as text. 

Large Small

Birds Eagle 
Falcon 
Buzzard 
Vulture

Pigeon 
Robin 
Sparrow 
Magpie

Mammals Cheetah 
Leopard 
Panther 
Tiger

Hamster 
Hedgehog 
Rabbit 
Squirrel

Will it fit in a shoebox? Is it noisy?

Is it found in zoos? Is it fluffy?

Is it all one colour? Does it live in Europe?

Is it carnivorous? Is it considered cute?

Could it be found in a tree? Is it active at night?

Is it dangerous? Can it swim?
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Appendix V 

Chapter 4: Novel stimuli from the NOUN Database (Horst, 2009) 
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Appendix VI 

Chapter 4: Object labels from the NOUN database (Horst, 2009) - 
presented aurally only 

Kinch Pabe Foom Mela

Agen Zorch Joff Sarl

Coodle Toma Yosp Cusk

Erag Dite Gree Isot
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Appendix VII 

Chapter 5: Novel stimuli from the NOUN Database (Horst, 2009) 
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Appendix VIII 

Chapter 5: Object labels - presented aurally only.  

Kinch Pabe Foom Mela

Agen Zorch Juff Sarl

Coodle Toma Yosp Cusk

Erag Dite Gree Isot

Ospi Vote
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