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ABSTRACT OF THE DISSERTATION 
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University of California, Los Angeles, 2018 

Professor Jesse A. Rissman, Committee Chair 

 
 
 

Human memory is context-dependent, meaning that our internal and external environments 

becomes bound with memories that we form, thus affecting how well we learn and remember. This 

dissertation research used virtual reality (VR) to exploit this quirk to improve learning and retention. 

We found that learning two similar languages each in a distinct VR helped participants retain 92% of 

what they had learnt one-week later—but only if they had experienced VR as “real” environments. 

Moreover, using functional neuroimaging, this work identified brain patterns behind this effect, and 

provide novel and concrete evidence of contextually-supported memory recall and retention. 

Theoretical and technical implications of this work is discussed in terms of furtherance of 

neuroimaging and memory research, as well as possible clinical application and educational 

interventions. Additional discussions of the current state of the arts was also included for VR 

applications in neuroimaging, and applications of neuroimaging techniques in memory research.   
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CHAPTER 1:  CONTEXT DEPENDENCE AND VIRTUAL REALITY 

Mnemonic devices utilising spatial and environmental cues (context) to enhance human 

memory have a very long history. For example, the Method of Loci was first described in Rhetorica ad 

Herennium from the 90s B.C.. A rich body of literature has been devoted to contextual support (for 

review of work on human subjects, see Smith & Vela, 2001; on humans and animal models, see 

Rosas, Todd, & Bouton, 2013). Context has been found to bolster many types of learning and 

memory retrieval, and has found applications as far reaching as aiding eyewitness testimony (see 

reviews Köhnken, Milne, Memon, & Bull, 1999; Wells, Memon, & Penrod, 2006).  

CONTEXT AND HUMAN MEMORY 
“[Context is made up of the] background external and interoceptive stimulation prevailing during presentation of the 

phasic experimental stimuli ... [and one’s] mental set.”  

(Bower, 1972, p. 93) 

Decades of research have shown that human memory is context-dependent—seemingly 

irrelevant environment cues (context) become encoded, bound to the learnt material (e.g., Rosas et 

al., 2013; Smith & Vela, 2001). Therefore, if these cues are present during later testing, they can aid 

access to the memory. Conversely, their absence can impair recall—a phenomenon known as context-

dependent forgetting in human memory literature, while animal researchers favour the term context switch 

effects.  

WHAT IS “CONTEXT?” 

Broadly defined, context refers to the conditions in which a memory is formed or recalled. 

These conditions could be internal or external, psychological/cognitive or bodily, physical or virtual, 

or any combination thereof (environmental context, e.g., Godden & Baddeley, 1975; Smith et al., 

1978; cognitive context, e.g., Diana, Yonelinas, & Ranganath, 2007; Wagner, Desmond, Glover, & 

Gabrieli, 1998; and bodily, postural context, e.g., Bilodeau & Schlosberg, 1951; Eich, Weingartner, 
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Stillman, & Gillin, 1975). Context has become an important component in many learning and 

memory models (e.g. Davachi, 2006; Diana et al., 2007; Gillund & Shiffrin, 1984; Humphreys, Bain, 

& Pike, 1989; Kalisch et al., 2006; Murdock, 1993).  

This dissertation focuses primarily on the effects of external environmental contexts on 

human memory, especially that of the congruence (or incongruence) between encoding and retrieval 

contexts. Although other forms of context are extremely influential to memory (e.g., state-dependent 

learning, Girden & Culler, 1937), they seem to be processed differently in the brain. For example, 

research has shown that the medial temporal lobes, especially the hippocampus, perirhinal, and 

parahippocampal cortices, play a major role in processing environmental/visuospatial contexts (e.g., 

Diana et al., 2007), while other brain regions and connections have been implicated in other types of 

context effects (e.g., right prefrontal cortex in the cognitive context of expectations about a memory 

test, Wagner et al., 1998).  

Memory in Search for a Context: A Historical Survey 

In his paper, “Forgetting and The Law of Disuse,” McGeoch (1932) argued against the idea 

the long-held belief that memories were not modifiable once encoded, and that a memory was 

forgotten simply based on the duration of its disuse (Thorndike, 1913). McGeoch proposed that 

forgetting was functionally important, and attributed context-dependent forgetting to retroactive 

inhibition/interference—the memory in question might not have been lost, but merely un-recallable 

due to the lack of proper eliciting stimuli. He also foretold the unification of this phenomenon with 

the Law of Assimilation (on motor memory impairment related to context dissimilarity; Yum, 

1931)—evidence for such unification would not come for nearly half a century—based on only two 

reports (Pan, 1926; Yum, 1931). This idea that a memory is not forgotten because of "disuse," but 

merely becomes inaccessible has been vigorously tested by many researchers since the 1970s, and a 
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theoretical framework fleshed-out in the landmark "The New Theory of Disuse" (Bjork & Bjork, 

1992).  

After the early 1930s, research into memory and context entered a lull for over a decade. In 

addition to volatile international relationships, a potential cause of the lull might be that the context 

experiments following McGeoch (1932) reported no important reduction in memory when learning 

and testing environments were incongruent, using meaningful academic material (Farnsworth, 1934) 

and nonsense syllables (Nagge, 1935; Pessin, 1932).  

In the 1950s, experimenters successfully exploited the context-dependent nature of memory 

to reduce retroactive interference using a second-order paradigm (terminology extrapolated from 

Bjork & Richardson-Klavehn, 1989; further discussion in the following section). These results 

suggested that context effects would be larger when contexts were very distinctive, and the 

memoranda were confusable one from another (Bilodeau, 1949; Bilodeau & Schlosberg, 1951; 

Greenspoon & Ranyard, 1957)—something that earlier papers (e.g., Nagge, 1935) did not utilise 

(Bilodeau & Schlosberg, 1951).  

Context research become prolific following the two seminal experiments in the mid 1970s: 

the flashy and memorable Godden and Baddeley (1975) study that used land and underwater as the 

distinctive encoding and retrieval contexts, and the less flashy but solidly reasoned series of 

experiments by Smith et al. (1978), on which more discussions will follow. From the 1980s until the 

present, context (environmental and otherwise) has come to be considered an essential part of the 

cognitive system (Wilson, 2002), and many computational, psychological, and neuroscientific 

memory models incorporated context as an element for consideration (e.g., Bjork & Bjork, 1992; 

Davachi, 2006; Diana et al., 2007; Eich, 1985; Gillund & Shiffrin, 1984; Hintzman, 1988; 

Humphreys et al., 1989; Kalisch et al., 2006; Murdock, 1993, 2006; Raaijmakers & Shriffrin, 1980, 

1981; Wagner et al., 1998). 
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Meanwhile, emerging evidence from animal model neuroscience and human neuroimaging 

also blossomed from the 1980s to the present. There are striking similarities between the findings 

from animal models and human research. For example, similar brain regions have been found to 

correspond to different aspects of context-dependent memory; similar factors limiting or 

exaggerating context effects (for a review, see Maren, Phan, & Liberzon, 2013, for a meta-analysis, 

see Smith & Vela, 2001); the fact that during recall, components of the brain state associated with 

the original learning event seem to be spontaneously reinstated, and the degree to which this brain 

state is reinstated corresponds with recall accuracy (for a review, see Danker & Anderson, 2010). 

Most of these experiments also found that the more similar the retrieval context is to the learning 

context, the more likely subjects are to successfully recall the material.  

Research Findings 

Bjork and Richardson-Klavehn (1989) organised context-dependent memory research into 

first and second order effects (and by deduction, paradigms that solicit these effects). First-order 

paradigms referred to experiments in which the main manipulation was congruency between 

learning and recall context via physical reinstatement (e.g., Godden & Baddeley, 1975). These effects 

were difficult to show as they were prone to be confounded by outshining, mental reinstatement, 

etc. (e.g., Bjork & Richardson-Klavehn, 1989; Rosas et al., 2013; Smith, 1988; Smith & Vela, 1986). 

Second-order paradigms, however, utilised manipulations that provided much superior experimental 

control for contrasts. This sub-section therefore focused exclusively on second-order effects and 

paradigms, which came primarily in two forms: Relearning after interpolated list paradigms and multiple 

contexts multiple lists paradigms. 

RELEARNING AFTER INTERPOLATED LIST EXPERIMENTS 

In these paradigms, subjects learnt one list to criterion (% correct, or n presentations, etc.), 

then learnt an interpolated/distractor list to criterion (or to did nothing as a control condition, not 
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discussed here), then relearnt the original list to criterion. Two dependent variables were measured: 

(a) trials to criterion for relearning, and (b) intrusion from interpolated list.  

Typical experimental manipulation came in the form of different context combinations 

during these three sessions. Some contexts were merely environmental (Nagge, 1935) while others 

incorporated physical postures, etc. (Bilodeau & Schlosberg, 1951; Greenspoon & Ranyard, 1957; 

Strand, 1970). The control group would be in Context A for all three sections (condition AAA). The 

experimental group would learn the original list in Context A, the interpolated list in Context B, and 

relearn the original list in Context A (condition ABA). Sometimes intermediate groups were included 

with the conditions ABB and AAB.  

These experiments (except for Nagge, 1935) reported that participants in the ABA condition 

required the least trials to relearn the original list, and showed the least intrusions from the 

interpolated list than the AAA group (Bilodeau & Schlosberg, 1951; Greenspoon & Ranyard, 1957; 

Strand, 1970). The interpretation of these results was that providing each list its own individual 

context would facilitate learning and minimise interference during relearning. 

MULTIPLE CONTEXTS, MULTIPLE LISTS EXPERIMENTS 

This type of experiments included the foundational Smith et al. (1978) experiment 2 and a 

follow-up unpublished doctoral dissertation (Richardson-Klavehn, 1988) reported in Bjork and 

Richardson-Klavehn (1989). While not well-represented in the literature, these paradigms were less 

prone to pitfalls of first-order paradigms, and more closely resembled real-life academic multiple-

subject learning compared to the relearning after interpolated list paradigms. 

In experiment 2 of Smith et al. (1978), they exposed participants to one list of word pairs in 

one context, tested on half the pairs. Then the next day participants learnt a second list in another 

context. In this second list, half of the word pairs shared the same cue as the list learnt on day 1, and 

participants were tested for half of this second list. On the third day, participants would be tested on 
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the remaining items in either the day 1 context, day 2 context, or a new context. These clever 

experiments allowed the researchers to isolate the contextual support effects from context 

disruption, and to a certain extent, the primacy/recency effects, in order to examine the congruency 

between testing-learning context on interference reduction. They found using these mutually 

interfering, highly confusable materials, that recall was best in the rooms from which the material 

was learnt, thus meaning that both retroactive and proactive interference were reduced by contextual 

support. 

Is Context Effect Merely a Form of Pair-Association? 

An intuitive response to the discussions on context and memory, especially considering the 

methodology and material used in context research, is: How do we know that context-bound 

memory is not just a more complex, higher dimensional form of paired-associations? In other 

words, perhaps when we encode paired-items (e.g., face-name associations) in a specific 

environment, we actually create triplets (e.g., environment-face-name associations), so that while 

context might provide quantitatively more retrieval cues, they are not qualitatively different cues. A 

similar problem also faced episodic memory researchers: Is the "source" in source memory 

experiments another facet of the memory itself, or does it operate more as a "tag" for the memory 

and thus is unique from the memory itself? 

No comprehensive answer has been proposed, but experimental evidence has shown that 

context effects are qualitatively dissimilar from typical pair-associate learning on both a behavioural 

and neural level (discussion to followed in the next two subsection). Therefore, were it to be 

interpreted as a form of pair-associate learning, it merits the consideration as a special case therein. 

This problem had been only philosophically interesting as context researchers plowed on; 

however, it became a towering issue along with the rise of computerised studies—due to the use of 

digital stimuli as contexts. In traditional context studies, subjects learnt/remembered words or 
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images while being moved from location to location for the context-change manipulation. In 

computerised studies, they often stared at a screen with words/images overlaying images/videos, 

etc. (e.g., Smith, Handy, Angello, & Manzano, 2014). This begs the question: What makes the 

"context stimuli" so special, when similar kinds of visual stimuli are used in other memory 

experiments as the primary memoranda of interest?  

CONTEXT EFFECTS INDEPENDENTLY MEDIATES PAIR-ASSOCIATE LEARNING 

The most lucid attempt to address this question for computerised experiments came in a 

recent paper reporting a series of video-as-context studies. Smith et al. (2014) posted an eloquent 

defence against interpreting their video-based context effects as mere paired-associates cueing. They 

appealed to the theoretical, methodological, and the empirical. Theoretically, they stated that context 

always received a special status in memory theories that was differentiated from other pair-associate 

learning (e.g., Davachi, 2006; Wilson, 2002). Methodologically, unlike typical pair-associate 

experiments, their video-as-context Experiments 1-3 did not instruct participants to encode the 

context along with the memoranda, and there were no "right or wrong" answers associated with the 

context. They found that that unlike memory for pair-associates, context effects required no specific 

instructions to operate, it seemed to be incidental and non-volitional. Empirically, Smith et al. (2014) 

designed their Experiment 4 to show that when participants were instructed to encode contexts with 

word-pairs, contexts had an independent mediating effects on pair-associate memory. 

While excellently defending that their video-based context effects should be considered as 

valid as physical context effects, their defence actually deepened the question of whether the entire 

field of context-dependent memory research might be simply examining a higher-order form of pair-

associate cueing. For example, context showed an independent mediating effect on pair-associate 

memory in a similar manner as its effects on non-paired memoranda (Smith et al. 2014, Exp. 4). 

While this demonstrated that a linear tripled-association was not formed between the context and 
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the memoranda that were learnt in it, it did exclude the possibility that a higher-order form of 

associative binding operated between the two. Nevertheless, the experiments reported by Smith et 

al. (2014) showed that if contexts were simply a form of pair-binding, this "context-binding" 

operates on an experientially different manner than that of informational pair-associates. 

MTL SUB-REGIONS DIFFERENTIALLY PROCESS CONTEXTUAL INFORMATION  

Further evidence for context being more than typical pair-associates came from experiments 

using neuroimaging techniques. Emerging evidence showed memory for contextual information 

(especially for, but are not limited to, visual environmental context) to be supported by different 

medial temporal lobe (MTL) sub-regions than that of other memoranda. It was well established that 

MTL is critical for human associative encoding (e.g. Davachi, 2006), and context-item binding (e.g., 

Eichenbaum, Yonelinas, & Ranganath, 2007). Moreover, MTL sub-regions also have differentiated 

roles in this phenomenon. These distinctive processes within the MTL strongly support a 

differentiated treatment of a particular piece of information when it was serving as context or not, 

which bolsters the idea that context-effects are not based on typical associate pairing. 

Neuroimaging Research on Context 

The perirhinal cortex (PrC) has been shown to be responsible for item memory (individual 

elements within an image or an episode) and within-item association (binding of features within a 

given object or memoranda), but not relational information between items in animal (Davachi, 

Mitchell, & Wagner, 2003; Kensinger & Schacter, 2006; Kirwan & Stark, 2004; Ranganath et al., 

2004) and human memory (especially for images of objects; Bussey, Saksida, & Murray, 2005; 2006; 

Köhler, Danckert, Gati, & Menon, 2005; O'Kane, Insler, & Wagner, 2005; Pihlajamäki et al., 2003; 

Pihlajamäki et al., 2004; Taylor, Moss, Stamatakis, Tylar, 2006).  

The parahippocampal cortex (PhC) has been shown to process relationship between items: 

It contextualises information. It was perhaps best represented in Norman and Eacott's (2005) lesion 
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study. After a lesion to the PhC equivalent region (postrhinal cortex), monkeys showed deficits in 

environment-item binding, but not in item-specific memory. Moreover, human literature also show 

similar findings, where spatial context encoding was associated with posterior PhC activity (Adcock, 

Thangavel, Whitfield-Gabrieli, Knutson, & Gabrieli, 2006; Bar & Aminoff, 2003; Brewer, Zhao, 

Desmond, Glover, & Gabrieli, 1998; Schon, Hasselmo, LoPresti, Tricarico, & Stern, 2004; Stern et 

al., 1996; Weis, Klaver, Reul, Elger, & Fernández, 2004), while contexts not containing a spatial 

relationship with memoranda, were affiliated with a more anterior region (Bar & Aminoff, 2003; 

Diana et al., 2008).  

The hippocampus was known to be indispensable for many forms of learning in normal 

brains, particularly relational encoding and binding spatial/environmental information to a particular 

memory (for reviews, see Davachi, 2006; Kumaran & Maguire, 2005; Maren et al., 2013; Robin et al., 

2015).  

In her influential review, Davachi (2006) proposed a working model that PrC encoded object-

specific information (within-item feature associations) and PhC encoded context information, and 

the hippocampus bound the object and context information together to form an episodic memory. 

This working model was confirmed by a series of experiments produced by a research team at 

University of California, Davis (including Yonelinas and Ranganath), and was coined the Binding 

Item Context (BIC) model of the MTL.  

  According to BIC, PrC processed item information, and PhC processed context 

information; the projections from these regions then fed such information to the hippocampus, 

which bound them together to form a memory (Diana et al., 2007; Düzel, Schütze, Yonelinas, & 

Heinze, 2011). The Davis group also reported that the famous PhC sub-region, parahippocampal 

place area (PPA, a region named for its robust activation for scene stimuli), was not actually 

responding to scenes, but to context (Diana et al., 2008). Moreover, semantically created, "non-
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spatial environmental" context, resulted in activation in the PhC, but not PrC; while object related 

processes were related to activation in the PrC, but not the PhC (Diana, Yonelinas, & Ranganath, 

2012). Furthermore, and perhaps the most convincing of all, the same stimuli resulted in activation 

in PrC when cued as item, and PhC when cued as context (Wang, Yonelinas, & Ranganath, 2013).  

Context Reinstatement 

Reinstatement in the traditional context literature meant simply to make a particular context 

accessible. Physical reinstatement generally referred to conditions in which experimenters 

reproduced a previously seen context and placed the participant there during recall. This could 

include reproducing the physical environment or body posture that had been congruent (or 

incongruent) with the learning context. Mental reinstatement is when, during recall, participants are 

cued to imagine or recall a context that they are not presently in—the cueing might be 

experimentally controlled or uncontrolled. Controlled mental reinstatement is typically incorporated 

as part of the experimental design, in which researchers prompt participants by asking questions 

about the context to be reinstated, or explicitly ask them to imagine themselves being there. Mental 

reinstatement, when not experimentally controlled, could become a confound, such as when 

participants volitionally use it as a mnemonic strategy, or when the recall cues (such as in recognition 

or cued-recall tests) lead participants to do so involuntarily and spontaneously. Mental reinstatement 

was found to increase the fidelity of eyewitness testimony (Krafka & Penrod, 1985; Malpass & 

Devine, 1981; McSpadden, Schooler, & Loftus, 1988; however, it was not helpful in certain 

circumstances, Cutler, Penrod, & Martens, 1987; Smith & Vela, 1992), and it was found that 

“cognitive interviews” utilising mental reinstatement were far superior to standard police interviews 

in the amount of details produced for the target event (Geiselman, Fisher, MacKinnon, & Holland, 

1986). 
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Neural context reinstatement refers to the degree to which one's brain state during a testing 

session, is similar to that measured during a previous encoding session (for a review, see Danker & 

Anderson, 2010). This has been found in studies of auditory memory (Nyberg, Habib, McIntosh, & 

Tulving, 2000; Wheeler, Petersen, & Buckner, 2000), visual memory (Hofstetter, Achaibou, & 

Vuilleumier, 2012; Polyn, Natu, Cohen, & Norman, 2005; Skinner, Grady, & Fernandes, 2010; 

Woodruff, Johnson, Uncapher, & Rugg, 2005), and episodic memory (Barak, Vakil, & Levy, 2013; 

Staresina, Henson, Kriegeskorte, & Alink, 2012). The emerging evidence in neural context 

reinstatement from neuroimaging studies has conformed beautifully to behavioural experimental 

findings on mental reinstatement. For example, the degree of neural context reinstatement predicted 

misattribution of new information as old; that is, the more similar the testing brain state was to the 

learning brain state, the more likely it was for participants to wrongly report that a new item had 

previously been encountered (Gershman, Schapiro, Hupbach, & Norman, 2013). This conformed 

with an important limitation of cognitive interviews: when used incorrectly, it could lead to false 

memories being planted, especially in child witnesses—a major weakness preventing it from 

becoming more broadly used in law enforcement, and various improvements have been proposed to 

address it (for reviews, see Köhnken et al., 1999; Wells et al., 2006).  

VIRTUAL REALITY AND HUMAN MEMORY 
Virtual reality (VR) is not a recent innovation. Flight simulators have been in existence since 

before World War I (1909), albeit mechanical versions, and their computer-powered counterparts 

have been in use for decades. With the rise of low-cost computing power, however, modern 

computer-based VR technology has become widely accessible, extremely portable, and relatively low 

cost. In addition to the boon of recreational usage such as video games, much resources have been 

devoted to using VR as a teaching/training tool—the driving force of these developments were in 

the fields of education, medical training, and military training.  
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VR in Psychological Research 

Psychological research has considered virtual reality a research tool since the 1960s (Rose & 

Foreman, 1999), and most research efforts were placed in spatial cognition/learning (for a review, 

see Taube, Valerio, & Yoder, 2013), social, health, and clinical psychology (such as gender 

differences, social fears, forming healthy habits, rehabilitation, etc.; for a review, see Foreman, 2010), 

and virtual neuropsychological testing (Armstrong et al., 2013; Parsons & Rizzo, 2008), with 

research on non-spatial learning and memory, such as verbal memory, lagging somewhat behind—

especially that involving neuroimaging techniques. As a case in point, Chou et al.'s book chapter 

titled "Applications of Virtual Reality Technology in Brain Imaging Studies" (2013) did not contain a 

section on learning and memory research. 

VR in Context Research 

The most prolific branch of research using VR for non-spatial memory was that of context-

based fear-conditioning extinction (e.g., Alvarez, Biggs, Chen, Pine, & Grillon, 2008; Baas, Nugent, 

Lissek, Pine, & Grillon, 2004; Grillon, Baas, Cornwell, & Johnson, 2006; Huff et al., 2011; 

Marschner, Kalisch, Vervliet, Vansteenwegen, & Buchel, 2008; Tröger, Ewald, Glotzbach, Pauli, & 

Mühlberger, 2012). Although fear conditioning seemed to operate in a somewhat different manner 

than other forms of learning and memory, the literature supported immersive VE to be a viable 

bridge between human and animal model context research—as it was now feasible to expose 

humans and animals to the exact same conditions after scaling the equipment appropriately, which 

might be important for translational research. Moreover, real world context-dependence of fear 

memory was preserved when the contexts were VEs (Glotzbach, Ewald, Andreatta, Pauli, & 

Mühlberger, 2012; Huff et al., 2011; for a review, see Maren et al., 2013).  

There was a paucity of VE research concerning context switching, although rich context 

seemed to support pair-associate learning (Stevens, Hill, & Theriot, 2013). In Stevens et al. (2013), 



 

 13 

experiment 1, they compared serial recall between (a) participants who learnt a 12-word list while 

volitionally walking their avatars along a path with multiple environmental cues, and (b) participants 

who watched the volition group on a screen. They found no difference between the groups. In 

experiment 2, they examined pair-switching interference (switch: learnt list with A-B pairs to 

criterion, then learnt a list with a re-pairing of associates, A-C; no-switch: A-B then C-D). They 

compared participants who "walked" along a featureless path to those who "walked" a feature-rich 

path situated in a virtual garden. They found that the garden path group took fewer trials to criterion 

(one errorless recall "walk") for both lists.  

VR in Education 

The educational affordances of VEs were numerous and well pondered upon, such as the 

increasing accessibility of educational material (e.g., Let Us Learn Project, 2013), lower cost 

(especially for medical and military training), and had various presentation advantages. These 

advantages included enabling experiential learning by overcoming scale issues (e.g., virtual plant cells, 

Mikropoulos, Katsikis, Nikolou, & Tsakalis, 2003; building or flying through the solar system, 

Barnett, Yamagata-Lynch, Keating, Barab, & Hay, 2005 and Let Us Learn Project, 2013; virtual 

atoms, Dede, Salzman, Loftin, & Sprague, 1999, astronomical phenomenon, "Nuclear and Particle 

Physics, Astrophysics, Cosmology", 2013, fluid dynamics, VENISE, 2013, and small molecule 

synthesis, Duke University, Chemical Biology Program, 2013), and to traverse across time and space 

to experience other ways of life (e.g., that of astronauts, Bakas & Mikropoulos, 2003 and Johnson, 

Moher, Ohlsson, & Gillingham, 1999; ancient cultures, Mikropoulos, 2006, and Mikropoulos & 

Strouboulis, 2004; or minority cultures such as the Mandan, a Native American tribe residing in 

North Dakota, Hokanson et al., 2008).  
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CONSTRUCTIVISM 

Constructivism, where learners construct (as opposed to being “fed”) new knowledge 

(Brown, 1989), is very well represented in the literature (for a review, see Mikropoulos & Natsis, 

2011). Constructivism learning techniques implemented in VE included situated or experiential 

learning (Dede et al., 1999; Ligorio & Van Veen, 2006; Lim, Nonis, & Hedberg, 2006; Roussos et al., 

1999), inquiry-based, or guided discovery learning such as role-playing (Barab, Sadler, Heiselt, 

Hickey, & Zuiker, 2007; Chen, Yang, Shen, & Jeng, 2007; Tuzun, Yilmaz-Soylu, Karaku, Inal, & 

Kizilkaya, 2009; Ye et al., 2007). A hybrid version of experiential and inquiry-based learning was 

virtual research experience, in which students collected and analysed data, and proposed solutions 

(Barab et al., 2007; Hokanson et al., 2008; Holmes, 2007; Johnson et al., 2004; Lim et al., 2006; 

Nelson, 2007; Nelson & Ketelhut, 2008; Sardone & Devlin-Scherer, 2008; Tuzun et al., 2009).  

Another important constructivism technique was learning via social interaction, also known 

as social constructivism (Gurnee, 1968). The multi-user nature of many VEs allowed social 

constructivism to be incorporated to many learning VEs (Dede et al., 1999; Holmes, 2007; Johnson 

et al., 1999; Ketelhut, 2007; Kontogeorgiou, Bellou, & Mikropoulos, 2008; Machado, Brna, & Paiva, 

2005; Nelson, 2007; Nelson & Ketelhut, 2008; Sardone & Devlin-Scherer, 2008). Many forms of 

interactions were made possible through multi-user virtual environments (MUVEs), including the 

following: more traditional student-to-student interaction, which was pervasive in nearly all MUVE-

based educational interfaces (Barab et al., 2007; Di Blas & Poggi, 2007; Holmes, 2007; Ketelhut, 

2007; Ligorio & Van Veen, 2006; Lim et al., 2006; Nelson, 2007; Nelson & Ketelhut, 2008; Sardone 

& Devlin-Scherer, 2008; Tuzun et al., 2009;); student-teacher interactions (Chen et al., 2007; 

Kontogeorgiou et al., 2008); and a form unique to learning VE, which was student-NPC 

interaction—that is, students interact with non-player-characters, or bots, either knowing or not 

knowing the nature of the bots (Adamo-Villani & Wilbur, 2008; Barab et al., 2007; Hokanson et al, 
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2008; Ketelhut, 2007; Marshall, Rogers, & Scaife, 2005; Mikropoulos, 2006; Mikropoulos & 

Strouboulis, 2004; Nelson, 2007; Nelson & Ketelhut, 2008; Tuzun et al., 2009). While most of these 

reports found that interacting with others in these learning MUVEs increased learner motivation and 

participation in tasks (e.g., Hokanson et al., 2008; Machado et al., 2005;., Patera, Draper, & Naef, 

2008; Robertson & Despa, 2002; Robertson & Good, 2003; Winn et al., 1999; and with a caveat, 

Roussos et al., 1999).  

Some of these educational VEs also aimed to improve meta-cognition and future learning by 

showing students the results of their decisions in an engaging manner (Bakas & Mikropoulos, 2003; 

Barnett et al., 2005), such as food choices and corresponding health consequences (Cooper, 2007). 

Others incorporated functions such as "hindsight" which allowed learners to revise their decisions 

after seeing the consequences (Jonassen, 1999; Marshall et al., 2005; Roussos et al., 1999). 

Transfer and Learning Outcomes 

Transfer is defined here as one’s ability to recall information in the real world after having 

learnt it in VR. In addition to engagement in learning experiences—which was the main focus of the 

aforementioned VR education research—a team in Stanford University led by Bailenson reported on 

transfer and learning outcomes. The team examined how to use virtual agents to implement 

beneficial pedagogical social interactions in a manner impossible in the real world, and they often 

measured learning outcome as a dependent variable. For example, Okita, Bailenson, and Schwartz 

(2007) found that when participants believed that the virtual agent they faced was controlled by a 

real person they had met, they learnt more about the material then when they thought the agent was 

computer-controlled.  

In a landmark experiment, Bailenson et al. (2008) first established that, as in the real world, 

students learnt better and were more attentive (as measured by the lack of eye wandering) when the 

following conditions were met: when the students see that the teacher looked at them more; when 
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they are seated close to the teacher; and when they are near the centre of the teacher's view. After 

demonstrated that this real-word phenomenon can be reproduced in their VE, they then used the 

VE to overcome the physical limitations of the real world, allowing them to meet all these 

conditions for every student, which led to improved attention and learning outcome—the teacher's 

avatar appeared to each student to be looking directly at him/her throughout the entire lesson, each 

student saw him/herself seated closed to the teacher and at the centre of the teacher's view. 

Immersion, Presence, and Memory 

Immersion was generally defined as the sense of "being there" in VR literature, while 

presence is defined as the sense of being one with the avatar representing the self. Sometimes, these 

terms are used interchangeably; other times as distinctive concepts. Some experimenters reported 

that immersion could be mapped within the brain (e.g., Clemente et al, 2014; Hoffman, Richards, 

Coda, Richards, & Sharar, 2003; Moreno & Mayer, 2004). While immersion was generally assumed 

to be important (e.g. Dalgarno & Lee, 2010; Dede, 1999), the relationship between immersion and 

learning is not well understood. In fact, there was a lack of consensus about how to measure 

immersion—because there lacked a consensus as to what immersion should be measuring, and how 

or whether it differed from "presence" (Baylor, 2009; Hoffman, Richards, Coda, Richards, & Sharar, 

2003; Mazalek et al., 2012; Sanchez-Vives, n.d.; Slater, 2004; Slater, Usoh, & Chrysanthou, 1995; 

Slater, Usoh, & Steed, 1994). Moreover, only eight out of 53 of the reports in the Mikropoulos and 

Natsis (2011) review utilised the most obvious advantage of VE—multimodal learning—which was 

generally assumed to increase immersion.   

While the paucity of experiments testing the relationship between immersion and learning 

was apparent, there was evidence suggesting that there was no relationship between the two. For 

example, Mania and Chalmers (2001) conducted a systematic comparison between levels of 

immersion and two forms of learning outcomes (as measured by subsequent memory tests about a 
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15-m seminar, and spatial memory of the experimental/virtual room) between the real world, audio-

only, desktop, and head-mounted display (HMD, generally considered the most immersive of 

displays, on par with simulator rooms). They found that memory recall scores were highest in the 

real world and desktop conditions, and both were significantly higher than the HMD and audio-only 

conditions. Another remarkable result, which should have thrown the entire field for VE studies 

into confusion, was that HMD and desktop virtual reality did produce higher immersion than audio-

only, and that immersion did not affect recall.  

The assumption in most publications is that immersion is generally good for learning, as it 

motivated and engaged to learners, and therefore it must enhance learning. Mania and Chalmer’s 

(2001) demonstration that immersion did not affect recall, Fassbender et al. (2012) reported the 

same. Nevertheless, the enthusiasm for making VR more immersive in order to enhance learning 

continue to grow. If immersion hadn’t aided recall in less immersive older technology, it is illogical 

to conclude that learning in very immersive VEs would lead to increased recall—more of something 

that didn't help would still not help (Foreman, 2010).  

Despite of a lack of evidence that immersion affects learning and memory, today's improved 

immersive technology HMDs might be invaluable in making VE contexts more salient and easier to 

reinstate mentally—in Mania and Chalmer’s (2001) study, HMDs produced higher confidence for 

spatial memory, albeit without producing superior spatial recall; however, what mental reinstatement 

requires is not spatial recall accuracy, but merely the ability to assert oneself into a memory of the 

VE. It was probable, therefore, that incorporating a large component for contextual support and 

mental reinstatement would still benefit from immersive technology.  

CURRENT EXPERIMENTS  
The present set of experiments is an important effort to be the first to use ecologically valid 

context, and to examine transfer at long retention intervals, and addresses some of the unanswered 
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questions in the literature. Most prior virtual reality memory research has not included a real-world 

testing element, and those studies that examined long delay recall did not exceed a 2-day interval 

from initial learning. Moreover, while most older context research utilised physical contexts, and 

more recent work used images or videos as contexts for more rapid stimuli presentation, virtual 

reality provides a reasonable compromise between the two.  

Addressing Unanswered Questions 

IMMERSION, PRESENCE, AND MEMORY 

Most research into immersion and memory has examined visuospatial memoranda—testing 

recall of visual details about the VE itself (e.g., Bailey et al., 2012; Lin, Duh, Parker, Abi-Rached, & 

Furness, 2002). In such studies, because both memory and presence/immersion measures are based 

on the VE, it is difficult to disentangle the relationship between the two.  

As we intended to conduct exploratory analysis on immersion, presence, and memory, we 

used verbal memoranda in all of the experiments, thereby isolating the memory task from the VE 

upon which presence/immersion measures were based. Immersion was defined here as a sense of 

“being there” within the VR. In other words, immersion is about the degree to which the VE feels 

real to the participant, as measured by an instrument reported in Slater et al. (1995). Presence was 

defined here as one’s sense of being one with the avatar that represents oneself. In other words, 

presence was about the degree to which the participant feels that they are the avatar, as measured by 

Fox, Bailenson, and Binney (2009). 

TRANSFER AND LONG-TERM RETENTION 

While learning and memory scientists in psychology or neuroscience worked to exploit the 

quirks of memory to enhance learning, educators strived to make information comprehensible and 

engaging. In other words, educational research valued the learning experience (such as participation, 

motivation, and willingness to continue), while memory researchers valued the outcome of that 
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experience. It is important to keep these distinct objectives in mind as we discuss what the VE 

education literature left unanswered for learning and memory researchers.  

Learning outcome, long term or short term, tested in VE or the real world, was seldom 

measured in the educational VE reported above, and many were non-empirical reports on their 

technology without mentioning how well the students learnt (e.g., Amoia, Bretaudiere, Denis, 

Gardent, & Perez-Beltrachini, 2012; Chang, Sheldon, Si, & Hand, 2012; Chen, & Su, 2011; Connolly, 

Stansfield, & Hainey, 2011). In their review, Mikropoulos and Natsis (2011) reported that only 12 

out of 53 publications on VE education had incorporated control conditions of some sort. In the 

vast majority of them, the dependent variable of interest was student engagement, rather than 

learning outcomes (Mikropoulos & Natsis, 2011). Moreover, systematic evaluation of existing 

education MUVEs by means of learning outcomes proved to be very difficult (de Freitas, 

Rebolledo-Mendez, Liarokapis, Magoulas, & Poulovassilis, 2010). Only a single report mentioned 

learning outcomes in real-world recall after learning the information in VE (Minogue, Gail Jones, 

Broadwell, & Oppewall, 2006); they found that real-world recall was drastically reduced—that is, 

transfer failed. 

TWO PROBLEMS: LIMITED TRANSFER AND SMALL CONTEXT EFFECT SIZES 
ONE SOLUTION: MENTAL REINSTATEMENT 

Problem 1: VR as a Pedagogical and Research Tool—The Problem of Transfer.  

While modern VR technology is perfectly suited to present highly distinctive contexts, it 

could only become a valid pedagogical and memory research tool if there is transfer—the learners’ 

ability to recall material in the real world after learning it in the virtual world. If information learnt in 

VR can only be retrievable therein, it would be relatively pointless for researchers, educators, and 

learners alike. In VR learning, transfer could be hindered by context-dependent forgetting induced 

by the vast differences between VR and the real world.  
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Problem 2: Context Experiments Using Neuroimaging—Effect Size and Confounding 

Context.  

 There are two key difficulties of studying contextual support in humans, especially when 

using neuroimaging: (a) neuroimaging methodologies tend to create a physical context that is more 

salient than the experimentally induced context effects, and (b) context effects tend to be very small 

and the variance between subjects tends to be large (for a meta-analysis, see Smith and Vela, 2001). 

Proposed Solution: Mental Reinstatement.  

We propose that Problems 1 and 2b can be simultaneously solved by mental reinstatement 

of the VR prior to, or during, recall in the real world when undergoing neuroimaging 

examinations—serendipitously, mental reinstatement would be more powerful when contexts are 

memorable (Smith, 1979, Experiment 3). Problem 2a through known factors that increased context 

effect sizes through past research.  

Addressing Problem 1: Transfer. In learning and memory experiments, mental 

reinstatement was found to reduce context-dependent forgetting when memory tests occurred in a 

different context than that in which the learning occurred (Smith, 1979, Experiment 2; 1984), and 

this effect was greater when participants were instructed, during encoding session, to imagine the 

memoranda interacting with the learning context (Eich, 1985). However, the beneficial effects of 

mental reinstatement would be nullified if the encoding contexts were difficult to remember (Smith, 

1979, Experiment 3). A similar line of fruitful research focused on a technique called "pre-

instatement" (Lehman & Malmberg, 2009), where participants overcame context-dependent 

forgetting by pre-imagining the testing context during learning (e.g. Brinegar, Lehman, & Malmberg, 

2013). 

In the current Experiments 2 and 3, participants were instructed to encode each room within 

the learning environments through a guided encoding task. During the first out-of-VR test 
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(Experiment 2) or the fMRI test (Experiment 3), they were cued first to mentally perform the 

encoding task before they were cued to recall the foreign words.  

Problem 2a: Confounding physical context change induced by neuroimaging 

methods. This difficulty stems from the fact that physical postures are in important part of contexts 

(e.g., Bilodeau & Schlosberg, 1951; Greenspoon & Ranyard, 1957; Strand, 1970), and physical 

environments are obviously a key component to context (e.g., Godden & Baddeley, 1975). 

Neuroimaging techniques often involve putting participants into more unique, and thus more 

salient, physical contexts than any experimental manipulation can provide. For example, lying flat 

inside of a noisy MRI machine is a very unique experience, thus providing much more powerful 

context-change effect than any room-change manipulation, thus potentially confounding the 

experiment.  

It has been reported that humans naturally reinstate the learning context during retrieval, and 

the degree of reinstatement corresponds with recall (Danker & Anderson, 2010). Therefore, during 

the fMRI session, Experiments 3 employed deliberate mental reinstatement of the learning 

contexts—these learning contexts were themselves highly distinctive and entirely novel to 

participants—this might theoretically allow for contextual support robust enough to combat the 

context change effects of the neuroimaging equipment. 

Addressing Problem 2b: Small context effect size. The small and elusive effect size of 

behavioural context experiments makes it risky to invest in costly neuroimaging experiments.  

Fortunately, Smith and Vela’s meta-analysis (2001) reported that the following factors increased the 

effect sizes of context: using confusable memoranda (Rosas et al., 2013; Smith & Vela, 2001), 

distinctive contexts (compare Nagge, 1935 and Strand, 1970 to Greenspoon and Ranyard, 1957, and 

Smith et al., 1978), retrieval test that maximizes recollection (as compared to familiarity; Hockley, 

2008; Macken, 2002; for a within experiment contrast of these testing methods, see Barak et al., 
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2013), and making the context relevant (Eich, 1985; Gruppuso, Lindsay, & Masson, 2007; Hockley, 

2008). 

To maximise context effects, Experiments 1-3 all utilised highly distinctive contexts and 

retrieval tests necessitating recollection (participants were to retrieve the foreign pronunciation based 

on an English cue). Experiment 1 used a list of 42 Swahili words, which sounded very similar to 

native English speakers. Experiment 2 and 3 used two confusable material sets (two highly similar 

Bantu languages, Swahili and Chinyanja) as learning material. This resulted in a very large 

memoranda set to increase power to compensate for the large variability inherent in this type of 

behavioural and fMRI data, and implemented retrieval practice and spaced learning to increase 

baseline memory (to compensate for the increased difficulty caused by the large memoranda set). 

Additionally, since making contexts less incidental by directing some attention to them tended to 

increase context-dependent effects (Eich, 1985; Gruppuso et al., 2007; Hockley, 2008), these 

experiments included context encoding sessions (which also facilitated mental reinstatement), and 

integrated the to-be-learnt item into the VE by means of learning paths that weaved through the 

VEs.  

Applying Mental Reinstatement in the Current Experimental Design. In Experiments 

2 and 3, prior to cued-recall of a given foreign word, there would be an explicit mental reinstatement 

of the context in which that word was learnt (congruent reinstatement) or a different context from a 

different world (incongruent reinstatement).). This enabled us to examine how context may mitigate 

interference between conceptually overlapping material, or induce context-change forgetting.   

Additional Exploratory Factors 

The following two control measures were incorporated into demographic data collection, 

and exploratory analyses planned, as potentially having an effect on any experiments utilising VR 

and language-based memoranda.  
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LANGUAGE BACKGROUND AND VERBAL MEMORANDA 

Many context research studies that used foreign vocabulary items as memoranda did not 

report how many language participants spoke prior to the experiment, nor have they reported to 

have collected such demographic information. However, Jessner (1999) reported that multilingual 

individuals and their meta-linguistic awareness, and Ransdell, Barbier, and Niit (2006) found that 

bilingual and multilingual university students showed better metalinguistic awareness in reading 

comprehension and working memory than monolingual students.  

Therefore, we collected such demographic information in all three experiments. In 

Experiment 1, we conducted an exploratory analysis on the effects of language background 

(reported below), and based on the results of that analysis, Experiments 2 and 3 incorporated 

language backgrounds in the eligibility screening criteria.  

GENDER DIFFERENCES 

It is traditionally and widely believed that men have superior spatial reasoning, while women 

have superior verbal abilities. However, this view has been challenged, but with mixed success. As 

our experiments concerned both spatial imagery/navigation as well as language learning, the effects 

of sex were examined. For a comprehensive treatment of the role of sex in various cognitive and 

psychological domains, as well as theories proposed to explain such differences and similarities, see 

Hyde’s (2014) more recent review. 

Diminishing Gender Differences? In his summarily named meta-analysis report 

“Cognitive Gender Differences are Disappearing,” Feingold (1988) examined 27 years of research in 

pre-adolescents, and concluded that gender differences in verbal and spatial tests were diminishing 

across those years. Feingold’s (1988) findings on spatial gender differences were challenged by 

Voyer, Voyer, and Bryden (1995) using a more sophisticated meta-analysis technique, reporting that 

while gender differences diminished in a few spatial ability tests, most did not show such changes 
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across the years. On the other hand, Feingold’s (1998) findings on verbal tests were corroborated by 

a report from the same year. In their meta-analysis across 165 studies on verbal performance, Hyde 

and Linn (1988) reported a statistically significant advantage favouring women, but based on the 

small effect size, they argued that such gender differences “no longer exist”—it is up to the readers 

to decide whether a significant but small effect should be interpreted thusly.  

Spatial imagery. Despite mixed reports, generally, while men had better performance in 

mental imagery (exceptions: Palermo, Piccardi, Nori, Guisberti, & Guarglia, 2016), there were no 

gender differences in subjective experience of vividness through questionnaires (e.g., Blajenkova, 

Kozhevnikov, & Motes, 2006; Campo, 2013). Moreover, imagery performance and imagery 

questionnaires were often found to be not significantly correlated (e.g., Burton & Fogarty, 2003; 

Campo, 2013).  

Most relevantly, Parsons et al. (2004) conducted a within-subject experiment obtaining spatial 

imagery performance using both paper-and-pencil and virtual reality test. While the paper-and-pencil 

test conformed with the traditional findings, no gender differences were found in the virtual reality 

testing.  

Considerations for the current experiments. Experiment 1 did not involve mental 

imagery, and Experiments 2 and 3 concerned only the subjective experience of mental imagery 

vividness. Therefore, we expected to see no gender differences in imagery vividness report in 

Experiments 2 and 3, as the ability to experience vivid imagery was found to be unrelated to imagery 

performance and showed no gender differences especially in VR.  

However, we intended to keep sex as a factor for the exploratory analysis for two reasons. 

First, the mixed report of the effects of gender on verbal performance made it difficult to rule it out 

as a candidate factor. Second, it is possible that the effects of gender on spatial cognition might 

influence how participants experience the VEs, thus affecting the effect of the contextual 
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manipulation. It is not well-known how immersion, imagery performance/vividness, and spatial 

cognition relate to one another, and it might be interesting to test its interactions with experimental 

factors. However, as biological sex was not a primary factor of interest, group assignment was based 

on either random assignment with constrains (Experiment 1) or counterbalanced order 

(Experiments 2-3). 
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CHAPTER 2:  APPLICATIONS OF FUNCTIONAL MRI IN MEMORY RESEARCH 

Applications of Functional MRI in Memory Research 

By  

Joey Ka-Yee Essoe1 & Jesse Rissman1,2,3,4 

1Department of Psychology, 2Department of Psychiatry & Biobehavioural Sciences, 3Brain Research 

Institute, 4Integrative Centre for Learning and Memory, University of California Los Angeles, Los 

Angeles, CA 90095 

INTRODUCTION 
 Since its introduction 25 years ago, functional magnetic resonance imaging (fMRI) has 

provided researchers with a powerful tool to characterize the brain mechanisms underlying many 

facets of human cognition. The goal of this chapter is to highlight the ways in which fMRI methods 

can be, and have been, harnessed to deepen the understanding of human memory. We acknowledge 

that fMRI—which measures local changes in blood oxygenation levels as induced by fluctuations in 

neural activity—is but one of many functional neuroimaging techniques available to cognitive 

neuroscientists. Complementary tools such as positron emission tomography (PET), 

electroencephalography (EEG), and magnetoencephalography (MEG) have all been proven valuable 

in the quest to elucidate the neural correlates of memory formation, maintenance, and retrieval 

processes. However, in an effort to provide sufficient depth of coverage, we have chosen to focus 

exclusively on fMRI, which is currently the most widely used functional neuroimaging method. Our 

intention is to help readers with limited neuroimaging experience appreciate the important 

experimental design elements that one must consider when developing an fMRI study of memory, 

as well as the range of data analysis approaches that one can employ to gain insights into the 

contributions of individual brain regions and the functional interactions between regions. Note that 
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this area of research is replete with acronyms, and therefore, we list acronyms we use in this chapter 

in Table 2.1.     

EXPERIMENTAL DESIGN 

Adapting a Cognitive Task Paradigm for the Scanner 

The first major consideration when designing an fMRI study is how to structure the timing 

of task events to facilitate the measurement of brain activity associated with different cognitive 

processes of interest. We therefore begin by reviewing three commonly used experimental strategies 

for stimulus presentation: blocked, event-related, and mixed designs (Figure 2.1). Blocked designs 

examine the sustained blood-oxygen-level-dependent (BOLD) response across many successive trials 

of a given task, enabling between-task comparisons (e.g., encoding vs. retrieval), whereas event-

related designs examine the transient BOLD responses evoked during each trial, enabling 

comparisons between trial types (e.g., trials associated with remembered vs. forgotten stimuli). Mixed 

designs incorporate a combination of both design characteristics, blocking trials of a given condition 

together for the examination of temporally sustained effects, while also allowing for analysis of trial-

specific effects within individual task blocks. 

BLOCKED DESIGNS 

In blocked designs (Figure 2.1A), trials from a given task condition are grouped together and 

presented in a block (or epoch) typically lasting 12 to 60 s in duration. Over the course of the 

scanning session, participants will perform many such blocks of each task condition. Blocks of 

resting fixation are often interspersed between task blocks to allow the task-evoked BOLD signal to 

return to baseline level. The initial development of blocked designs for fMRI studies was heavily 

influenced by the design constraints associated with PET imaging, which lacks the temporal 

resolution to distinguish between brain signals evoked by closely spaced task events. Thus, the 

earliest fMRI studies of memory adopted blocked designs in an effort to compare the neural  
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correlates associated with mnemonic processes that could be readily segregated into discrete task 

blocks, such as encoding versus retrieval (Gabrieli, Brewer, Desmond, & Glover, 1997), viewing of 

 
Figure 2.1. Stimulus presentation timing. 

In this example, the goal is to examine how the brain processes objects, scenes, and faces differently 
during encoding. This goal can be accomplished by any one of the three stimulus presentation timing 
schema. The grey blocks represent baseline periods (which could involve resting fixation or an active baseline 
task), and the vertical bars represent the onsets of stimuli presentation (yellow for objects, purple for scenes, 
and red for faces). Regardless of design, the order of stimulus categories and/or items would be randomized 
or counter-balanced across participants. 

The blocked design (A) version of this experiment consists of multiple blocks, each comprised of 15 
stimuli from the same category, with baseline blocks in between. The ITIs are fixed. In the event-related 
design (B) version, stimuli from all categories are intermixed and presented with jittered ITIs. The mixed 
design (C) version is the same as the blocked design, except with jittered, rather than fixed, ITIs to facilitate 
estimation of event-specific activity (e.g., to allow for analysis of subsequent memory effects or stimulus sub-
categories, such as male/female or natural/manmade). 
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repeated versus novel images (Stern et al., 1996), and single-task versus dual-task working memory 

conditions (D'Esposito et al., 1995). As researchers came to appreciate that fMRI scans were capable 

of resolving cognitive events at a faster timescale than PET, the use of blocked designs became 

increasingly supplanted with event-related designs. That said, blocked designs continue to offer 

some advantages. Most notably, it increases statistical power. This owes largely to the fact that 

blocked designs integrate BOLD signal across many successively acquired brain volumes, enhancing 

the signal-to-noise ratio. Blocked design experiments are also easy to implement, and the data can be 

analysed using a relatively simple model. For these reasons, some memory researchers whose 

questions do not depend on the ability to differentiate brain responses associated with individual 

trials or component stages of a cognitive task continue to utilize blocked designs in their work. This 

is especially the case for the popular N-back working memory task paradigm, in which blocks of 

high-load trials (e.g., 3-back or 2-back judgments) are compared to blocks of low-load trials (e.g., 1-

back judgments). 

EVENT-RELATED DESIGNS 

 The most prevalent experimental design in modern fMRI studies is the event-related design 

(Figure 2.1B), in which trials from different conditions are presented in an intermixed sequence, 

and activity estimates are statistically derived for each trial type. Event-related designs first emerged 

in the mid-1990’s (e.g., Buckner et al., 1996; Zarahn, Aguirre, & D'Esposito, 1997), inspired largely 

by the event-related averaging approaches that had long been employed in EEG event-related 

potential studies. A key innovation in event-related designs was the application of variable (or 

“jittered”) inter-trial-intervals (ITIs). Because the BOLD response evoked by a momentary task 

event will typically take 4-8 s to reach its peak amplitude and around 16-20 s to return to baseline, a 

portion of this response may overlap in time with that of the ensuing task event. By systematically 

varying the degree of temporal spacing between events (or trials) through the use of jitter, one can 
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computationally isolate (or ‘deconvolve’) the event-related response associated with each unique trial 

type. The ability to do so is premised on the assumption that BOLD signals evoked by successive 

trials should be additive in an approximately linear fashion (Buckner, 1998; Glover, 1999).  

For memory researchers, event-related designs offered a host of additional advantages over 

blocked designs. For instance, researchers may retrospectively sort individual encoding trials 

according to whether the stimuli are later remembered or forgotten (Brewer, Zhao, Desmond, 

Glover, & Gabrieli, 1998; Wagner et al., 1998). Likewise, individual retrieval trials may be 

categorized based on participants’ subjective reports (Henson, Rugg, Shallice, Josephs, & Dolan, 

1999; Konishi, Wheeler, Donaldson, & Buckner, 2000). Event-related designs also facilitate the 

estimation of region- and stimulus-specific hemodynamic response functions (i.e. the mapping 

between a brief burst of neural activity associated with an individual mental act and the slow rise and 

fall of BOLD signal that it evokes). That is, researchers may examine how the time course of BOLD 

activation within a given region varies across trial types (Miller & D'Esposito, 2012; Staresina, 

Cooper, & Henson, 2013) or brain regions (Druzgal & D'Esposito, 2003). 

MIXED DESIGNS 

In the early 2000’s, the mixed design (Figure 2.1C), or hybrid design, was introduced 

(Donaldson, Petersen, Ollinger, & Buckner, 2001) to allow researchers to simultaneously examine 

sustained and transient responses (for a review, see Petersen & Dubis, 2012). As the name denotes, 

the mixed design combines features of both event-related and blocked designs. Typically, trials of a 

given task condition are grouped together into blocks (e.g., semantic encoding condition and 

phonological encoding condition), whereas events within each block are presented with jittered 

spacing to allow for deconvolution of signals related to particular trial subtypes (e.g., subsequently 

remembered and forgotten stimuli). When modelling the effects in a mixed design, regressors can be 

included to estimate the magnitude of both transient responses (item-components) and sustained 
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response (state-components). In this manner, mixed designs may reveal important brain activation 

characteristics that other designs may miss. For example, whereas many regions of prefrontal cortex 

show transient activations associated with retrieval success, some regions of frontopolar cortex fail 

to show transient engagement during individual trials, but rather show sustained activation 

throughout retrieval blocks that likely contributes to the maintenance of a retrieval-oriented 

attentional set (Velanova et al., 2003).  

THE IMPORTANCE OF BASELINE 

With fMRI, the raw signal intensity value for a particular region at a given moment in time is 

not a meaningful indicator of that region’s neural activity level. To draw conclusions about a region’s 

task-related activation, signals measured during the performance of one task must always be 

contrasted against those from another task, or against a baseline state. If a researcher is only 

interested in comparing the relative activity levels across two (or more) task conditions, then no 

baseline state is needed. But if one wishes to generate maps depicting brain activity for individual 

task conditions, then a baseline state is crucial. Traditionally, most fMRI studies have included 

periods of resting fixation as the baseline, either briefly interspersed between trials in the case of an 

event-related design, or as prolonged blocks of fixation in the case of a blocked design. However, 

despite the intuitive appeal of comparing task performance to wakeful rest, it has become 

increasingly clear that the brain is never truly at rest, and that the contents of participants’ naturally 

wandering thoughts could influence the so-called ‘baseline’ activity measure.  

The use of a resting baseline poses particular problems for memory studies. Even early PET 

studies noted the striking correspondence in brain activity between memory retrieval tasks and 

wakeful rest and suggested that rest is actually comprised of “a mixture of freely wandering past 

recollection, future plans, and other personal thoughts and experiences” (Andreasen et al., 1995). 

Stark and Squire (2001) drew further attention to this point by observing that fMRI studies of 
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memory that used resting fixation as the baseline state were less likely to find task-related activity in 

the hippocampus than similarly structured experimental paradigms that used an active baseline task. By 

keeping participants’ minds occupied between trials using a simple task (such as indicating whether 

periodically presented arrows are pointing left or right), an active baseline task can mitigate, if not 

entirely prevent, mind-wandering.  

 Practically speaking, an active baseline task should only engage cognitive mechanisms that 

are not of interest to the experiment. For example, in a verbal memory experiment, one might use 

an active baseline task that involves mathematical computations or perceptual changes such as 

moving dots. It is advisable that the active baseline tasks require participants to produce behavioural 

responses such as button presses to ensure engagement.  

FMRI ANALYSIS APPROACHES: UNIVARIATE VS. MULTIVARIATE  
 There are many approaches to fMRI data analysis, but they can be generally sorted into two 

distinct classes. Univariate analyses involve independent statistical tests that assess the level of brain 

activity in each brain ‘voxel’ (the term for the 3-dimensional pixels of which MRI images are 

comprised), yielding statistical parametric maps of task-related activation or activity estimates within 

individual regions-of-interest (ROIs). Multivariate analyses involve running statistical tests that 

explicitly take advantage of the fact that activity levels are being measured throughout the entire 

brain virtually simultaneously—by exploiting the non-independence of these signals to characterize 

functional interactions between brain regions, or to extract the informational content of distributed 

brain activity patterns. Both classes of analysis can provide valuable insights into the neural 

underpinnings of cognition, but they answer fundamentally different research questions, so it is 

important to understand the virtues and limitations of each approach. 

UNIVARIATE APPROACH 

Description  
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 The univariate approach, which has long been the most prevalent in fMRI research, is 

designed to identify the functional specialization of individual brain regions by measuring how their 

mean BOLD activation level changes under different conditions, such as stimuli types or cognitive 

processing demands. Univariate analyses can be used to generate whole-brain maps depicting the 

statistical evidence for task-related effects at each brain voxel. These maps can be contrasted across 

task conditions, and then a statistical threshold can be applied (i.e. to exclude voxels that failed to 

reach significance) to reveal focal clusters of activation exhibiting reliable effects. For example, 

univariate analyses can be used to localize brain areas specialized in face processing, such as the 

fusiform face area (FFA), or scene processing, such as the parahippocampal place area (PPA). 

Activity within these functionally-defined ROIs can then be assessed during a memory task 

involving face and scene stimuli, which may provide insights into the effects of task goals, 

attentional control, and memory load on stimulus encoding and maintenance (e.g., Ranganath, 

DeGutis, & D'Esposito, 2004; Rissman, Gazzaley, & D'Esposito, 2009).  

Implementation 

 Univariate fMRI analysis operates on the BOLD time-series data from each voxel using a 

general linear model framework. The experimenter specifies a design matrix, comprised of a set of 

predictor variables structured to explain the observed variance within the time-series, in order to 

identify voxels that are sensitive to various components of the experimental task(s). The most 

important predictors include a model of the expected activity for each task condition, given the 

timing and duration of individual task events (or blocks), and the assumed hemodynamic response 

functions that translates neural activity to BOLD signal. Other predictors may be entered to explain 

nuisance factors, such as activity fluctuations that might be correlated with subject head motion. The 

output of the analysis is a set of activity parameter estimates (betas) at each voxel, reflecting the 

amplitude of that voxel’s activation for each task condition. When applied to the whole brain (i.e. 
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“mass-univariate” analysis), researchers can conduct voxel-wise brain mapping. This identifies voxels 

(or clusters of voxels) throughout the brain that show a significant activity increase for one 

condition (e.g., viewing faces) relative to another (e.g., viewing scenes). These analyses are initially 

performed on the data from individual subjects, and then random-effects statistical contrasts are 

conducted on the data from multiple subjects (typically 20 to 30 per study) to identify effects that are 

significant at the group level. Because thousands of statistical tests are conducted (one at each voxel) 

in a whole brain analysis, the maps must be corrected for multiple comparisons in order to control 

the familywise error rate. A variety of techniques have been proposed, but cluster-based 

thresholding procedures are the most common (Friston, Worsley, Frackowiak, Mazziotta, & Evans, 

1994; Woo, Krishnan, & Wager, 2014). For a critical review of the general linear model approach to 

fMRI analysis and consideration of the viability of its underlying assumptions, the reader is referred 

to Monti (2011) and Poline and Brett (2012). 

 Researchers often supplement whole brain voxel-wise analyses with ROI-based analyses, 

which can more sensitively interrogate the signal properties in a specific region, or set of regions, 

wherein task-related effects are anticipated (Poldrack, 2007). Such ROI analyses can be particularly 

useful, for example, in high-resolution fMRI studies focused on characterizing memory-related 

effects within the small subfields of the hippocampus (Carr, Rissman, & Wagner, 2010; De Shetler 

& Rissman, 2017). ROI analyses typically involve several steps: (1) defining ROIs hypothesized to 

show an effect, (2) extracting the activity from all voxels within each region, (3) averaging across 

voxels within each ROI, and (4) conducting statistical analysis on the averaged data to identify which 

ROIs show reliable activity differences between conditions or show activation levels that correlate 

with relevant behavioural variables of interest.  

 An important consideration for any ROI-based analysis is that the ROIs must be defined in 

a manner that is statistically independent from the tests of interest (Kriegeskorte, Simmons, 
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Bellgowan, & Baker, 2009). In other words, if one is to test a hypothesis relating to the differential 

activation level of the ROI across task conditions, the ROI cannot be defined using a contrast that 

included one or more of these task conditions. Rather, it must be defined using data from an 

orthogonal contrast (e.g., from a separately acquired scanner run) or specified anatomically (e.g., 

from defining the boundaries of a region in each individual subject or at the group-level using a 

spatially normalized anatomical atlas).  

Applications 

EPISODIC MEMORY: ENCODING 

 The subsequent memory paradigm (Figure 2.2) is a popular approach to address an important 

question in learning and memory: “What happens in the brain during learning that leads some 

memories to be successfully formed and retained, while others are forgotten?” This calls for fMRI 

scans during encoding, and the data are then analysed based on participants’ subsequent memory 

performance. This analytic approach is grounded in the difference due to memory effect, first 

documented in EEG event-related potential studies in the 1980’s (Sanquist, Rohrbaugh, Syndulko, 

& Lindsley, 1980). Specifically, individual encoding trials are retrospectively labelled according to 

whether the participant would later remember or forget the given stimulus, and brain activation 

associated with each trial type is then compared. The first two fMRI  

experiments of subsequent memory identified regions of prefrontal cortex and the medial temporal 

lobes that showed significantly elevated BOLD signal during successfully encoded verbal stimuli 

(Wagner et al., 1998) and visual stimuli (Brewer et al., 1998). Many ensuing studies confirmed and 

expanded upon these initial findings, showing, for instance, that activity within different medial 

temporal lobe regions can predict if the contextual details associated with an item will be 

subsequently recollected, or whether the item will merely be recognized as familiar (Davachi, 

Mitchell, & Wagner, 2003). Other work has shown that reduced activation (or ‘deactivations’) in  
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Figure 2.2. The subsequent memory paradigm. 
The goal of this example is to examine the differences in encoding activity that subsequently lead to 
different memory outcomes.  
   (A) Encoding phase: during fMRI scans, participants would be shown images using blocked, event-
related, or mixed design.  
   (B) Testing phase: participants would be shown previously seen images along with unstudied foil 
images (foil prompts had been omitted from the illustration for visual simplicity). 
   (C) Analysis phase: Participants’ behavioral responses during the testing phase can be used, 
retroactively, to categorize each encoding trial according to its subsequent memory outcome. Event-
related activity associated with subsequently remembered and forgotten items can be separately 
estimated in each brain voxel, or within regions-of-interest. Time course plots can then be extracted to 
illustrate the mean hemodynamic response associated with each trial type. 
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certain brain regions during encoding, such as those within the brain’s default mode network, can 

also be highly predictive of subsequent memory (Daselaar, Prince, & Cabeza, 2004). For a meta-

analysis of fMRI studies of subsequent remembering and forgetting, see Kim (2011). 

EPISODIC MEMORY: RETRIEVAL 

 Neuroimaging data collected during retrieval allow us to examine brain activity related to 

retrieval success and fidelity (Rugg & Vilberg, 2013). In these experiments, researchers generally 

have subjects perform a learning session and then collect fMRI data during a memory test. 

Depending on the goals of the experiment, the retention interval—the amount of time elapsed 

between the learning and testing sessions—varied from minutes (e.g., an encoding scan followed by 

a retrieval scan) to hours (e.g., encoding session conducted in a behavioural testing room before the 

retrieval scan) or months/years (e.g., experiment involving multiple visits or probing memory for 

real-world autobiographical events). The neural correlates of retrieval success can be examined by 

presenting previously learned and novel material (usually words and/or images) during a scan, and 

asking participants to make memory judgments. These judgments require participants to distinguish 

old versus new items (e.g., Konishi et al., 2000), make remember versus know judgments (e.g., 

Eldridge, Knowlton, Furmanski, Bookheimer, & Engel, 2000), rate stimulus familiarity on a graded 

scale (e.g., Montaldi, Spencer, Roberts, & Mayes, 2006), report the recollection of contextual source 

details (e.g., Kahn, Davachi, & Wagner, 2004), determine whether an item is correctly paired with its 

learned associate (e.g., De Shetler & Rissman, 2017; Giovanello, Schnyer, & Verfaellie, 2004), or any 

combinations thereof. Thereafter, fMRI data can be analysed based on the participant’s judgment or 

response, such as hits (studied items correctly identified as old), misses (studied items incorrectly 

identified as new), correct rejections (non-studied items correctly identified as new), and false alarms 

(non-studied items incorrectly identified as old). Furthermore, participant’s confidence ratings, 

familiarity strength ratings, or reports of source details can also be factored into the analysis. 
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Retrieval success effects are typically defined by contrasting activity for hits against that of correct 

rejections or misses. Some researchers are interested in examining the putative activity differences 

between true and false memories, for instance, by comparing hits against false alarms (Cabeza, Rao, 

Wagner, Mayer, & Schacter, 2001; Okado & Stark, 2003; Slotnick & Schacter, 2004). 

 Researchers can isolate state-components (task-related sustained activities, or “brain modes”) 

and item-components (trial-evoked transient activities) by using mixed designs. To do this, 

experimenters present trials in blocks, interleaved with resting or baseline blocks. Based on the task 

timing, item-components can be deconvolved from the data. Thereafter, the state-components—

such as the retrieval state (Donaldson et al., 2001) and the encoding state (Otten, Henson, & Rugg, 

2002)—can be computed by contrasting the task blocks with the resting/baseline blocks.   

WORKING MEMORY 

 Although some working memory (WM) task paradigms, such as the N-back, can be well 

accommodated by blocked designs, many WM tasks necessitate event-related designs. These 

paradigms typically feature temporally-extended trials in which participants are first presented with 

one or more stimuli to encode, then tasked with holding this information in mind over a brief delay 

interval (usually 6 to 12 s), and finally probed to evaluate the accuracy of their memory. It is of great 

interest to researchers to examine the evolution of brain activity across the component phases of 

each trial: encoding, maintenance, and retrieval. One commonly used approach for modelling 

activity during these successive task phases involves constructing a general linear model with 

separate regressors whose onsets and offsets are temporally positioned to capture BOLD signal 

variance attributable to each task phase. Oftentimes researchers will position the onset of the 

maintenance phase regressor near the middle of the maintenance interval to avoid collinearity (i.e. 

shared variance) with the regressors modelling the preceding encoding phase and ensuing retrieval 

phase (Postle, Zarahn, & D'Esposito, 2000; Zarahn et al., 1997). Occasionally multiple regressors 
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will be used to model the early, middle, and late phases of the maintenance period (Linden et al., 

2003). Estimation of the model parameters will yield separate beta map for each task condition 

combination (e.g., low load or high load trials) and trial phase. These maps can then be contrasted 

across subjects to identify regions with significant effects of interest (e.g., elevated activities during 

delay periods for high- relative to low-load trials).  

 Interrogation of effects within ROIs can also provide valuable insights. Researchers can do 

so by plotting either the beta estimates or mean BOLD activation time course within a given ROI 

for each condition (Linden et al., 2003; Rissman et al., 2009; Xu & Chun, 2006). As with episodic 

memory studies, fMRI activity from WM trials can also be sorted and analysed as a function of 

participants’ behavioural performance, such as how activation levels during encoding and/or 

maintenance phases would predict retrieval success (Curtis, Rao, & D'Esposito, 2004; Pessoa, 

Gutierrez, Bandettini, & Ungerleider, 2002). 

REPETITION SUPPRESSION AND PRIMING EFFECTS 

 Another approach that has been utilized in many neuroimaging studies of memory is to look 

for evidence of repetition suppression in the BOLD signal. Repetition suppression is the reduction of 

neural responses after repeat exposure to the same stimuli. This phenomenon was initially observed 

in the firing rate of individual neurons (e.g., Lueschow, Miller, & Desimone, 1994), and researchers 

quickly found that activity reductions in response to repeated stimuli could also be observed with 

fMRI (e.g., Grill-Spector et al., 1999), even though each voxel represents the integrated activity level 

of hundreds of thousands of neurons. Repetition suppression has been interpreted to constitute a 

neural marker of priming—the increased processing efficiency that stimuli enjoy after repeated 

exposure (Henson, Shallice, & Dolan, 2000; Schacter & Buckner, 1998) or overlapping semantic 

representations (Rissman, Eliassen, & Blumstein, 2003). In the context of memory studies, 

behavioural priming effects have long been interpreted as expressions of implicit memory because 
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the magnitude of behavioural facilitation for a repeated stimulus does not necessitate conscious 

awareness of the fact that it was previously encountered (Tulving & Schacter, 1990). However, there 

is some evidence that fMRI repetition suppression effects can be predictive of both implicit and 

explicit memory. For instance, Turk-Browne, Yi, and Chun (2006) found that repetition suppression 

in visual brain areas was associated with both behavioural facilitation to repeated scene stimuli and 

participants’ subsequent recognition memory for these scenes. That said, others have reported 

dissociable neural signatures of priming and explicit memory (Schott et al., 2006), and it is likely that 

repetition suppression is not a monolithic construct but rather may reflect different underlying 

neural mechanisms depending on the specific brain region being queried and the demands of the 

task (Barron, Garvert, & Behrens, 2016; Grill-Spector, Henson, & Martin, 2006; Schacter, Wig, & 

Stevens, 2007). 

MULTIVARIATE APPROACHES 
 Aided by advances in computing technology, computationally intensive multivariate analysis 

approaches have advanced in leaps and bounds over the past decades. Amongst multivariate 

analyses, (1) functional connectivity analysis identifies networks of regions that show correlated BOLD 

signal fluctuations indicative of inter-regional communication; (2) effective connectivity analysis takes this 

a step further by modelling the directionality of information flow between regions; (3) multi-voxel 

pattern analysis (MVPA) uses machine learning algorithms to decode spatial patterns of brain activity 

associated with different classes of stimuli or mental states; and (4) representational similarity analysis 

(RSA) quantifies the degree of similarity (or dissimilarity) of brain activity patterns across trials or 

task conditions.  

Connectivity Analyses 

 Whereas univariate analyses aim to establish functional segregation or localization (i.e., 

identifying brain regions “responsible” for certain cognitive processes), connectivity analyses seek to 
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examine how multiple regions work together—or functional integration (Bassett & Sporns, 2017). 

Our focus will be on analyses aimed at measuring the degree of functional communication between 

regions based on examination of fMRI BOLD effects. This is distinct from structural connectivity 

analyses, which aim to characterize the anatomical connections (i.e. white matter pathways) that link 

discrete brain regions.   

fMRI connectivity approaches are often categorized as analyses of either functional connectivity 

or effective connectivity. The former class of analyses seek to measure the statistical dependency of 

activations across different brain regions using techniques like correlation and regression, without 

regard to the directionality of this dependency. The latter class of analyses seeks to more explicitly 

model how brain regions interact, with an emphasis on characterizing how one region influences 

another. This is usually done by applying a series of theoretically informed models to the data and 

then identifying the model that best explains the data. In other words, functional connectivity tests 

whether the activity fluctuations observed in different brain regions are dependent in some way, 

whereas effective connectivity tries to explain the how they are dependent. For a review, 

commentary, and technical explanation of these approaches, see Friston (2011).  

 A note on terminology: An alternative categorization of connectivity analyses is “directed” 

versus “undirected.” This distinction, most often used in graph theory-based approaches, refers to 

whether inference was made about the directionality of the effect. Whereas most functional 

connectivity analyses do not infer directionality, notable exceptions exist and are sometimes called 

“directed functional connectivity” (Friston, Moran, & Seth, 2013), for example, those grounded in 

Granger causality (Roebroeck, Formisano, & Goebel, 2005).  

 Although the following section focuses on task-based connectivity analyses, connectivity 

measured during wakeful rest can also be relevant to investigations of memory. By indexing the 

intrinsic network dynamics of a person’s brain (as a trait characteristic), resting state connectivity 
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levels can be highly predictive of individual differences in behavioural performance on WM tasks 

(e.g., Alavash, Doebler, Holling, Thiel, & Giessing, 2015; Stevens, Tappon, Garg, & Fair, 2012; Zou 

et al., 2013) or on long-term episodic memory tasks (e.g., Ferreira et al., 2013; Salami, Pudas, & 

Nyberg, 2014; Sheldon, Farb, Palombo, & Levine, 2016). 

FUNCTIONAL CONNECTIVITY 

 In the memory literature, functional connectivity analyses have been used to test predictions 

about the role of inter-regional communication in a wide variety of mnemonic processes. Functional 

connectivity analyses often begin by the researchers identifying a ‘seed’ ROI whose connectivity they 

are interested in examining and comparing across distinct task conditions. Various analysis 

procedures, several of which we describe below, can then be used to estimate the seed region’s 

connectivity with every other voxel in the brain, yielding whole-brain maps of connectivity effects. If 

researchers have hypotheses about the functional interactions of a relatively small number of 

regions, they can compute the functional connectivity between each pair of regions and examine 

how these values change across task conditions. Finally, graph theoretical analysis techniques make it 

possible to analyse the functional connectivity properties of much larger-scale networks containing 

dozens, or even hundreds, of individual regions. 

Psychophysiological Interactions 

 Description: First introduced by Friston et al. (1997), psychophysiological interactions (PPI) 

analysis measures task context-dependent functional connectivity. This analysis identifies voxels 

whose connectivity with the seed region changes when the task context changes (e.g., different task 

conditions). In other words, psychophysiological interactions analysis examines how task conditions 

(the psychological factor) and seed region’s activity (the physiological factor) interact with one 

another to result in changes in other regions’ activity.  
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 Implementation: In short, this is done by creating a physiological vector, reflecting the 

mean activity of the seed ROI at each point in time, and a psychological vector indicating which 

time points belongs to the condition of interest (or indicating the contrast between two task 

conditions). Then an interaction vector can be generated by the element-by-element multiplication 

of the physiological and psychological vectors. All three vectors, along with any additional nuisance 

vectors (e.g., head movement parameters) can then be entered into a general linear model as 

regressors, and the resulting beta values for the interaction regressor can be interpreted as maps of 

regions exhibiting task-dependent connectivity with the seed. For a helpful tutorial on 

psychophysiological interactions analysis, see O’Reilly et al. (2012).  

 Applications: As psychophysiological interactions analysis is a versatile and widely-used 

functional connectivity technique, it has been applied to many areas of memory research. To give 

just a few examples, it has been used to evaluate (1) goal-dependent changes in parietal lobe 

connectivity based on whether participants are focused on word identity versus word order in a 

verbal WM task (Majerus et al., 2006), (2) changes in hippocampal connectivity during encoding as 

function of subsequent memory outcome and whether participants engage in shallow versus deep 

stimulus processing (Schott et al., 2013), (3) large-scale connectivity changes for cortical and 

hippocampal regions within the brain’s “core recollection network” during episodic retrieval 

predictive of successful recollection (King, de Chastelaine, Elward, Wang, & Rugg, 2015), and (4) 

task-dependent reconfiguration of prefrontal connectivity with posterior regions as a function of 

whether participants were cued to engage in episodic retrieval, analogical reasoning, or visuospatial 

processing of word arrays (Westphal, Reggente, Ito, & Rissman, 2016).  

Beta Series Correlation Approach 

 Description: Rissman, Gazzaley, and D’Esposito (2004) introduced the beta series 

correlation approach as a method for measuring correlated fluctuations in trial-to-trial activity across 
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regions. The method is especially well-suited for obtaining separate estimates of the functional 

connectivity for each stage of a multi-stage cognitive task (such as the encoding, maintenance, and 

retrieval phases of a WM task). 

 Implementation: In this approach, parameter estimates (beta values) from event-related 

fMRI data are first derived from a general linear model that models each stage of every trial with a 

separate regressor. The resulting betas are then binned based on task stage and/or experimental 

conditions to form condition-specific beta series. Finally, correlations are computed between the 

beta series of the seed ROI and that of every other voxel in the brain, to yield a map of the seed’s 

functional connectivity for each condition. Regions whose beta series are correlated in a given 

condition are inferred to be functionally dependent under that condition, and conditions can be 

contrasted against one another (much like with psychophysiological interactions) to reveal task-

dependent effects. The method can alternatively be implemented by computing the pairwise 

correlations between the beta series of a set of ROIs. 

 Applications: The beta series correlation method has made it possible for memory 

researchers to characterize how functional interactions between fronto-parietal regions and stimulus-

selective sensory regions evolve over the course of a typical delayed recognition WM trial, such as 

one requiring the brief maintenance of a face stimulus (Gazzaley, Rissman, & D'Esposito, 2004). 

The method can also be useful for examining how connectivity levels increase or decrease between 

regions as function of (1) the number of stimuli that need to be maintained (Fiebach, Rissman, & 

D'Esposito, 2006; Rissman, Gazzaley, & D'Esposito, 2008), (2) the task-relevance of the stimuli 

(Gazzaley et al., 2007), (3) the ability to overcome irrelevant distractors (Clapp, Rubens, Sabharwal, 

& Gazzaley, 2011), (4) dynamic changes in participants’ focus of attention during maintenance (Nee 

& Jonides, 2014), and (5) the likelihood that participants will be able to subsequently remember the 
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stimuli on a later test (Ranganath, Heller, Cohen, Brozinsky, & Rissman, 2005; Ritchey, Dolcos, & 

Cabeza, 2008). 

Partial Least Squares 

 Description: Partial least squares (PLS) aims to characterize the covariance structure 

between two or more matrices of experimental variables, with the goal of deriving a set of 

orthogonal latent variables that optimally relate the original matrices using the fewest dimensions. 

First adopted as a functional connectivity approach to examine across-subject covariance patterns in 

PET data (McIntosh, Bookstein, Haxby, & Grady, 1996), it has since been productively applied to 

event-related fMRI data, where it can take advantage of the higher-resolution temporal fluctuations 

that drive covariance between brain networks (McIntosh, Chau, & Protzner, 2004).  

 Implementation: The most commonly employed variant of partial least squares for fMRI 

studies is known as spatiotemporal partial least squares, which aims to relate the covariance in 

BOLD signal between brain voxels to aspects of the experimental design matrix, using an analytic 

procedure called singular value decomposition. Relative to seed-based psychophysiological 

interactions and beta series correlation (which separately assess the statistical dependency between 

the seed’s time-series and that of each individual voxel in the brain), partial least squares operates in 

a more classically multivariate manner and accounts for the observed covariance structure of the 

entire brain in a single step. In this sense, partial least squares is conceptually similar to other data-

driven analysis methods like principal components analysis or independent components analysis, but 

it adds the important constraint that it only concerns itself with brain networks patterns that covary 

in some way with the experimental design matrix. Rather than requiring the specification of a priori 

contrasts between task conditions, the contrasts that explain the most variance in brain connectivity 

will emerge from internal model comparison. The researcher may then interpret the resulting latent 

variables, which typically indicate the relative weightings of each task condition (design scores) and 
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the degree to which each voxel is a member of a network whose connectivity profile adheres to 

those weights (brain scores). An alternative variant of partial least squares, called seed partial least 

squares, can incorporate a seed ROI’s BOLD time-series as one of the input matrices to yield 

estimates of seed-specific connectivity effects. For a detailed review and tutorial of partial least 

squares applications for neuroimaging, see Krishnan, Williams, McIntosh, and Abdi (2011). 

 Applications: Its ability to parse brain activities with multiple input matrices makes partial 

least squares a useful tool in discovering the functional properties of distinct brain networks, or for 

examining task-related functional connectivity changes within known brain networks. For instance, 

Spreng, Stevens, Chamberlain, Gilmore, and Schacter (2010) used partial least squares to show that 

depending on the participant’s current task goals, the brain’s “fronto-parietal control network” can 

flexibly adjust which other brain networks it communicates, such that it couples more strongly with 

the default mode network (thought to be involved in internally-focused mentation) during 

autobiographical planning, but couples more strongly with the dorsal attention network (thought to 

be involved in externally-oriented attention) during visuospatial planning. Another study used partial 

least squares to showcase the striking overlap between the brain network associated with 

remembering past events, and one associated with imagining future events (Addis, Pan, Vu, Laiser, 

& Schacter, 2009). Interestingly, the authors further fractionated this core network into dissociable 

sub-networks, and they showed that the posterior subnetwork (which included hippocampus, 

parahippocampal gyrus, and regions of visual cortex) was disproportionately engaged in 

retrospective event recall. A later partial least squares study found that the timing and spatial 

distribution of hippocampal connectivity during autobiographical event recall changed as a function 

of subjective vividness and temporal remoteness of the memories (Sheldon & Levine, 2013).  

Graph Analysis 
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 Description: Graph analysis of brain networks uses the mathematical principles of graph 

theory to treat the brain as a complex system composed of a large set of individual regions (referred 

to as vertices or nodes) linked together in some way by connections (referred to as edges). The structure, 

or topology, of the network may be mathematically evaluated based on the observed connectivity 

matrix. This allows for the assessment of a vast array of global network properties such as modularity 

(reflecting the tendency of a network’s nodes to cluster together into a set of close-nit communities 

called modules) and efficiency (reflecting the number of nodes that typically need to be traversed for 

any one node to communicate with another node), as well as local network properties that pertain to 

each individual node, such as degree (reflecting the number of connections that link that node to the 

rest of the network; nodes with a high degree are often considered to be hubs). Since its initial 

introduction as a tool for fMRI connectivity modelling (Salvador et al., 2005), graph analysis has 

become a widely used method for characterizing the human brain ‘connectome’ during the resting 

state, and it has also begun to provide valuable insights into the ways that large-scale brain networks 

reconfigure their connectivity properties during cognitive tasks. For recent reviews on graph analysis 

and its applications, the reader is referred to Sporns and Betzel (2016) and Bassett and Mattar 

(2017). 

 Implementation: To run a graph analysis, the researcher must first decide on a set of nodes 

that adequately include all of the brain regions that one is interested in modelling (this could vary 

from dozens to hundreds of nodes). The central coordinates of these nodes are often defined based 

on an anatomical atlas or using a publicly-available functional parcellation (e.g., Power et al., 2011), 

and the BOLD time-series of each node is extracted. The connectivity between all pairs of nodes is 

then estimated for each task condition, and any connections of non-interest can be discarded (i.e. set 

to zero), as well as any connections whose functional connectivity strength falls below a specified 

threshold (this is needed to ensure sufficient sparsity). Suprathreshold connections can then either 
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be binarized (i.e. set to one) or left as scalar values, and the graph properties of the network and its 

constituent nodes can be estimated by a set of algorithms (e.g., using the Brain Connectivity 

Toolbox; (Rubinov & Sporns, 2010) and statistically compared against a set of randomly weighted 

networks (Fornito, Zalesky, & Breakspear, 2013). 

 Applications:  Although the application of graph analysis to fMRI studies of memory is still 

in its early days, a number of interesting finding have already begun to emerge. For example, two 

large-scale networks—the fronto-parietal control network and default mode network—that do not 

typically interact with one another in a cooperative fashion have been found to strengthen their 

coupling with one another during episodic retrieval relative a pseudo-resting condition (Fornito, 

Harrison, Zalesky, & Simons, 2012) and relative to two other closely matched and comparably 

demanding non-episodic memory tasks (Westphal, Wang, & Rissman, 2017). As a consequence of 

these networks working together, they exhibit a significantly less modularized organization during 

episodic retrieval, which is conducive to improved memory performance (Westphal et al., 2017). 

Related work using graph analysis has shown that successful retrieval (relative to forgetting) is 

associated with pronounced changes in the connectivity profile of the hippocampus, including an 

enhancement of its hub-like characteristics (Geib, Stanley, Dennis, Woldorff, & Cabeza, 2017; 

Schedlbauer, Copara, Watrous, & Ekstrom, 2014). Hippocampal communication efficiency with 

other brain networks during recollection has also been found to increase on trials where participants 

report that their recall is vivid relative to when they report it as dim (Geib, Stanley, Wing, Laurienti, 

& Cabeza, 2017).  

EFFECTIVE CONNECTIVITY 

 Effective connectivity takes a somewhat more mechanistic approach to the characterization 

of inter-regional interactions. The researcher first must specify a circuit model indicating the putative 

connections between a set of ROIs (or nodes). Then this model is applied to the observed data to 
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test how a given region’s activities affect those of other regions, and how this relationship changes 

across task conditions or performance (Stephan, Li, Iglesias, & Friston, 2015). The major challenge 

in modelling cause and effect relationships in neuroimaging data is that fMRI does not directly 

measure neuronal activity, but rather only measures an indirect and inherently noisy proxy of 

neuronal population activity (BOLD signal). Therefore, noise modelling must be carefully handled. 

The most common approaches are structural equation modelling and dynamic causal modelling, and 

they address the noise issues in different ways. Structural equation modelling models the noise and 

state/signal separately and operates on the covariance rather than directly on the data. Dynamic 

causal modelling includes a hemodynamic forward model to deduce the neuronal level response 

from the observed hemodynamic response. For a detailed comparison of these two techniques, see 

Penny, Stephan, Mechelli, and Friston (2004). 

Structural Equation Modelling  

 Description: McIntosh and Gonzalez-Lima (1994) first applied structural equation 

modelling (SEM) to neuroimaging for PET data, and shortly afterward, Büchel and Friston (1997) 

adapted the method for use with fMRI data. In this approach experimenters first specify a set of 

ROIs (or nodes) and the connections between them (often determined from the neuroanatomical 

literature). Then the causal relations between these nodes are estimated within the constraints of the 

specified model. In fMRI research, the terms “path analysis” or “path model” are sometimes used 

synonymously with structural equation modelling; however, path analysis is a special case of 

structural equation modelling in which only observed variables are modelled and thus does not 

involve the estimation of latent variables (Schlosser, Wagner, & Sauer, 2006).  

 Implementation: A structural equation model consists of two parts: the observed and 

model-implied covariance matrices. The observed covariance matrix is produced by (1) identifying the 

relevant nodes (typically a set of ROIs derived either from univariate analyses or from an anatomical 
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atlas), (2) extracting the time-series data from these nodes (their BOLD signals across relevant time 

windows), and (3) computing the covariance matrices from the data across time or participants. The 

model-implied covariance matrix is produced by (1) creating a hypothesized functional path model, which 

consists of a system of linear equations, each representing a path (the relationship between two 

given nodes), (2) determine the model-implied covariance matrix, that is, what the covariance would 

be if the model is correct. When implementing structural equation models, path coefficients are 

estimated by minimizing the difference between the observed matrices and the model-implied matrices, and 

model fit is evaluated. When multiple models were being tested, model comparison is conducted. 

Thereafter, higher-level statistical analyses can be conducted, such as those comparing between 

conditions or groups.  

 Applications: The use of structural equation modelling in fMRI data has declined in recent 

years, owing at least in part to its inefficiency in estimating connections that are bi-directional or 

reciprocal and its inability to incorporate precise temporal information (Friston, 2011; Schlosser et 

al., 2006). Indeed, the senior author of the first paper to adopt structural equation modelling for 

fMRI data recently concluded that it is probably inappropriate for electrophysiology and fMRI data, 

but remains useful for non-time-series data (Friston, 2011). However, structural equation modelling 

have yielded some intriguing findings regarding changing connectivity between prefrontal and 

parietal regions as a function of increasing verbal WM load (Honey et al., 2002). Other work has 

shown that the functioning of these fronto-parietal circuits during verbal WM is notably altered in 

patients with schizophrenia (Schlosser et al., 2003). And, a recent WM training study found that a 

strengthening of the path from left dorsolateral prefrontal cortex to the left inferior parietal lobule 

during training was correlated with improved verbal WM performance (Shen, Zhang, Yao, & Zhao, 

2015).  
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Dynamic Causal Modelling 

 Description: Dynamic causal modelling (DCM) was first introduced by Friston, Harrison, 

and Penny (2003). Like structural equation modelling, this approach involves estimating 

experimentally induced changes in the directional flow of information processing between a set of 

nodes, but it also incorporates a sophisticated biophysical model of the relationship between neural 

activity and the BOLD response and uses Bayesian inversion to dynamically identify effective 

connectivity that would cause the observed data.  

Implementation: A dynamic causal model consists of three parts: input (deterministic 

sensory input/stimuli), states (observed brain activity of various regions, times, and/or conditions), 

and output (behavioural response). Dynamic interactions are approximated between these states, 

yielding the following parameters: (1) one for how the input affected the states, or evoked responses; 

(2) one for how the states couple with one another, interpreted as effective connectivity; and (3) one 

for how the input affects the coupling, which is interpreted similarly as psychophysiological 

interactions.  

 Applications: Because dynamic causal modelling requires a deterministic sensory input that 

is predefined, it is most applicable to experiments using direct sensory stimuli to evoke the cognitive 

processes of interest (Schlosser et al., 2006). For example, Staresina, Cooper, and Henson (2013) 

presented participants with item or scene images to cue the retrieval of previously encoded item or 

scene paired associates (Figure 2.3). Using a simple 3-node dynamic causal model, they showed that 

the hippocampus bi-directionally waylays information between the perirhinal (PrC) and 

parahippocampal (PhC) cortices during memory retrieval in a directionally-specific manner. Namely, 

when the cue was a scene and the retrieval target was an object, the parahippocampal cortex drives 

the activation of the perirhinal cortex by way of the hippocampus; however,  
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Figure 2.3. Effective Connectivity Analysis (Dynamic Causal Modeling). 

This example experiment is based on Staresina, Cooper, and Henson (2013), and panel C partially 
reproduces Figure 4 in that publication. The goal of this experiment is to characterize the flow of 
information within the medial temporal lobe during associative memory retrieval. (A) Participants first 
encode a set of associations between arbitrarily paired objects and scenes. (B) During scanning, 
participants are prompted with studied objects and scenes and instructed to covertly retrieve a visual 
image of the paired associate. Trials can be categorized based on whether an object cues retrieval of a 
scene (O-S) or a scene cues retrieval of an object (S-O), as well as whether participants reported 
remembering (R) or forgetting (F) the associate. (C) A 3-node dynamic causal model allows the evaluation 
of information flow between the object-selective perirhinal cortex (PrC), the scene-selective 
parahippocampal cortex (PhC) and the hippocampus. Models with various parameter settings can then be 
compared. In this example, the best-fitting model showed that recall success was associated with stronger 
connectivity from the PrC to the PhC (both directly, and via the hippocampus) during object-cued 
retrieval of scenes, whereas the reverse was true for scene-cued retrieval of objects. 
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when the cue was an object and the retrieval target was a scene, the direction of information flow 

within this circuit was reversed. Dynamic causal modelling has also been used to help researchers 

elucidate (1) the interactions between multiple neural networks during autobiographical memory 

retrieval (St Jacques, Kragel, & Rubin, 2011), (2) the importance of connectivity between the 

hippocampus and the amygdala—modulated  by the orbitofrontal cortex—during the retrieval of 

contextual information with emotional valence (A. P. Smith, Stephan, Rugg, & Dolan, 2006), and (3) 

the effects of WM load on the effective connectivity between fronto-parietal regions for numeric 

information (Ma et al., 2012) and verbal information (Dima, Jogia, & Frangou, 2014).  

Distributed Pattern Analyses  

 As reviewed above, functional connectivity analyses constitute one important way that 

researchers have exploited the inherently multivariate nature of fMRI data to go beyond brain 

mapping and draw inferences about the functional communication between brain regions. Another 

significant way in which researchers have taken advantage of the multivariate nature of fMRI data is 

through the application of analytic techniques that emphasize the richness of the information 

represented within spatially distributed patterns of activity, rather than concentrating exclusively on 

peak regional effects. This distributed pattern analysis approach, which includes multi-voxel pattern 

analysis (MVPA) and representational similarity analysis  (RSA), has become increasingly influential 

in the neuroimaging field and is especially useful for memory research (Rissman & Wagner, 2012). 

The conceptual distinction between MVPA and RSA is this: although both operate on distributed 

patterns, MVPA is used to differentiate (decode) brain states based on the predictions of a classifier 

model, whereas RSA merely measures the similarities (or dissimilarities) between them.  
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MULTI-VOXEL PATTERN ANALYSIS 

Description 

 Haxby and colleagues (2001) first introduced the MVPA approach (Figure 2.4). They 

demonstrated that different categories of visual objects (e.g., faces, houses, shoes, chairs, cats, etc.) 

each evoked a distinctive pattern of fMRI BOLD activity in visual association regions of the ventral 

temporal cortex. Haxby showed that it was possible to infer which category of object a participant 

was viewing simply by evaluating the similarity of the brain activity pattern to the characteristic 

“neural signature” of each visual category (in this sense, Haxby’s seminal paper can also be 

considered the first RSA study because the classification of brain patterns was based solely on the 

assessment of pattern similarity). Shortly thereafter, this general analysis  

approach was formalized using a pattern classification framework derived from machine learning 

(Cox & Savoy, 2003).  

 Since its inception, memory researchers have harnessed the power of MVPA in a number of 

creative ways to provide novel insights into the mechanisms of learning and remembering. This 

method is sometimes sensationalized as “mind reading” (K. Smith, 2013; Wardlaw et al., 2011). 

Although this is undeniably true in a limited and specific sense, the scope of this claim remains 

bounded by the fact that the classifiers must be provided with known, defined, and finite 

categories—at least for now. Should it be achievable, it would have implications beyond the field of 

cognitive sciences, to that of forensics and ethics. For a review and commentary on decoding and 

mind/brain reading, and potential ethical issues that might arise, see Haynes and Rees (2006). For 

further discussion of methods, applications, and results interpretation, see Norman, Polyn, Detre, 

and Haxby (2006), Tong and Pratte, (2012), and Chadwick, Bonnici, and Maguire (2012). 
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Figure 2. 4. Multi-voxel pattern analysis (MVPA).  

This example MVPA application illustrates a scenario where one wishes to train a classifier to distinguish 
the brain patterns associated with two visual categories (faces and scenes) based on fMRI data acquired during 
perception (encoding) of face and scene stimuli, and then test the classifier’s ability to predict which stimulus 
category participants are bringing to mind during each retrieval trial based on the brain patterns evoked in response 
to an associative retrieval cue (e.g., a word or object that had previously been associated with a face or scene). (1) 
The classifier can either be trained and tested using the brain patterns within a specified region-of-interest (ROI), or 
whole brain searchlight MVPA can be conducted to map areas containing local voxel activity patterns that are 
reliably able to distinguish between the classes of stimuli. (2) The data are divided into training and testing sets (in 
this case based on encoding and retrieval, but in many applications it might be useful to divide the data based on 
runs using a leave-one-run-out cross-validation approach). Data within the training set are labeled trial by trial 
according to their class membership (e.g., face or scene), and the classifier then derives a high-dimensional decision 
boundaries for these classes. (3) After this, the withheld testing set trials would be submitted to the classifier without 
the labels. The classifier identifies each trial’s “place” in the decision space and outputs a classification (which 
category does the classifier think that the trial belongs to). (4) Thereafter, the overall classification accuracy can be 
computed for this specific region or sphere. One can also evaluate the “classifier evidence” for individual predictions 
based on how far a given test pattern falls from the decision boundary. For instance, if face retrieval tends to be 
more vivid than scene retrieval, the classifier might show stronger evidence scores for face trials in the testing set. (5) 
This concludes an ROI-based analysis, whereas a searchlight analysis would store the classification result at the 
central voxel of the searchlight sphere and then move the sphere one voxel over and repeat the procedure until each 
voxel in the brain has served as the center of the searchlight sphere. 
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Implementation 

 Typically, MVPA begins with dividing the fMRI data into training versus testing patterns. 

Each “pattern” is a vectorized representation of the BOLD activation levels across voxels within a 

particular region of the brain (or sometimes even across the entire brain) for a given time point or 

trial in the experiment. The experimenter must label each training pattern as an example of a 

particular class (i.e. trial type). These training patterns are then fed as inputs to a multivariate classifier 

algorithm, such as a support vector machine or regularized logistic regression, which formulates a 

model that can then be used to predict whether new patterns (i.e., test patterns that were not used in 

the classifier’s training) are more likely to be an example of one class or another. In the model, some 

voxels are weighted more strongly than others, owing to their differential value in informing the 

classifier’s predictions. For more stable results, this process is often repeated, each time with 

different subsets of the data used as the training and testing patterns, through a procedure known as 

cross-validation. Classification accuracy is often improved by reducing the number of voxels fed into 

the classifier (i.e. feature selection) because including noisy or uninformative features can impair the 

classifier’s ability to capture diagnostic patterns in the data. Although the multivariate nature of 

MVPA can make it difficult to interpret the contributions of individual voxels to classification 

performance, inspection of classification ‘importance maps’ may provide clues into which voxels 

most strongly influence the classifier’s predictions. Researchers may also conduct classifications 

within different ROIs and compare classification accuracy to evaluate the informational content of 

each region. This procedure can be extended to map informational content throughout the entire 

brain through an approach known as searchlight analysis, which involves running thousands of 

separate classifiers, each trained and tested on only a small cluster of voxels (Etzel, Zacks, & Braver, 

2013; Kriegeskorte, Goebel, & Bandettini, 2006). 

Applications 
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 Cortical reinstatement. Many theories of memory posit that the act of retrieving a memory 

involves the partial reactivation—or reinstatement—of the cortical representations that were activated 

during the initial formation of that memory. Initial fMRI evidence suggestive of neural reinstatement 

came from univariate analyses demonstrating that many of the same stimulus-selective cortical 

regions that were active during the initial encoding of a memory appear to be reactivated during its 

retrieval (for review, see Danker & Anderson, 2010). The advent of MVPA allowed cortical 

reinstatement to be quantified with far more precision because researchers can train a classifier to 

learn the brain activity patterns associated with the stimulus encoding and then test the classifier on 

a set of retrieval trials to evaluate the degree to which the retrieval patterns matched the encoding 

patterns (Levy & Wagner, 2013). 

 In the first MVPA study of episodic memory, Polyn, Natu, Cohen, and Norman (2005) 

trained a classifier to differentiate the activity patterns associated with faces, objects, and scenes 

during encoding and found these encoding pattern were indeed reinstated during a free recall test. 

Furthermore, this reinstatement typically preceded participants’ behavioural responses by several 

seconds, suggesting that recall may be facilitated by the internal generation of effective retrieval cues. 

Later, Johnson, McDuff, Rugg, and Norman (2009) found that cortical reinstatement is not only 

apparent on trials in which participants report the subjective experience of contextual recollection, 

but that it also can be observed (albeit to a lesser degree) on trials in which participants only 

reported a sense of item familiarity. The authors argued that reinstatement in and of itself may not 

be sufficient for high-fidelity memory recall.  

Gordon, Rissman, Kiani, and Wagner (2014) examined the relationship between encoding strength 

and cortical reinstatement. While in the scanner, participants encoded a set of descriptive adjectives, 

each arbitrarily paired with a cue to imagine a person or a scene associated with that adjective. Then, 

during the second half of the scanning session, they were again presented with each adjective and 
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asked to recall whether they had previously imagined it with a person or scene (i.e. the source 

context). The MVPA classifier was trained to discriminate person versus scene imagery during a 

subset of the encoding trials, and it was then tested on the remaining encoding trials to yield trial-by-

trial estimates of encoding strength. The trained classifier was also applied to the retrieval trials to 

provide estimates of cortical reinstatement. Encoding strength was found to predict both the 

probability that a trial’s source context would later be recalled and the magnitude of cortical 

reinstatement during retrieval. 

 Other work has shown that the lack of robust cortical reinstatement is also informative in 

certain experimental contexts. For instance, Kuhl, Rissman, Chun, and Wagner (2011) reasoned that 

low fidelity reinstatement of a target memory may be a marker of mnemonic competition during 

retrieval. They had participants learn a set of associations between individual words and images of 

either faces or scenes. For some of these words, participants were then tasked with learning a new 

paired associate (from the opposite category). When participants were later asked to recall the most 

recently learned image associate, the degree to which they reactivated the appropriate category-

selective cortical patterns was substantially diminished for targets that had a competitor. Moreover, 

the weaker the cortical reinstatement was for a target, the more likely its competitor would be 

subsequently remembered. Interestingly, as decoding become more ambiguous (interpreted as 

increased competition), fronto-parietal regions become more engaged, putatively to help resolve the 

competition. 

 Decoding mnemonic states. In addition to classifying between trial conditions, MVPA can 

also be used to decode mnemonic states. For example, Quamme, Weiss, and Norman (2010) used 

MVPA to identify the right supramarginal gyrus to be involved in supporting the maintenance of an 

internally directed attentional state that prepares the mind to make a recollection, or the “listening 

for recollection” state. More recently, Richter, Chanales, and Kuhl (2016) used cross-subject MVPA 
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to successfully decode between an encoding state, a retrieval state, and integration state (conducive 

to building a link between a new item and an already-learned paired-associate). They found that 

these three states could be robustly discriminated from the underlying brain activity patterns, and 

that the degree to which participants’ brains were in an integration state during learning could 

predict behavioural expressions of successful memory integration. Furthermore, the trained classifier 

could reliably decode specific instances of spontaneous memory integration in an independent 

sample of subjects.  

 In a related line of work, Rissman, Greely, and Wagner (2010) reported that MVPA 

classifiers could achieve remarkably accurate decoding of participants’ subjective retrieval states, 

such as whether a given face was experienced as old or new, and whether recognition was associated 

with vivid recollection, or a strong versus weak sense of familiarity. In contrast to this robust 

classification of subjective states, the ability to decode if a particular face had actually been 

previously experienced was rather limited, as was decoding of faces’ old/new status when 

recognition was assessed implicitly rather than explicitly. 

 Going beyond a standard laboratory-based paradigm, Rissman, Chow, Reggente, and 

Wagner (2016) examined decoding of memories for real-world events from the participants’ own 

lives. Participants wore digital cameras for three weeks, then image sequences captured by their 

cameras were shown during a scan, along with those from other participants, and participants judged 

their level of memory for each event. The results showed near-perfect classification between 

correctly recognized versus correctly rejected events, regardless of retention interval (the temporal 

remoteness of the event). In addition to successfully differentiating recollection from familiarity as 

well as different levels of subjective memory strength, they found dissociable brain maps for these 

mnemonic states. Interestingly, when they applied the classifier that they had trained on the data 

from their earlier laboratory-based face memory experiment to the data from the autobiographical 
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event memory experiment, decoding performance remained robust, suggesting that these mnemonic 

retrieval states are relatively stable across participants, experimental paradigms, retention intervals, 

and stimulus types.  

 Reading out the contents of working memory. Much as theories of episodic memory 

emphasize the importance of reactivation of encoding-related activity patterns, theories of WM 

emphasize the persistent activation of cortical patterns representing the to-be-maintained content 

(Lee & Baker, 2016; Postle, 2016). Given that MVPA methods are well suited for quantifying the 

representation of stimulus-specific activity patterns over time, researchers have used MVPA to ‘read 

out’ the WM contents. For example, Harrison and Tong (2009) trained a classifier model to 

discriminate the BOLD activity patterns in visual cortex associated with distinct orientation gratings. 

They then applied this classifier to fMRI data from a WM task in which participants were shown 

two distinct orientation gratings on each trial and then cued to hold one of these gratings in memory 

across a 11-s delay period, after which they judged whether a probe grating matched the one held in 

memory. The fMRI analyses showed that even though BOLD signal levels in the visual cortex 

dropped dramatically after stimulus encoding, the classifier accurately decoded the orientation of the 

grating held in memory based on delay period activity patterns in visual areas V1 to V4. Serences et 

al. (2009) conducted a similar experiment, except that they used orientation gratings on coloured 

backgrounds, and participants were cued to maintain either the orientation or the colour. Their 

MVPA analysis showed that the maintenance period only contained diagnostic information about 

the relevant dimension, and most robustly in area V1. That is, when orientation information is 

maintained, the classifier can decode between the orientations, but not the colours, and vice versa. 

These two experiments supported the sensory recruitment hypothesis of WM by demonstrating that 

BOLD activity patterns during WM maintenance resemble those evoked during bottom-up 

perception. This suggests that neural patterns that support online sensory processing are also active 
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during WM maintenance of the same stimuli, rather than transferring the processing to a separate 

WM buffer.  

 Later studies showed that visual WM content could be decoded beyond V1 to V4. 

Christophel, Hebart, and Haynes (2012) found that fMRI activity patterns within posterior parietal 

cortex contained sufficient information to allow a classifier to decode between colourful abstract 

stimuli, whereas patterns within frontal cortex did not. Results like these support a fronto-parietal 

network model of visual WM, in which parietal regions contribute to the maintenance of visual WM 

feature information, whereas frontal regions exert top-down control for accessing the stored 

contents. However, the evidence for this model is mixed, with some studies failing to show reliable 

WM decoding in parietal cortex (Riggall & Postle, 2012) and others reporting reliable decoding 

throughout visual, frontal, and parietal cortices (Ester, Sprague, & Serences, 2015).  

REPRESENTATIONAL SIMILARITY ANALYSIS 

Description 

 Although RSA has its roots in the early fMRI pattern analysis work of Haxby and colleagues 

(2001), the RSA approach was formally introduced by Kriegeskorte, Mur, and Bandettini (2008) and 

has since become a popular alternative to, or complementary of, classifier-based MVPA. Rather than 

attempting to decode mental states, the goal of RSA is merely to characterize the similarity structure 

of a set of brain activity patterns. Researches will typically use RSA to evaluate how pattern similarity 

within specific regions changes as a function of stimulus characteristics, task conditions, or 

behavioural performance. RSA can also provide a valuable tool to test how well brain activity 

patterns adhere to the predictions of various computational models.  

Implementation 

 Much like MVPA, RSA begins by extracting the BOLD activity patterns within a given ROI 

for each trial of the experiment, but instead of training a classifier model, these patterns are simply 
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correlated with one another to yield a matrix of pattern similarity values. These similarity values may 

then be summarized for trial pairs within and across individual trial types or task conditions. 

Oftentimes, the values in this matrix are all subtracted from 1 to create a representational dissimilarity 

matrix (RDM) reflecting the distinctiveness of BOLD patterns. Individual cells of the RDM may 

then be statistically contrasted against each other (e.g., to evaluate whether a region shows 

significantly greater dissimilarity between trials of different conditions than for trials of the same 

condition) or the entire RDM may be compared to an RDM derived based on participants’ 

behaviour (e.g., subjective stimulus similarity ratings) or a theoretical/computational model. 

Although RSA procedures are typically applied within individual ROIs, the technique may also be 

applied to characterize local pattern similarity throughout the brain using a searchlight mapping 

procedure. For a step-by-step conceptual tutorial to RSA, see Kriegeskorte et al. (2008), and for 

further details pertaining to implementation, see Nili et al. (2014). 

Applications 

 Memory Encoding. During learning, individual stimuli are often re-studied several times, 

and there has been debate about whether encoding should be facilitated or hindered by representing 

each stimulus in a similar fashion upon repeated encounters. Xue et al. (2010) applied an RSA 

approach to quantify the neural similarity across multiple encounters of a given stimulus, and they 

found that several prefrontal, parietal, and visual association areas showed heightened similarity for 

stimuli that later went on to be remembered versus those that were later forgotten. In a related 

study, LaRocque et al. (2013) examine the roles of medial temporal lobes regions and reported that 

subsequent memory could be predicted by the degree to which perirhinal cortex and 

parahippocampal cortex activity patterns were more similar and the degree to which hippocampal 

patterns were more dissimilar. These findings supported the notion that the hippocampus is 

responsible for pattern separation (differentiating the neural representations of similar stimuli to 
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ensure their distinctiveness in memory), whereas perirhinal cortex and parahippocampal cortex 

encode highly overlapping representations of similar stimuli. Favila, Chanales, and Kuhl (2016) 

expanded upon these findings by demonstrating that lower representational overlap in the 

hippocampus is conducive to subsequent learning by virtue of preventing interference between 

similar memories. The degree of hippocampal pattern similarity/dissimilarity between events has 

also been found to predict participants’ later judgments of the events’ temporal proximity to one 

another (Ezzyat & Davachi, 2014).  

 Memory Retrieval. Whereas most MVPA-based analyses of episodic retrieval have assessed 

the accuracy with which category-specific or context-specific activation patterns could be decoded 

(i.e., by training the classifier to differentiate broad classes of trials), RSA methods have shown 

promise in their ability to capture event-specific pattern similarity effects. For instance, Kuhl and 

Chun (2014) measured the pattern similarity between activity patterns evoked during a cued recall 

task (in which participants recalled a target image in response to a word associate) and those that 

evoked during a visual recognition task. Although these two trial types contained no perceptual 

information in common, fMRI patterns within a number of regions—most notably the angular 

gyrus—showed greater similarity for trials that required retrieval of the same exemplar than those 

that involved retrieval of different exemplars. RSA approaches have also been useful for querying 

the degree to which a region’s activity patterns are influence by the spatiotemporal relationships 

between retrieved memories. Deuker, Bellmund, Schröder, and Doeller (2016) reported that the 

pattern similarity in the hippocampus across retrieval trials scales with temporal and spatial distance 

of objects encoded in a virtual city. Along the same line of inquiry, but using real-world, personal 

episodic memories (cued by photographs of the participant’s own life-logged images), Nielson et al. 

(2015) reported that the anterior hippocampus pattern similarity across retrieval trials scaled with 

both temporal and spatial distance of the event being retrieved.  



 

 64 

 Encoding-retrieval similarity. In similar fashion to MVPA studies of cortical reactivation, 

RSA techniques can provide a powerful means to index the degree to which activity patterns 

observed during retrieval mimic those observed during encoding (Figure 2.5). But as an advantage 

over a classifier-based MVPA approach, which operates on categories of stimuli, RSA can measure 

the encoding-retrieval similarity (ERS) of individual items. For example, Wing, Ritchey, and Cabeza 

(2015) conducted an fMRI experiment in which participants first encoded a large set of scene stimuli 

with verbal labels. During the retrieval period, participants were to covertly retrieve the scene cued 

by the labels, and report the quality of the recall. Later they underwent a recognition test with the 

learned scenes against three exemplars. This design allowed the researchers to measure the 

relationship between ERS and recognition outcome for individual scenes (item level) and for all 

scenes (set level). They found that successful recognition scaled with occipitotemporal ERS at the 

item level, but not set level; whereas ventrolateral prefrontal ERS showed recognition-predictive 

effects at both levels. Using a similar design, Danker, Tompary, and Davachi (2016) found that 

cortical ERS correlates with univariate hippocampal activation during encoding for a given item. In 

another experiment that used high-resolution fMRI to measure ERS within medial temporal lobes 

and hippocampal subfields, Tompary, Duncan, and Davachi (2016) found evidence that individual 

episodic memories are reinstated within the CA1 subfield of the hippocampus as well as in the 

perirhinal cortex. Participants with better overall memory performance also showed more 

pronounced modulation of ERS during successful remembering at the level of individual trials. The 

important link between ERS and retrieval success was also observed by Mack and Preston (2016), 
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who found that hippocampal and perirhinal cortex ERS predicted the speed of participants’ 

memory-based decisions. 

 

 Effects of retrieval practice on subsequent memory. Similar to ERS, Bird, Keidel, Ing, 

Horner, and Burgess (2015) examined the pattern similarity between encoding and covert retrieval 

practice, using video clips as memoranda. One week later, they tested participants’ memory for the 

details of the videos. They found that pattern similarity between encoding and retrieval practice in 

the posterior cingulate cortex predicted long-term retention of complex information. Retrieval 

practice can also adversely impact competing memory. Using an event-specific RSA approach, 

Wimber, Alink, Charest, Kriegeskorte, and Anderson (2015) found that the repeated retrieval of a 

Figure 2. 5. Representational Similarity Analysis: Encoding-Retrieval Similarity (ERS) 
This example builds upon the subsequent memory example experiment (Figure 2), with testing 

phase fMRI data collection. The goal of this example analysis is to examine, within a given ROI, whether 
the degree of similarity between encoding-related and retrieval-related activity is greater for items that 
were successfully remembered. In this analysis, the images are categorized based on whether they were 
subsequently remembered or forgotten. (1) Then a correlation (r) is computed between the encoding and 
retrieval activation pattern for each stimulus. (2) After the pair-wise dissimilarity (1 – r) is computed for 
each stimulus, a representational dissimilarity matrix can be used to plot the results, and relevant cells of 
this matrix can be contrast to evaluate whether encoding-retrieval similarity (ERS) differs significantly as a 
function of memory outcome. 
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given target memory suppresses the specific cortical patterns of its competitors. Strikingly, not only 

did this pattern suppression predict subsequent forgetting of the competitor, but it also correlated 

with univariate activation of prefrontal regions known for resolving retrieval competition.  

CONCLUSION 
 In the past couple of decades, fMRI has proven to be a powerful and versatile tool for 

learning and memory research. Exciting new developments lead us to predict that fMRI will 

continue to increase in usefulness in the foreseeable future (Poldrack & Farah, 2015). First, 

computing technology continues to grow cheaper and more powerful, enabling increasingly 

sophisticated analyses. Second, ultra-high field MRI scanners (7T or more) are becoming 

increasingly available, improving spatial resolution and signal-to-noise ratio. For memory 

researchers, high field scanning has allowed for the unprecedented isolation of BOLD effects within 

the thin laminar structures of the hippocampus and entorhinal cortex (Maass et al., 2014). Third, 

advances in multi-channel head coil technology and MRI pulse sequences have facilitated parallel 

imaging approaches that allow multiple slices to be acquired simultaneously (Feinberg & Setsompop, 

2013). This vastly improves temporal resolution with which the BOLD signal can be sampled, 

improving the estimation of event-related time courses and the robustness of functional and 

effective connectivity analyses. Fourth, with the Human Connectome Project (Van Essen et al., 

2013) nearing completion, and the broader open data movement gathering momentum, many 

datasets (including many incorporating memory tasks), connectivity maps, and fully documented 

toolboxes and scripts (for visualization, pre-processing, and analyses) have become accessible to all 

researchers (Milham, 2012; Nichols et al., 2017). This affords novices access to fMRI data as a 

learning tool and experts the ability to widen their skillsets and make new discoveries. Most 

importantly, it increases the accountability and thus integrity in the scientific field in general 

(Poldrack et al., 2017). 
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 In addition to these development, fMRI researchers are becoming increasingly adept at 

applying advanced machine learning techniques to fMRI data. Two notable examples are the use of 

generative models and the real-time decoding of fMRI data for neurofeedback-based reinforcement. 

Generative models (a.k.a. forward encoding models), which characterize the tuning of individual voxels 

to specific perceptual or semantic features, have the potential to predict the multi-voxel activity 

patterns that should be associated with any potential stimulus (Naselaris, Kay, Nishimoto, & Gallant, 

2011). These models have provided exquisite characterization of abstract semantic concepts (Huth, 

de Heer, Griffiths, Theunissen, & Gallant, 2016) and can even facilitate the reconstruction of images 

or movies of what a participant is currently viewing (Nishimoto et al., 2011) or imagining (Naselaris, 

Olman, Stansbury, Ugurbil, & Gallant, 2015) in the scanner. It is not hard to envision ways that such 

generative models could be productively applied to provide deeper insights into nature of cortical 

memory representations. Neurofeedback reinforcement involves the real-time analysis of fMRI data as it 

is acquired—often with the use of MVPA-based classification. This can be powerful tool for so-

called “closed-loop brain training” (Sitaram et al., 2017), including enhancement of attentional 

control (deBettencourt, Cohen, Lee, Norman, & Turk-Browne, 2015), perceptual learning (Shibata, 

Watanabe, Sasaki, & Kawato, 2011), and perhaps most remarkably, fear extinction learning without 

forcing participants to consciously confront fear-evoking stimuli (Koizumi et al., 2016). We expect 

that this recent marriage of real-time fMRI analysis and MVPA decoding techniques will continue to 

spur new advances in cognitive neuroscience and potentially also novel avenues of treatment for a 

range of neurological/psychiatric disorders. In sum, we feel that this is an exciting time for 

neuroimaging research, and we hope that our chapter has provided a helpful overview of the various 

experimental design and data analysis procedures available to researchers to study the neural 

mechanisms of learning and memory. 
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CHAPTER 3.  ENHANCING THE ECOLOGICAL VALIDITY OF FMRI MEMORY RESEARCH 
USING VIRTUAL REALITY 

Enhancing the ecological validity of fMRI memory research using virtual reality 

By 

Nicco Reggente1, Joey K.-Y. Essoe1,  

Zahra M. Aghajan2, Amirvala Tavakoli1,2,3, Joseph F. McGuire4, Nanthia A. Suthana1,2,5, Jesse 

Rissman1,2 

 

1 Dept. of Psychology, 2 Dept. of Psychiatry & Biobehavioral Sciences, 5 Dept. of Neurosurgery, 

University of California, Los Angeles, Los Angeles, CA, USA  

3 Division of Biology and Biological Engineering, California Institute of Technology, Pasadena, CA, 

USA  

4 Division of Child and Adolescent Psychiatry, Johns Hopkins Medicine, Baltimore, MD, USA  

ABSTRACT 
Functional magnetic resonance imaging (fMRI) is a powerful research tool to understand 

human memory. However, as memory is known to be context-dependent, differences in contexts 

between naturalistic settings and the MRI scanner may potentially confound neuroimaging findings. 

Virtual reality (VR) provides a unique opportunity to mitigate this problem and serves as a platform 

to more accurately examine human memory in an immersive, navigable, multisensory context that 

can be presented both inside and outside of the MRI scanner. This methodology empowers 

cognitive neuroscientists to investigate memory mechanisms with greater ecological validity. 

Moreover, the highly controlled and replicable nature of VR lends itself to research. Indeed, recent 

advancements have made VR more feasible and accessible to integrate in fMRI methodology vis-à-

vis open-source software and equipment commonly available in most research scanner suites. Thus, 

it is now possible to cost-effectively create MRI-compatible VR to study human memory.  
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This mini-review surveys fMRI studies of memory that have incorporated VR, either by 

presenting research participants with VR experiences in the scanner, asking them to retrieve 

information that they had previously acquired in a VR environment, or identifying neural correlates 

of behavioural metrics obtained through VR. Although most VR fMRI studies to date have focused 

on spatial or navigational memory, this mini-review discusses the promise of VR in aiding other 

areas of memory research, including investigations into the mechanisms of context-dependent 

learning and mnemonic techniques. 

INTRODUCTION 
Virtual reality (VR) is a term used to encompass any computer-generated experience that 

induces a sense of presence (Steuer, 1992). Notably, VR from video game training paradigms (e.g., 

(Clemenson and Stark, 2015; Green and Bavelier, 2003, 2015; Mishra et al., 2016) because it 

intentionally simulates a realistic user experience. Given the intimate relationship between context 

and memory (Godden and Baddeley, 1975; Ramirez et al., 2013; Smith, 1988; Smith and Vela, 2001), 

VR presents an unparalleled tool for ecologically valid memory research because it can produce 

realistic virtual environments (VEs), that are reliable, replicable, and controllable. Indeed, this 

advantage is particularly salient when using tools like functional magnetic resonance imaging (fMRI) 

to identify the neural correlates of memory processes. 

Experimental designs employing VR and fMRI predominantly fall into three categories: 1) 

presenting participants with VR experiences during neuroimaging, 2) retrieval of information 

previously acquired in a VE, and 3) identifying structural or functional correlates of behavioural 

metrics obtained through the use of VR (Figure 3.1). This widely available immersive VR 

technology offers researchers an unprecedented ability to examine the above design categories with 

minimal expenditure (Figure 3.2A).  
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Indeed, VR enables the translation of research paradigms that have been used extensively in 

animal research that may not otherwise translate to human participants for technical or ethical 

reasons. For example, a human analogue of the Morris water maze (i.e. dropping a participant into a 

pool of water in the search of an invisible platform) may raise the ethical eyebrows of any 

Institutional Review Board. Likewise, VR empowers neuroscientists to create experiments that 

would either be impossible or impractical without the use of VR (e.g., creating invisible 

environmental boundaries). 

Given the known differences in the brain activation profile associated with real-world and 

laboratory-based memories (e.g. Chen et al., 2017), researchers often go to great lengths to increase 

the ecological validity of their tasks. For instance, researchers have sought to use wearable cameras 

to study autobiographical memory (e.g., Rissman et al., 2016). Similarly, Schinazi and Epstein (2010) 

created a 3km course around the University of Pennsylvania that participants traversed and were 

later probed on their recollection for buildings encountered on the route. The team unveiled neural 

correlates of object-recognition at navigationally pertinent decision points, despite lacking control 

over participants’ exposure to traffic and people. Nonetheless, they acknowledged overlapping 

behavioural results with a similarly designed VR study by Janzen and Weststeijn (2007), and a 

subsequent VR study has replicated their fMRI results (Wegman and Janzen, 2011). Taken together, 

VR offers a cheaper, less labour-intensive, and replicable investigational medium that sacrifices 

relatively little in terms of neural processing and experimental outcome. While such studies may only 

stand to be improved by the use of augmented reality (i.e. overlaying computer-generated stimuli 

onto real-world backdrops), there are certainly circumstances where the experimental control of 

event content, exposure duration, and allocation of attention afforded by VR can outweigh the 

labour-intensive processes of real-world data collection.  
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While VR allows for precise control over stimuli, it is not without its caveats. Recently, there 

has been an ongoing debate as to whether VR-based navigation—a process that relies heavily on 

memory—is considered true navigation (Minderer et al., 2016; Taube et al., 2013). One of the most 

crucial arguments against VR and fMRI is that when lying in a scanner, vestibular (idiothetic) cues 

cannot match allothetic cues since otolith organs will persistently relay a signal that the individual is 

supine. Decoupling of cues can cause a reorientation (Wang and Spelke, 2002) and force one system 

into domination (Dolins and Mitchell, 2010; Golledge, 1998). Further adding to these complications, 

visual cues alone have proven insufficient to elicit accurate distance measurements (Witmer and 

Kline, 1998) and turn responses (Riecke et al., 2012), which leads to impaired navigation. Meanwhile, 

on a neuronal level, the activity pattern of cells implicated in spatial representation, such as place 

cells, grid cells and head-direction cells (Buzsáki and Moser, 2013) have been shown to differ 

between real-world and VEs (Aghajan et al., 2015) (Chen et al., 2013; Ravassard et al., 2013).  

Nevertheless, the neural responses of spatially selective cells in VR resemble those observed 

in real navigation under certain circumstances (Aronov and Tank, 2014; Domnisoru et al., 

2013)(Killian and Buffalo, 2018). Additionally, VR has been shown to maintain hippocampal theta 

(Ekstrom et al., 2005), albeit some differences from real-world navigation (Aghajan et al., 2017; 

Bohbot et al., 2017; Jacobs, 2014). Various VR accessories, including head mounted displays (HMD) 

can be used to increase immersion (Dede, 2009) and, subsequently, spatial understanding (Bowman 

and McMahan, 2007; Ruddle et al., 1997). Importantly, Ganesh et al. ( 2012) found that increasing 

self-identification with an avatar resulted in measurable increases in regions associated with self-

identification and yielded increased recognition memory for traits associated with their avatar. 

Furthermore, activity patterns expressed during recall remain similar despite encoding in real-world 

vs. fictional environments (Spiers and Maguire, 2006). Even navigation through digital folders  
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Figure 3. 1. Examples of VR-fMRI experimental paradigms.  
(A) MR-compatible joysticks/gamepads and 3D stereoscopic goggles allow for participants to 

enter a VE while laying supine in the scanner. By time-locking events of interest (e.g., a participant’s 
heading direction while traversing the world) to the corresponding fMRI signals, researchers can identify 
neural correlates associated with specific task conditions or behaviours. In this example, entorhinal cortex 
activity is associated with the grid-cell-like property of hexagonal symmetry during navigation. Figures 
adapted with permission from Doeller et al. (2010).  

(B) Participants can perform VR-based learning tasks outside of the scanner, and their memory 
for information encoded within a VE can later be tested in the scanner using traditional fMRI task 
paradigms. In this example, trials can be coded based on each object’s properties within the VE (e.g., 
whether or not the object was located at a pertinent decision-point) to reveal incidental neural differences 
during retrieval as a function of the encoding experience. Figures adapted with permission from (Janzen 
and Weststeijn, 2007).  

(C) Just as questionnaires and computer tasks reveal individual differences in a host of 
behavioural metrics, VR can serve as an instrument to gather unique behavioural data points (e.g., number 
of times a participant revisited a particular location). Researchers can then examine whether these 
performance metrics can account for variance in brain activity or connectivity measured in a completely 
different context (e.g., while participants are simply resting in the scanner). Figures adapted with 
permission from (Wong et al., 2014). 
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Figure 3. 2. A limited showcase of currently available VR technologies. 

(A) Devices are sorted as a function of their ability to provide the participant with a sense that they are “in” a 
virtual environment (immersiveness; y-axis) and the system’s affordability (x-axis). “Window on World” refers to a 
traditional desktop and monitor setup. CAVE = cave automatic virtual environment – a real world room that leverages 
projectors, HMDs, and motion capture to create room-size virtual experiences. 

(B) Examples of common perspectives presented to participants while actively navigating VEs or during spatial 
memory tests. Both first- and third-person viewpoints provide an egocentric perspective whereas a bird’s eye view 
provides an allocentric one. 
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(Benn et al., 2015) and “abstract” space (Constantinescu et al., 2016) recruits similar brain structures 

and processes.  

Given the neural similarity between real-world and virtual behaviour, it appears that VR 

affords researchers with the ability to execute paradigms that more closely reflect the human 

condition—specifically increasing the ecological validity for studies of memory. This mini-review 

surveys the literature that has leveraged VR and fMRI to illustrate the ways in which researchers 

have a) increased the ecological validity of classic memory experiments, and b) conducted 

experiments that would be relatively infeasible without the use of VR. 

Fear Conditioning and Extinction Learning 

The ability to induce immediate contextual changes within an immersive VE makes VR an 

ideal tool to study context-dependent learning such as fear conditioning and extinction learning. 

Indeed, a growing body of fMRI studies have utilized VR to induce context-specific fear-

conditioning (Ewald et al., 2014; Huff et al., 2011; Tröger et al., 2012) and extinguish fear (Ahs et al., 

2015; Dunsmoor et al., 2014). Given that individuals typically acquire fear in one context (e.g., 

school) and clinical therapies occur in another context (e.g., clinic or laboratory), simple conditioning 

associations may not entirely reflect this context-specific relationship. This misstep may be most 

critical for children and adolescents, who predominantly rely on the hippocampus—a central hub 

for contextual representation (Holland and Bouton, 1999)—during fear learning and extinction 

(Britton et al., 2013; Lau et al., 2011). Thus, in comparison to non-VR experiments (for review see 

Lonsdorf et al. (2017) for adults and McGuire et al. (2016) for children and adolescents), VEs offer 

more realistic approaches to understanding context-specific conditioned responses and present an 

opportunity to better understand the impact of context on fear conditioning with greater ecological 

validity. Unfortunately to date, there have been few published reports that have used immersive VR 
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to study context conditioning (e.g., Dunsmoor et al., 2014; Kroes et al., 2017; Marusak et al., 2017)  

and no studies that we know of have integrated this technology with fMRI. 

Navigation / Spatial Memory 

Although in-vivo neural recordings of freely moving rodents have provided crucial insights 

into spatial memory functioning, ethical and physical limitations have prevented a direct replication 

of these studies in human participants. However, VR and VEs offer researchers boundless, safe, and 

controllable environments to conduct analogues of foundational experimental paradigms like the 

Morris water maze (MWM; Morris, 1984), radial arm maze (RAM; Olton et al., 1977), and random 

foraging tasks. Indeed, when combined with fMRI, VR has afforded researchers with the ability to 

quickly iterate manipulations of different MWM task features (e.g., distal vs. no cues; visible vs. 

invisible platforms) to determine hippocampal dependence (Kolarik et al., 2016; Shipman and Astur, 

2008), identify compensatory mechanisms following scopolamine injection (Antonova et al., 2011), 

examine functional connectivity changes (Woolley et al., 2015), and investigate the different neural 

patterns recruited when using egocentric vs. allocentric strategies (Rodriguez, 2010a). A research 

group even recently replicated their rodent body-behaviour findings in humans using a VR version 

of the MWM-- allowing them to subsequently interpret their fMRI findings with confidence (Müller 

et al., 2018). 

Virtual variations of the RAM have equipped researchers to study working memory and 

decision making in both win-shift (Demanuele et al., 2015) and win-stay (Cyr et al., 2016) paradigms. 

VR allows for real-time changes to RAM and similar tasks; shuffling distal cues and providing visual 

navigational guidance (e.g., following arrows on the ground) has made it possible to disentangle 

cognitive decision making from other processes of interest (Marsh et al., 2010). The ability to 

“teleport”, restrict access to certain areas with virtual “walls”, and track the precise location of the 

subject within the VE make it possible to tease apart place-based and sequence-based strategies 
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(Igloi et al., 2015). VR versions of the RAM were also used to assess the integrity of the 

hippocampus—predicting risk or severity in a variety of psychiatric disorders (Astur et al., 2005; 

Wilkins et al., 2017). Such insights are in line with the growing trend of using VR to provide 

objective diagnostic metrics (for review: Cogné et al., 2017; van Bennekom et al., 2017). For 

instance, Migo et al. (2016) identified behavioural and neural correlates of completing the RAM task 

in patients with amnestic mild cognitive impairment (MCI), which extends upon the work of King et 

al. (2002) who showed that when changing virtual viewpoints, amnesic MCI could not recall the 

positions of objects. Similar spatial memory tests have been conducted on athletes following mild 

traumatic brain injury ( Slobounov et al., 2010).VR-based random foraging tasks also permit 

researchers to identify population-based grid-cell-like firing patterns (Doeller et al., 2010)—a 

measurement whose consistency over time could be diagnostic of Alzheimer’s Disease (Kunz et al., 

2015)—and 3D place cells (Kim et al., 2017). By leveraging multivoxel pattern analysis in the 

hippocampus to decode a participant’s location, Hassabis et al. (2009) corroborated the classic 

function of place cells (O’Keefe and Dostrovsky, 1971), albeit at a far less granular level.  

Given the expanse of possibilities afforded by VR, experimental paradigms can move 

beyond the replication of rodent studies. By familiarizing participants with a VE, experimenters can 

probe a participant’s spatial memory by asking them to navigate from one location to another—a 

general paradigm that also be used to test orientation, route-learning, , and viewpoint-dependence 

(Brown et al., 2014; Dimsdale-Zucker et al., 2018; Stokes et al., 2015). Indeed, many such studies 

have used VEs to examine the neural correlates supporting navigation under different manipulations 

such as: using one landmark vs. many (Wegman et al., 2014); finding one’s way vs. following a visible 

path (Hartley et al., 2003, 2); relying on coarse vs. global strategies (Evensmoen et al., 2013); 

leveraging survey vs. route knowledge (Gillner and Mallot, 1998; Wolbers et al., 2004); tracking paths 

and distances (Chrastil et al., 2015; Wolbers et al., 2007), varying head directions (Shine et al., 2016), 
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egocentric and/or allocentric related manipulations (Suthana et al., 2009; Wolbers et al., 2008), and 

navigating towards a goal in healthy (Rodriguez, 2010b) and clinical populations (Thomas et al., 

2001). Embedding several such measurable manipulations within a single study, Dhindsa and 

colleagues (2014) utilized VR/fMRI to measure signal fluctuations as participants oriented 

themselves towards a learned location in a VE that lost critical features one-by-one—providing 

empirical evidence in support of the Byrne et al., (2007) model of orientation and navigation. 

The use of concurrent fMRI and VR as investigational mediums also begets an opportunity 

to examine underpinnings of spatial information that is being encoded incidentally and how such 

processes affect behaviour. For example, following periods of egocentric navigation, researchers can 

provide participants with a spatial memory test using a bird’s eye view of the environment (Figure 

3.2B)—a metric of allocentric memory that has been used to explain differences in navigational 

ability across adults and adolescents (Pine et al., 2002). Another example comes from the efforts of 

Kyle et al. (2015) as they tested the theory of pattern separation and completion (Yassa and Stark, 

2011); by having participants complete the same relative distance task across different, but similar, 

environments, they found that the more distinguishable a neural representation is of an environment 

(i.e. successful pattern separation), the less the interference of competing memories will hinder 

performance—revealing environment-specific hippocampal neural codes and corroborating similar 

findings using virtual scenes (Bonnici et al., 2012). Relatedly, a human analogue of the attractor 

dynamic model of mnemonic processing (Leutgeb et al., 2007) was demonstrated by Steemers et al. 

(2016): hippocampal responses to VEs that were constructed by linearly morphing two previously-

known VEs exhibited sigmoid properties (i.e. pattern completion) despite behavioural reports of 

consciously perceiving linear morphs. 

VEs are also commonly utilized to more systematically, and quantitatively, investigate 

imagined navigation. For instance, the Method of Loci mnemonic technique was implemented by 
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exposing subjects to a series of VEs that were later used as “memory palaces” (Legge et al., 2012). 

Therefore, size, detail, and exposure time to the VE can be matched—properties that are often 

confounded in traditional implementations (Yates, 1966). Further, the use of imagined virtual 

navigation has revealed signals that exhibit grid-cell like properties (Bellmund et al., 2016; Horner et 

al., 2016) and activity patterns associated with location and facing direction (Marchette et al., 2014).  

Virtual renditions of familiarized real-world environments allow researchers to probe memory for 

real-world objects using virtual cues. This technique has been used to examine the neural correlates 

of egocentric representations for objects outside of one’s current visual field (Schindler and Bartels, 

2013).  

Given that a time-course of fMRI activity can be collected during virtual navigation (Figure 

3.2A), it is straightforward to examine the different phases of navigation. Previous work has 

examined: planning vs. execution (Xu et al., 2010), encoding versus retrieval (Suthana et al., 2011), 

periods of object manipulation (Baumann et al., 2003a), and active vs. guided periods (Baumann et 

al., 2003b). Additionally, events that occur within VR (e.g. encountering another avatar who 

dispenses objects) can be dissociated from its visual scene by using different approach routes 

(Burgess et al., 2001). Even metrics like memory for heading direction (Baumann and Mattingley, 

2010) and environmental size/complexity (Baumann and Mattingley, 2013) can be investigated by 

examining relevant task time points, without explicitly probing the participant.  

In addition to navigation studies, VEs can be employed to study object-place associative 

memory. VR can be used to efficiently change the constellation of objects and their identities, with 

respect to locations within the VEs (e.g., shuffling object identities (Wong et al., 2014), modulating 

their saliency (Buchy et al., 2014), or altering the environment boundaries (Lee et al., 2016)). Object-

place memory tasks have also shown that emotion is bound to places by examining how the co-

occurrence of task-irrelevant emotional events alongside encoding can heighten retrieval activity 
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(Chan et al., 2014). Such insights appear to extend findings which show how place cells remap once 

an environment becomes associated with fear (Moita et al., 2004). VR allows for object-place 

experiments to be conducted with high precision, immersion, and repeatability— a set of abilities 

that make it particularly useful in obtaining diagnostic metrics in clinical patients (e.g. schizophrenia; 

Hawco et al., 2015). 

VR can also serve as a measuring instrument for manipulations implemented outside of 

direct experimentation. For example, Rauchs et al. (2008) trained participants to become familiar 

with a VE and investigated the effects of sleep deprivation on spatial and contextual memory with a 

series of navigation tests three days later—adding to evidence in support of the theory of sleep 

consolidation. Vice versa, fMRI can reveal patterns of neural activity that account for individual 

differences in VR-based tasks. Wegman and Janzen (2011) scanned participants while passively 

viewing a route through a VE to identify ROIs associated with navigation-based decision points, and 

then used the functional connectivity profile of these ROIs during rest to account for individual 

differences in spatial memory. 

It is worth noting that direct comparisons of recordings during real-world navigation 

paradigms (Aghajan et al., 2017; Bohbot et al., 2017) have proven to be challenging, and even 

unfeasible for the most part, thus rendering direct comparisons with virtual navigation remains 

difficult. Nonetheless, in the meantime, VR navigation can serve as the closest proxy to real-world 

navigation. 

Prospective / Retrospective Memory 

Prospective memory—the ability to recall and execute intended tasks, such as remembering 

to take a specific medication at a particular time—is crucial for daily functioning and an important 

aspect in cognitive aging research (for a review, see Kliegel et al., 2016). Traditionally, prospective 

memory is measured with questionnaires (e.g., Smith et al., 2000) or examined through mental 
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imagery-based board games (Rendell and Craik, 2000). These designs required participants mentally 

select or create their own contexts in which to execute the intended tasks. Using VR, Kalpouzos and 

Eriksson (2013) familiarized participants with a VE, then collected fMRI data while they encoded a 

series of intentions, then mentally execute the intended tasks within the imagined VE. In this design, 

participants learned and imagined a uniform, controlled VE during this prospective memory task, 

thus reducing variability in neuroimaging data while increasing control for individual differences. 

Furthermore, fMRI-compatible VR has the potential to take the unquantifiability of mental imagery 

out of the equation for prospective memory research—by offering interactive environments in 

which participants can virtually execute complex tasks that can be observed and recorded. 

DISCUSSION 
While fMRI has served as a powerful research tool in human memory research, it requires 

participants to be placed in a context that is far from naturalistic—a confound for many memory 

studies. The inclusion of VR in fMRI memory investigations allows researchers to utilize immersive 

and navigable contexts for stimulus presentation both inside and outside the scanner (Figure 3.2A). 

Moreover, it affords researchers a medium to conduct experiments in that is reliable, replicable, and 

controllable. Indeed, precise control over VEs has enabled researchers to study fear conditioning, 

navigation, object-place associative memory, retrospective, prospective, and episodic memory as well 

as test theoretical models of mnemonic processing.  

Facets unique to VR position it as an indispensable toolkit for specific investigations. For 

instance, creating invisible walls that restrict movement, but retain the visibility of distal cues would 

not be possible outside of a VE (Lee et al., 2016). Work by Bergouignan et al., (2014), which used 

VR to induce out-of-body experiences in the scanner while examining the necessary role of 

perceiving the world from the perspective of one’s own body for successful episodic encoding of 

real-like events, certainly would not have been possible without the use of VR. The same concept 
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applies to VR’s ability to “blend” VEs (Steemers et al., 2016), probe allocentric memory (Pine et al., 

2002), and take (and infer) multiple perspectives within the same VE (Sulpizio et al., 2016). 

Additionally, VR has the capacity to even the playing field in experiments that hinge on the use of 

imagination (e.g., Legge et al., 2012): it provides a common virtual space instead of relying on 

familiar real-world environments that could vary across individuals as a function of exposure time. 

With experimental designs including in-scanner VR use, post-VR exposure recall, and brain-VR-

behaviour analyses (Figure 3.1), the flexibility of fMRI and VR experiments allows for a vast array 

of unique investigations. 

VR technologies can also bolster the ecological validity of fMRI for researchers and 

clinicians to obtain objective diagnostic metrics for patient populations (Cogné et al., 2017; King et 

al., 2002; Plancher et al., 2012; van Bennekom et al., 2017). With HMDs, cross-institutional, 

consistent collaboration is also facilitated; participants immersed in VR will not be cognizant of the 

real-world environmental cues—minimizing experimental variance during replications and extension 

studies. Furthermore, compared to real-world tasks, VR-based experimental techniques can be 

replicated in shorter time spans. 

The utilization of VR need not be daunting nor expensive; open-source software such as 

OpenSim (http://opensimulator.org) and MR-compatible equipment found in most scanner suites 

(Figure 3.2) makes it increasingly easy to leverage VR in fMRI-based experiments of human 

memory. In some cases, experimenters can even forego the need for subjects to enter a VE by 

simply using VR-generated videos (e.g., Sulpizio et al., 2016). Nonetheless, VR research is still in its 

infancy and certainly not without limitations that go beyond just neurocognitive concerns. Given the 

visual-vestibular disconnect of most setups, some participants may experience adverse events and be 

unable to complete the study (Sharples et al., 2008). However, technological advances in VR should 

remedy most concerns and counteract a majority of the non-scanner related caveats mentioned in 
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our introduction. Devices that increase immersion through haptic feedback (e.g., Tesla Suit) and 

stationary locomotion (e.g., Omni Treadmill) or setups that create room-scale environments (e.g., 

cave automatic virtual environment; Figure 3.2) afford researchers with the ability to employ 

encoding paradigms that increasingly resemble “real life”, making the neural correlates unveiled 

during subsequent fMRI investigations of recall more and more ecologically valid. 
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CHAPTER 4:  EXP. 1,  VIRTUAL CONTEXTUAL VARIATION AND RETENTION 

Can Contextual Variation Improve  

Transfer and Long-Term Retention in Virtual Reality Learning? 

By  

Joey Ka-Yee Essoe1, Niccolo Reggente1, Jesse Rissman1,2,3,4 

 

1Department of Psychology, 2Department of Psychiatry & Biobehavioural Sciences, 3Brain Research 

Institute, 4Integrative Centre for Learning and Memory, University of California Los Angeles, Los 

Angeles, CA 90095 

ABSTRACT 
Background. Long-term retention and transfer—the ability to recall in the real world after 

learning something in virtual environments (VEs)—are key components for any viable virtual 

learning platform, but are often overlooked in VE-based pedagogical and memory research. Past 

research showed that encoding information in multiple contexts aided later retrieval when tested in 

new environments. The present virtual reality experiment utilised a modified Smith, Glenberg, and 

Bjork (1978, Exp. 1) contextual variation paradigm. Contextual variation effects tend to be small 

historically, but increase with retention interval (Smith & Vela, 2001). In order bolster recall to 

enable long-delay testing, we incorporating desirable difficulties (Bjork & Bjork, 2011) such as 

spacing and retrieval practice.  

Method. Participants (n=46, 28 females) learnt a list of 42 English-Swahili word pairs in 

four learning sessions interleaved with five testing (T1-T5 retrieval practices) sessions across two 

days. Each learning and testing session was preceded by an exploration session in a new VE. After 

exploration, the Fixed context group always returned to the first context for learning and testing, 
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while the Varied context group remain in the new VE for learning and testing. On the last VE test, 

both groups remained in the new VE for testing (T5, an immediate near transfer test). Participants 

returned for a 2-day delayed test in a different room (T6); then a 2-week delay test beside an outdoor 

fountain; then willing participants were telephoned for a last 90-day delayed test. This design allowed 

us to examine context effects on various aspects of memory: immediate vs delay (overnight, 2-days, 

2-week, and 120-day), VE vs real-world, recall of memories formed with or without contextual 

variation (between-subject manipulation). 

Results. While our learning protocol produced rapid acquisition, robust transfer, and long-

term retention, no main effects of contextual variation were found in the primary measures. 

However, exploratory analyses revealed that other factors were at play: participants’ biological sex 

and their pre-experimental proficiency with learning and speaking foreign languages. We found that 

(a) males who spoke different numbers of languages acquired the Swahili words differently from one 

another; (b) fixed context females acquired the Swahili vocabulary items faster than the males, but 

showed poorer 90-day retention; and (c) on the other hand, the varied context males acquired the 

Swahili vocabulary items faster than the females, retained more than the females after two days, but 

females were better able to retain what they remembered in the 2-week and 90-day periods. 

Conclusion. There were surprising and intriguing results, potential implications are 

considered in the General Discussion chapter. Based on this finding, we incorporated the number of 

languages spoken as a screening criterion in Experiments 2 and 3. 

METHOD 

Participants 

Participants (n=46, 28 females, age 18-34 y) were all native English speakers, with normal or 

corrected to normal vision and audition, without diagnosis for learning disabilities, reported no 

substance dependence, and are not currently taking any psychotropic medications.  
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In addition to the 46 reported here, six people participated. Two datasets were excluded due to 

experimenter error (a novice experimenter failed to request participants to follow the learning 

protocol), three people did not complete the experiment due various equipment failure or technical 

difficulties, and one participant’s results were unusable because the digital recording was corrupted.  

Recruitment. Participants were recruited via two methods. The first was campus flyers 

posted at the University of California, Los Angeles (UCLA). The first version of the flyers directed 

the viewers to e-mail the experimenters, and the experimenters would thereafter direct them to fill 

out online eligibility surveys (described below). To streamline the procedure, the later versions of the 

flyers contained a quick response, or QR, code that directed the prospective participants to the 

online surveys. The second recruitment method was online advertisement and social media. These 

directed the viewers to the experiments’ respective webpages that described the expected participant 

involvement and compensation, and contained a link to the eligibility survey.  

Screening. We used REDCap (Harris et al., 2009) to collect online pre-screening surveys 

from prospective participants. A trained experimenter screened the submitted surveys for eligibility 

and contacted the prospective participants to inform of their eligibility and, if they qualified, to 

schedule their participation. In the initial phase of the experiment, enrolment was restricted to those 

with extremely minimal VE experiences (less than one hour). This was designed to control for 

variability in experiment duration, as experienced gamers might take much less time to learn the 

navigational controls. However, it became immediately obvious that even the least experienced 

participants had no trouble learning to use the VE interface within 5 minutes. We therefore widened 

the inclusion criteria to participants with any level of VE experience, except for those who spent 

more than 5 hours in the exact VE software platform we utilised.  

Compensation. Participants were compensated either monetarily ($10 per hour) or via 

research credit (1 credit per hour).  
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Design 

This was a one-way design. The independent variable (between-subject) was Context Group, 

with two levels: the fixed context (Fixed) group experienced all of the learning, and all but the last 

testing, sessions in the same context; the varied context (Varied) group experienced each session in a 

new context.  

The dependent variable was the cued recall for the foreign pronunciation, with eight measures for 

each participant. Verbal responses were recorded digitally and scored by three scorers, and a fourth 

scorer reviewed the scores to determine the final scores (the scoring procedures are described in 

detail in the scoring section). On Day 1, participants underwent Tests 1-3 (T1-3) in the VE; Day 2, 

VE Test 4 (T4) was conducted before learning the last learning session to measure overnight 

forgetting, then Test 5 (T5) occurred in a novel VR context to measure close transfer; Day 4, Test 6 

(T6) was conducted in a novel office; Day 18 (n=41, M=18.17, SD=1.09), Test 7 (T7) was 

conducted outdoors; Day 108 (n=19, M=132.95, SD=87.86), Test 8 (T8) was conducted over the 

telephone. The T6-8 were designed to measure transfer and long-term retention. 

Hypotheses Testing. We hypothesised that contextual variation would improve VE learning 

outcomes by enhancing transfer, making information learnt in VEs more retrievable in the real 

world, and these effects would increase with long retention interval. Moreover, VE learning patterns 

would be similar to those seen in more standard laboratory experiments (i.e., memory would behave 

similarly in VEs as in the real world).  

H1. In the initial testing trials (T1-3), Fixed group would outperform Varied group—as long as they 

were tested in the same contexts they learnt at.  

H2. Tested in a novel VR context (T5), the performance of Fixed group would be poorer than the 

Varied group. 
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H3. Fixed would experience more forgetting with the delay tests, including the overnight forgetting 

(T4 minus T3), 2-day forgetting (T6 minus T5), 2-week forgetting (T7 minus T6), and 90-day 

forgetting (T8 minus T7).   

Exploratory analyses. Exploratory analyses were planned for the between-subject factors of 

Sex (biological sex of the participant, levels were male and female) and Languages Spoken (the self-

reported number of languages participants spoke before the experiment; levels were monolingual, 

bilingual, and multilingual meaning speaking three or more languages) to test whether they would 

interact with Context Group. 

E1. How Sex and Languages Spoken would interact with Context Group in its effects on the initial 

tests (T1-3). 

E2. How Sex and Languages Spoken would interact with Context Group in its effects on the VR 

context-change test (T5). 

E3. How Sex and Languages Spoken would interact with Context Group in its effects on the 

forgetting measures.  

Material and Apparatus 

Computer Software and Hardware. The VEs are built with Diva Distribution r23797 

(2013) of OpenSimulator v0.7.6 (2013, hence OpenSim), with VivoxVoice (2013) support. It utilises 

WIFI v076 for user management, and MySql server 5.6 for content database management. Firestorm 

for OpenSim Viewer v4.4.2 (2013) was used to visually render content.  

The OpenSim server was installed on a custom-built Windows 7TM machine designed to maximise 

computational speed (server support) and graphic capabilities (for quality rendering of the VE 

during data collection, using AMD Radeon HD 7900 series graphic card). A lesser machine that 

featured only an increase in graphic capabilities was also acquired to allow for simultaneous data 

collection.  
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Participants used a Logitech Extreme 3D Pro joystick to control their avatars and navigate in the 

VEs. They also wore Turtle Beach Ear Force X12 Gaming Headsets to hear the stimuli 

pronunciation and to communicate with experimenter, and their vocal production was recorded 

through its microphone during testing sessions. 

Contexts. Nine highly distinctive VEs (Supplemental Material, Section 1), two real-world 

environments (Supplemental Material, Section 2), and experimenter avatars (Supplemental Material, 

Section 3) served as contexts. The design was counter-balanced for every two subjects. While each 

participant was tested individually, each set of three participants experienced the same sequence of 

VEs and experimenter avatars.  

Stimuli (To-Be-Learnt Material). The list of 42 Swahili concrete nouns from a previous 

experiment was used (Carpenter & Olson, 2012; which used 43 Swahili words. “Beach” was 

removed from the list as it was not possible to represent it as a 3-D object). The decision to use the 

Carpenter and Olson (2012) stimuli was based on the fact that their Experiment 2 called for 

participants to retrieve Swahili pronunciation in multiple testing sessions, and the recall percentages 

did not show floor effects despite the difficulty to remember 43 foreign pronunciations.  

All words were presented in a randomised order, one at a time, for 10 seconds with a 3-

second inter-stimulus-interval in which a fixation cross (Thaler, Schütz, Goodale, & Gegenfurtner, 

2012) was presented.  

Overall Visual Presentation. The stimulus and fixation cross were centred on a grey 

screen, which was superimposed on the VE viewer (Figure 4.1a). Participants were instructed to 

seat their avatar in a prescribed location, beside the experimenter’s avatar; both avatar and the VE 

remained visible throughout learning/testing sessions. The posture of the avatars and the angle-of-

view for the VE were scripted to remain identical for each VE across all participants.  
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Learning Presentation. 

During learning sessions (Figure 

4.1b), videos of rotating 3-D objects 

were presented at the centre of the 

grey screen, with its Swahili phonetic 

translation above, and its English 

meaning below; while a computer 

voice pronounced the Swahili three 

times, 2 seconds apart. Participants 

were instructed to repeat after the 

computer voice every time it 

occurred. Virtual reality objects were 

either created by first author, or free-to-copy contents collected from various OpenSim grids. 

Testing Presentation. During the testing session (Figure 4.1c), still photographs of real-

world objects carrying the words’ meanings were presented at the centre of the grey screen, with no 

text. Participants were instructed to vocally produce the Swahili words from memory, and that if 

they produce multiple answers, the last pronunciation would be used. At the 7-second mark, the 

border of the image turned red to remind participants to produce a final answer within 3 seconds. 

Real-world object still photos were public domain images collected from Google Image Search 

(2013). 

  

Figure 4.1. Experiment 1 Stimulus Presentation. 

a. Presentation screen, showing fixation period. 

b. Learning Stimulus. c. Testing Cue. 
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Procedures 

 
Overview. As demonstrated in Figure 4.2, participants learnt a list of 42 Swahili words 

across four learning sessions (L1-L4); their memory was repeatedly assessed in eight cued-recall 

testing sessions (T1-8), and they were to verbally produce the Swahili pronunciations. Table 2.1 

contains an example sequence of contexts and experimenter avatars experienced by one set of three 

participants.  

All learning and testing sessions, except for T6-T8, occur in VEs. Each VE session was preceded by 

an exploration session in a novel context. After exploration, the Varied group remained in the novel 

context for the testing/learning session, and participants in both Fixed groups were teleported back 

to the first context for testing/learning. In the last VE test (T5), participants in the Fixed group was 

tested in the last explored context.  

Figure 4.2. Experimental Design. Each column represents a learning or testing session. Alphabet A-I each 
represents a distinctive VE. Green boxes denote delay periods between sessions; if the delays are 
exploration sessions, duration and VE explored are noted. Purpose boxes represent separate days. 
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Please note that all participants, regardless of group affiliation, explored new contexts before 

each session to prevent novelty/exploration induced plasticity from confounding results by causing 

memory advantage for only the Varied group. 

Table 4.1. Example sequence of contexts and experimenter avatars for a set of two participants  

 
 

Moreover, for the Varied group, the appearance of the avatar-experimenter changed with 

each new context. For the Fixed groups, the avatar-experimenter remained constant until the last 

session (T5), in which the avatar-experimenter changed into a new appearance. The changes of 

appearance always occurred between teleportation.  

T6, T7, and T8 were delayed real-world tests. T6 occurred in a novel office (i.e., a different 

room than the VR experiences) after a 2-day delay. T7 was conducted by a novel human 

experimenter, next to an outdoor fountain after a 14-day delay. T8 was a surprise telephone test that 

was conducted by a third, and novel, experimenter.  

This study/test sequence was designed to roughly simulate practical learning behaviours for 

foreign languages. For example, to prepare for a trip to Uganda, I might formally study Swahili 

(simulated by VE sessions), and later practice in a quiet place (simulated by the office session). Then 

while in Uganda, I would attempt recall weeks later by Lake Victoria (simulated by the outdoor 

fountain session) while speaking to a stranger, thus making a new friend. Having returned home, I 

might be surprised by a telephone call from the Uganda hotel because that new friend had requested 

my contact information. 
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Day 1. Orientation and avatar customization. On Day 1, after informed consent, the 

experimenter briefly instructed the participant to use the joystick to interact with the VE interface. 

Thereafter, all experimenter-participant interactions on Day 1 and Day 2 occurred within the VEs 

through their avatars. They began in an orientation area (Figure 4.3). The experimenter appeared in 

an avatar form that resembled the experimenter in the real world, and 

 

through the VR system, instructed the participant to use his/her avatar to read three in-world 

instructional billboards (Figure 4.3, right), which were intended to teach the participant how to 

modify his/her avatar’s appearance. Then for 15 minutes, the participant explored the “shops” along 

the orientation area (Figure 4.3, far left, background) to select desirable clothing and body parts for 

his/her avatar. When the time expired, the experimenter asked the participant to return to the 

billboard area to watch an in-world video about how to perform the experimental task (Figure 4.3, 

left). The participant then proceeded to their first exploration and learning session.  

Exploration, Testing, and Learning. The participant teleported to his/her first VE 

(Context A); the experimenter changed the appearance of his/her avatar into that of the first avatar-

Figure 4.3. Orientation Area.  
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experimenter, then teleported to join the participant and to instruct him/her to explore for 5 

minutes, followed by a 9-minute learning session (L1).  

Then the participant teleported to the second VE for exploration. For Varied group, the 

experimenter changed into a new avatar-experimenter before joining the participant; for Fixed 

group, the experimenter remained in the first avatar-experimenter (Avatar-Exp. A) for the rest of 

Day 1.  

While all participants explored the second VE, the Varied group would remain there for the first 

testing session (T1); the Fixed group returned to Context A for T1. Testing sessions are 9 minutes 

long, and participants’ responses are recorded for scoring purposes. Day 1 consists of three of these 

cycles (one cycle: exploration, learn, exploration, test), with a novel context for exploration each 

time for both groups. Throughout Day 1, Fixed group always saw Avatar-Exp. A throughout, and 

would return to Context A after each testing session, while Varied group always saw a new avatar-

experimenter with each new exploration, and always stayed in the newly explored contexts for 

testing or learning. 

Day 2. Participants returned the next day, greeted by the same human experimenter as Day 

1. They performed the VE tasks using the same avatars they had designed on Day 1. Day 2 began 

with exploration, followed by T4, exploration, L4, and exploration, using the same procedure as Day 

1.  

In the last testing session, T5, like the Varied group, the Fixed group would also stay in the newly 

explored context to be tested—this was the first time in which they would be tested outside of 

Context A.  

T5 concluded the VE portion of the experiment. Participants completed a post-VE survey packet 

on REDcap (Harris et al., 2009), and were reminded of their appointment on Day 4.  
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Day 4. Participants returned after a 2-day delay for T6—the first real-world test—conducted 

in a graduate student office down the hall from where the Day 1 and 2 sessions had taken place. The 

same experimenter from Day 1 and 2 conducted the cued-recall test using conversational English 

(“How do you say Hat in Swahili?”  “How about Dog?”  “Trees?”). Participants were asked to 

verbally produce the Swahili words from memory, and their responses were recorded for scoring.  

Day 18. Participants returned, after a 2-week delay, for T7—the final test and the second in 

the real-world. A different experimenter tested the participant in the same manner as Day 4. 

Participants were compensated for a full hour’s participation for this session even though the testing 

only lasted 10-20 minutes.  

Day 108. After a 90-day delay, the willing participants were scheduled for what was 

ostensibly a phone interview about what they had experienced in the VR. When a third, and novel, 

experimenter telephoned the participant, they asked whether he/she enjoyed the experiment, and 

some quality control questions (namely, what percentage of the Swahili words did they think they 

would remember, did they expect to be tested over the telephone, and whether they had thought 

about the words or studied the words before the telephone call). Then the experimenter proceeded 

to explain that there was to be a surprise memory test, and with the permission of the participant, 

began recording the conversation and started cueing the participant in the same manner as T7. 

Survey Instrument and Demographic Data 

The Day 2 post-VE survey consisted of the virtual Presence Scale (Fox et al., 2009) to 

measure presence, Slater et al (1995) to measure immersion, and the Pittsburgh Sleep Quality Index 

(Buysse, Reynolds, Monk, Berman, & Kupfer, 1989).  

Verbal Response Scoring 

Scoring. Each participant’s verbal responses were scored by three research assistants 

(scorers). The experimenter for Day 1, 2, and 4 was one of the scorers, and s/he scored the 
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participants during the actual tests. The other two scorers listened to the recordings and scored the 

tests. Each Swahili word was counted as one point, and each syllable within a given word was 

counted as an equal fraction of that one point.  

Half credit of the fractions was granted when participant recalled half of the syllable correctly, half 

credit was granted to each syllable when participant swapped the order of two entirely correct 

syllables. For example, the Swahili for arm is “papatiko.” If participant responded “Papatika,” they 

would receive 0.875 (3.5/4) for the word; “papakoti” would be 0.75 (3/4), and “mkono,” Swahili for 

hand, was 0.25 (1/4) as it shared “ko” with the correct answer. 

After the three scorers completed their scoring, a fourth research assistant examined the 

scores. When the two off-line scorers agreed on a word, that would be the final score; when they 

disagreed, an average of all three scorers were used as the final score for the word. Final scores for 

each test were then summed, and divided by the total number of words for each given test, resulting 

in the proportion recalled score. The total number of words was 42, with some exceptions such as 

experimenter error during the cued recall phase.  

Analysis 

PLANNED ANALYSIS 1 

Hypotheses H1, H2, E1, and E2, were tested via a 2 x 2 x 2 x 8 repeated-measure ANOVA 

(RM-ANOVA) at once in order to avoid the inflation of Type I Error. The factors were Context 

Group, Sex, Languages Spoken, and the repeated measure variable Tests (T1-3, T5). H1 and H2 

were examined through the marginal means comparison between the two context groups, with 

Bonferroni multiple comparison correction. E1 and E2 were examined through the between- and 

within-subject tests, and statistics with Greenhouse-Geisser corrections were reported when 

assumptions were violated.  

PLANNED ANALYSIS 2 
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Hypotheses H3 and E3 were tested in the same manner as Planned Analysis 1, except with 

the dependent variables of overnight forgetting (T4 minus T3), 2-day forgetting (T6 minus T5), and 

2-week forgetting (T7 minus T6).  

PLANNED ANALYSIS 3 

Hypothesis H3 and E3 concerns 90-day forgetting (T8 minus T7). It was tested separately 

from the other variable, as only 15 out of 41 participated in this test. To enter this variable into 

Planned Analyses 1 and 2 would result in list-wise removal of most of our cases. A 2 x 2 x 2 

univariate ANOVA was preformed, the same factors as Planned Analyses 1 and 2, except for Times 

as there were no repeated measures in this test.  

ADDRESSING UNEQUAL SAMPLE SIZES 

Rationale. As Sex and Languages Spoken were not the primary factors of interest, it had not 

been part of the experimental design to balance the number of participants in each group. While the 

two Context Groups had similar sizes (Fixed n=21, Varied n=20), the distributions of Sex therein 

were very different. The Varied group was composed of 10 males and 10 females, while the Fixed 

group had 18 females and three males.  

Consequently, in the event of a non-significant effect involving Sex in the Fixed group, it 

would be important to determine whether it was due to reduced power or not. A precautionary 

analysis was devised to test whether the data from the Fixed group males and females were from the 

same or different distributions. Should they be from the same distribution (where less than 95% of 

the bootstrapping t-tests would be significant), the effect was likely absent not due to the unequal 

sample sizes, and the result would not change even if more data were collected. On the other hand, 

if they were from different distributions (where more than 95% of the bootstrapping t-tests would 

be significant), then the effect was likely absent because it was underpowered due to the unequal 

sample sizes, and additional data collection should be considered.  
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Method. The following method was repeated 10,000 iterations: a random sample of three 

was drawn from the Fixed group females, and for each dependent variable, an independent-sample t-

test was conducted to compare that drawn sample and the three males in Fixed group.  

Results. Results showed that only .0019 of the 80,000 t-tests were significant. Amongst the 

dependent variables, the only the analyses of T2 and T4 yielded any significant results, at 0.4% and 

1.1% of the times, respectively. 

Interpretation. While this situation was not ideal, the bootstrapping test allowed us to 

conclude with some confidence that the males and females from Fixed group did not come from 

two different distributions. Therefore, the absence of the Sex effect was not due to the unequal n 

between the sexes. However, this still restricted our abilities to draw conclusions on effects involving 

Sex. For example, in the Context Group x Sex interactions, we would be unable to conclude that the 

Context Group manipulation affected the males and females differently; instead, we would only be 

able to conclude that within the Varied group, males and females responded differently to the varied 

context learning regimen.  

RESULTS 
In this section, wherever higher order effects were found, lower order effects will not be reported. 

Demographics and Descriptive 

For demographic information of the participants, see Table 4.2. For the overall recall 

performance, see Figure 4.4.  

Table 4.2. Experiment 1 Demographic information. 

n Age n Age n Age
Fixed	Group 3 25.0	(7.9) 18 19.6	(2.7) 21 20.4	(4.0)

Monolingual 2 20.5	(2.1) 7 19.0	(0.8) 9 19.3	(1.2)
Bilingual 1 34.0	(--) 9 20.2	(3.7) 10 21.6	(5.6)

Multilingual -- -- 2 19.0	(1.4) 2 19.0	(1.4)
Varied	Group 10 20.2	(1.9) 10 19.2	(1.1) 20 19.7	(1.6)

Monolingual 4 19.5	(1.3) 4 18.5	(1.0) 8 19.0	(1.2)
Bilingual 5 21.0	(2.2) 4 19.8	(1.3) 9 20.4	(1.9)

Multilingual 1 19.0	(--) 2 19.5	(0.7) 3 1.93	(0.6)
Overall 13 21.3	(4.2) 28 19.5	(2.2) 41 20.5	(3.1)

Male Female Overall



 

 98 

 

Initial Tests (T1-T3) and Novel Context Change Test (T5) 

PLANNED ANALYSES 1 

H1 stated that in the initial testing trials (T1-3), Fixed group would outperform Varied 

group—as long as they were tested in the same contexts they learnt at. We examined the marginal 

means comparison from Planned Analysis 1. Contrary to H1, there were no significant differences 

between the groups in T1-3 (Bonferroni corrected p>.33). 

H2 stated that when tested in a novel VR context (T5), the performance of Fixed group 

would be poorer than the Varied group. We examined the marginal means comparison from Planned 

Analysis 1. Contrary to H2, there were no significant differences between the groups in T5 

(Bonferroni corrected p=.33).  

EXPLORATORY ANALYSIS 

The exploratory analysis revealed a 4-way interaction between Context Group x Sex x 

Languages Spoken x Times F(2.17, 65.07)=3.11, p=0.047 (Figure 4.5). We conducted a follow-up 2 

x 2 x 2 RM-ANOVA for Sex x Language Spoken x Times for each of the context groups. This 

revealed that the simple 3-way interaction was significant in the Fixed group (F(2.01, 32.15)=5.68, 

p=0.008) but not in the Varied group (F(4.59, 32.13)=1.46, p=0.233).  

Figure 4.4. Experiment 1 Overall performance. 
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Fixed group. As the Sex x Language Spoken x Times interaction was significant in the Fixed 

group, we conducted a Language Spoken x Times RM-ANOVA in the Fixed group split by Sex. It 

was inconclusive because there were no multilingual males in this group. Therefore, it was replaced 

by an examination of the marginal mean comparison reported below, and comparisons were 

considered significant when Bonferroni corrected p<.05. Within the Fixed group, females 

outperformed males only in T3, and not in the other tests (also represented in the simple simple 

Times x Sex interaction (F(2.01, 32.15)=5.60, p=<0.01); bilingual females outperformed bilingual 

males in T3 (female: M=.78, SD=.27; male: M=.11, SD=.82) and T5 (female: M=.89, SD=.23; male: 

M=.43, SD=.64); and interestingly, monolingual males outperformed bilingual males in T3 

(monolingual: M=.69, SD=.60; bilingual: M=.11, SD=.82) and T5 (monolingual: M=.87, SD=.46; 

bilingual: M=.43, SD=.64).  

Varied group. As mentioned above, the Sex x Language Spoken x Times interaction was 

n.s. in the Varied group. A Times x Sex interaction was found (F(2.30, 32.13)=4.93, p=0.01), in 

which marginal mean comparisons revealed that males outperformed females in all of the tests (T1: 

female M=0.09, SD=0.13, male M=0.20, SD=0.18; T2: female M=0.29, SD=0.27, male M=0.62, 

SD=0.31; T3: female M=0.54, SD=0.22, male M=0.77, SD=0.27; T5: female M=0.73, SD=0.18, 

male M=0.89, SD=0.22), but the magnitude of the difference was most drastic in T2 (Bonferroni 

corrected p<.05). Moreover, a main effect of Language Spoken (F(1, 14)=4.85, p=.025) was found, 

in which bilingual participants (M=.57, SD=.18) out performed monolingual ones (M=.39, SD=.18; 

Bonferroni corrected p<.05), and the multilingual participants (M=.59, SD=.36) were not found to 

be different from the other two groups (Bonferroni corrected p>.05).  
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Forgetting in delayed tests 

Hypotheses H3 and E1 were tested in the same manner as Planned Analysis 1, except with 

the dependent variables of overnight forgetting (T4 minus T3), 2-day forgetting (T6 minus T5), and 

2-week forgetting (T7 minus T6).  

 

Figure 4. 5. Experiment 1 Results. Recall based on Group, Sex, Language Spoken, and Times. 
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PLANNED ANALYSES 2 AND 3 

H3 stated that Fixed would experience more forgetting with the delay tests, including the 

overnight forgetting (T4 minus T3), 2-day forgetting (T6 minus T5), 2-week forgetting (T7 minus 

T6), and 90-day forgetting (T8 minus T7). We examined the marginal means comparison from 

Planned Analysis 2 for the first three forgetting measures, and those of Planned Analysis 3 for the 

90-day forgetting measure. Contrary to H3, there were no significant differences between the groups 

in any of the forgetting measures, Bonferroni corrected p>.50.  

FORGETTING: OVERNIGHT, 2-DAY, AND 2-WEEK  

The exploratory analysis revealed that a 3-way interaction between Context Group x Sex x 

Times (F(1.60, 46.28)=5.89, p<.01; Figure 4.6). The main effect for Language Spoken was n.s..  

 

We conducted a follow-up 2 x 2 RM-ANOVA for Sex x Times for each of the context 

groups. This revealed that the simple 2-way interaction was significant in the Varied group (F(1.55, 

26.41)=8.35, p<.01) but not in the Fixed group (F(1.70, 32.20)=1.23, p=.30).  

Figure 4.6. Experiment 1 Results. Forgetting based on Group, Sex, and delay interval. 
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Varied Group simple 2-way interaction follow-up. To follow up on the Times x Sex 

simple interaction in the Varied group, we examined the marginal means comparison. There were no 

gender differences in overnight forgetting (Bonferroni corrected p=.65; female: M=-.04 , SD=.04; 

male: M=-.04, SD=.04). Females experienced more 2-day delay forgetting (M=-.11, SD=.09) than 

males (M=-.04, SD=.09), but suffered from less 2-week forgetting (M=-.13, SD=.13) than males 

(M=-.23, SD=.13).  

Fixed Group. The follow-up 2-way RM-ANOVA revealed a main effect of Times 

(F(2,38)=5.00, p=.012), marginal mean comparison revealed that 2-week delay (M=-.16, SD=.18) 

resulted in significantly more forgetting than overnight delay (M=-.05, SD=.09), and 2-day delay 

(M=-.07, SD=.09) was not significantly different from the other tests. Sex main effects and Sex x 

Times interactions were n.s.  

FORGETTING: 90-DAY DELAY 

The exploratory analysis for the 90-day forgetting measure (T8 minus T7) was a 2 x 2 x 2 

univariate ANOVA, with the factors of Context Group, Sex, and Language Spoken. While these 

effects were interesting, please note the substantially reduced sample size for this analysis (n=15) 

(e.g.,  in each Context Group only a single multilingual participant contributed data to this analysis, 

and only one male from the Fixed group participated). As the smallest sub-group was exactly 1, a 

bootstrapping test similar to the one reported for the Fixed group male vs female sample was not 

possible.  

Two interactions, Context Group x Sex (F(1,6)=14.84, p<.01) and Context Group x 

Language Spoken (F(2,6)=7.31, p=0.03) were found. A 2 x 2 univariate ANOVA was conducted for 

each of the context group to examine these interactions.  
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Context Group x Sex interaction. The main effects for Sex were significant in the Fixed 

group (F(1,5)=21.05, p<.01) but not in the Varied group (F(1,2)=1.05, p=0.41). Marginal mean 

comparison revealed that Fixed group females (M=-.29, SD=.12) experienced more forgetting than 

the male participant (M=.01, SD=na); while in the Varied group, female (M=-.22, SD=.12) and male 

(M=-.27, SD=.15) mean differences were n.s..  

Context Group x Language Spoken interaction. Language Spoken was significant in the 

Fixed group (F(2,5)=18.86, p<.01), but not the Varied group (F(2,2)=1.87, p=0.35). Marginal mean 

comparison revealed that Fixed group monolingual participants (M=-.15, SD=.19) experienced less 

forgetting than the bilingual ones (M=-.32, SD=.12), while the multilingual participants (M=.06, 

SD=.27) did not statistically differ from the other two groups.  

DISCUSSIONS 

Key Findings 

This experiment demonstrated a robust transfer and long-term retention effect. While we 

did not find the expected advantage in the Varied group, we were able to show that under certain 

circumstances, memory learnt in virtual reality can be retrieved well in the real world, and be 

retrievable over a long period of time in circumstances very different from the learning environment. 

The exploratory analyses on biological sex and the number of languages spoken yielded very 

intriguing results. However, precaution in interpreting these data must be applied. Moreover, due to 

the difficulty in interpreting these results, this experiment will be largely excluded from the general 

discussion. 

Languages Spoken and Gender Effects 

To the best of our knowledge, most context experiments that used verbal material have not 

reported on how many languages participants spoke prior to the experiment, nor have they reported 

to have collected such demographic information. While our interpretation of the results in the 
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Language Spoken and Sex factors was limited (see the limitations section), we found that males with 

different language backgrounds acquired the vocabulary quite differently from one another, while 

the results in females were less clear. The males in the varied context conditions conformed to the 

pattern expected based on past research (Jessner, 1999; Ransdell et al., 2006), such that the more 

multi- and bilingual participants learnt better than the monolingual participants. On the other hand, 

the exact opposite pattern was observed in the fixed context condition. No language background 

effects were observed in the long-term retention measures.  

In terms of gender effects on language acquisition, females in the Fixed context group 

performed better than the males at the end of Day 1; while the opposite was found in the Varied 

group—males performed better than females in all Day 1 tests. In terms of long-term retention, 

Varied group females showed superior 2-day retention, males showed superior 2-week retention; and 

males and females showed similarly little overnight forgetting, and equivalent 90-day forgetting. 

There were no gender effects in the Fixed group except for males showed superior 90-day retention.  

All in all, the fixed context females acquired the language faster than the males, but showed 

poorer 90-day retention. On the other hand, the varied context males acquired the language faster 

than the females, retained more than the females after two days, but females were better able to 

retain what they did remember over the 2-week and 90-day periods. 

Limitations 

A limitation to this experiment was participant fatigue (Day 1 and Day 2 were 2-4-hour 

sessions) and physical discomfort due to motion sickness. Participants’ performance might have 

been affected. However, the post-experimental survey showed that participants were entertained by 

the virtual environments, and remained engaged to the experiment despite of their fatigue. This was 

also represented by the low drop-out rate in the 2-week delay session.  
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The main limitation of the exploratory analyses was that our exploratory factors did not have 

equivalent group sizes. We had elected for a counterbalancing system that did not control for the 

gender distribution in the groups, and were quite surprised by how skewed the numbers were. 

Moreover, we became interested in the Languages Spoken variable after data collection was nearly 

completed. One of the first author’s undergraduate research mentees, Dana Frostig, was interested 

in linguistics. As an undergraduate research paper, she was mentored to conduct a literature search 

and a preliminary analysis with the Language Spoken factor which produced significant results. This 

led to the incorporation or that variable in the exploratory analyses. Unfortunately, the post-hoc 

nature of the Language Spoken and Sex factors led to the group sizes not being well-controlled—

males, especially in the multilingual group, were underrepresented, especially in the Fixed context 

group. This limited our ability to draw conclusions based on our manipulations, so we presented 

these interpretations as what we found in each group, rather than that our experimental protocol 

resulted in these differences.  

Nevertheless, due to the potential effects of language background, the eligibility criteria of 

Experiments 2 and 3 included language background information.  
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SUPPLEMENTAL MATERIAL 

Section 1. Distinctive Virtual Environments and Classrooms 

Campus Photos (Top): birds-eye of each VE. Arrows denote classrooms location. 
 Classroom Photos (Bottom): are exactly what participants see on-screen during learn/test 
sessions. Female avatar denotes experimenter position. Male avatar denotes participant position. 

1. Atlantis Campus & Classroom 

 

 

Content Credit: modified from Justin Reeve’s underwater observatory sim (CC). 
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2. Bayou Campus & Classroom 

 

 

Content Credit: modified from a public domain VE downloaded from Zadaroo.com 
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3. Big Bear Campus & Classroom 

 

 

Content Credit: modified from a public domain VE downloaded from Zadaroo.com 
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4. Bora Bora Campus & Classroom 

 

 

Content Credit: modified from a public domain VE downloaded from Zadaroo.com   
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5. Copernicus Crater Campus & Classroom 

 

 

Content Credit: modified from a public domain VE downloaded from Zadaroo.com   
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6. Crater Lake Campus & Classroom 

 

 

Content Credit: modified from a public domain VE downloaded from Zadaroo.com   
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7. Mammoth Campus & Classroom 

 

 

Content Credit: modified from a public domain VE downloaded from Zadaroo.com 
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8. Neverland Campus & Classroom 

 

 

Content Credit: modified from a public domain VE downloaded from Zadaroo.com 
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9. Oakland Campus & Classroom 

 

 

Content Credit: modified from a public domain VE downloaded from Zadaroo.com   
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Section 2. Real World Contexts 

1. Day 1-2 Experimental Room. Top: Participant computer that renders the OpenSim 

VEs. Bottom: Experimenter Computer (to the left of participant computer). 

 
 

 

Photo Credit: Natalie De Shetler, Ph.D.  
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2. Day 4: Office 

 

3. Day 18: Outdoor Fountain. Courtyard of UCLA Inverted Fountain, in front of Franz 

Hall (Home of the UCLA Psychology Department). Arrow denotes testing location.  

 

Photo Credit: UCLA website. 
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Section 3. Distinctive Experimenter Avatars 

1. Animals 

2. Females 
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3. Males 

 

 

Content credit: All experimenter avatars were use with permissions from Creative Commons 

licenses or acquired through Public Domains VEs. 
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CHAPTER 5:  EXP. 2,  ENHANCING LEARNING AND RETENTION OF FOREIGN 
VOCABULARY USING DISTINCTIVE VIRTUAL CONTEXTS 

Enhancing learning and retention of foreign vocabulary using distinctive virtual contexts 

By  

Joey Ka-Yee Essoe (劉家宜)1, Nicco Reggente1, Ai Aileen Ohno (大野愛)1, Younji Hera Baek 

(백윤지)1, and Jesse Rissman1,2,3,4 

1Department of Psychology, 2Department of Psychiatry & Biobehavioural Sciences, 3Brain Research 

Institute, 4Integrative Centre for Learning and Memory, University of California Los Angeles, Los 

Angeles, CA 90095 

ABSTRACT 
Decades of research have shown that human memory is context-dependent. Virtual 

environments (VEs) provide ecologically-valid contexts, and insightful research examining context 

and spatial memory has proliferated. Verbal memoranda, however, are underrepresented although 

most of the foundational research into the relationship between context and memory utilized verbal 

material. This report examined whether distinctive VEs and mental reinstatement can provide 

contextual support and improved long-term retention of mutually interfering verbal material. 

Participants (n=48) learned, in four exposures across two days, 80 foreign words from two sister 

languages, 75% of which had overlapping meanings. While the single-context group learned both 

languages in the same VE, dual-context participants learned each language in a distinctive VE. After 

a short delay, participants were cued to recall the foreign pronunciations outside of VEs; each word 

recall was preceded by participants mentally “returning” to either the VE room in which the word 

had been learned (congruent-) or a different room (incongruent-reinstatement). A surprise telephone 

test occurred one week later. We found that congruent reinstatement resulted in higher short-delay 

recall than incongruent reinstatement. While short-delay recall was comparable across the two 
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groups, dual-context participants exhibited less short-delay intrusions, and dramatically higher one-

week retention—if they reported high VE presence (92% retention)—than single-context 

participants (76% retention).  Thus, distinctive VEs can provide contextual support to reduce 

interference and enhance retention if participants are able to experience the VE as actual contexts. 

INTRODUCTION 
The ability to learn and then to recall the acquired information is essential for daily 

functioning. While many factors can influence learning and memory, considerable research has 

documented that human memory is context-dependent (e.g., Godden & Baddeley, 1975; Smith, 

Glenberg, & Bjork, 1978). That is, during encoding, internal or environmental cues that seem 

irrelevant (i.e., contexts) become bound to the items being learned. Therefore, if these cues are 

present during later testing, they can aid memory retrieval. Conversely, their absence can impair 

recall, a phenomenon referred to as change-induced forgetting (for reviews, see: Smith & Vela, 2001; 

Smith, 2013; Rosas, Todd, & Bouton, 2013). Meanwhile, the inverse of change-induced forgetting is 

transfer, the ability to recall information in one situation after having learned it in another.  

Context-dependence undergirds many familiar, day-to-day memory failures: new graduates 

failing to recall something at work after they had learned it in a class; or travellers forgetting 

important words in a foreign country whose language they had diligently studied back home.  

While context-dependency can cause problems for memory retrieval, it may be beneficial 

under specific circumstances. For instance, Smith & Handy (2014; 2015) reported a “context crutch” 

phenomenon—in which initial acquisition was improved by repeatedly learning and testing in the 

same context, even though transfer was impaired. Therefore, context-dependency seems to improve 

performance without facilitating long-term learning, a distinction reviewed by Soderstrom and Bjork 

(2015). Interestingly, the context crutch creates a compounded problem for pedagogy. Students are 

often tested in the same classrooms in which they had learned the information, resulting in a context 
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crutch benefit. Moreover, most education systems in this century favor assessment tools that 

measure (and reward) short-term performance. As a result, students are being assessed while 

benefiting from the context-crutch effect, leading to artificially high marks that mask deficits in long-

term learning.  

Although context-dependency poses challenges, there are ways to minimize its effects. For 

example, mental reinstatement has been found to reduce change-induced forgetting to the degree 

that recall was nearly indistinguishable from physical reinstatement of the learning context (Smith, 

1979). Stated differently, the disadvantage of being tested outside of the learning context can be 

mitigated if participants “returned” to the learning context in their mind prior to recall. Notably, 

context-dependency increases when the contexts area more distinctive and novel, and when fewer 

items are affiliated with each context (Bjork & Richardson-Klavehn, 1989; Smith, 2013; Smith & 

Handy, 2014; Smith & Vela, 2001). 

In short, context dependence is a double-edged sword that plays a powerful role in learning 

and memory. While much is known about its effects, the degree to which environmental contexts 

can be harnessed to enhance long-term learning remains uncertain. This study aims to capitalize on 

context dependence while remedying its liabilities, in order to achieve rapid acquisition, reduce 

interference, transfer, and long-term retention. In order to demonstrate the technique’s potential, 

this study employed a very challenging protocol for the participants. They were to learn two large 

sets of easily confusable memoranda—80 foreign words from two sister languages with 75% 

overlapping meanings—with few exposures and a long retention period. Moreover, during the test, 

after being cued by the English meaning, they were to verbally pronounce the foreign words. 

While previous research has used different physical environments to examine context effects 

(e.g., learning while SCUBA diving, and testing above water; Godden and Baddley, 1975), this study 

used novel immersive virtual reality environments (VEs).  VEs offered several advantages, such as 
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instantaneous “travel” and increased engagement due to game-likeness. Most importantly, it allowed 

us to precisely control the experimental contexts. These VE contexts were not subject to time-of-

day changes, were consistent across participants, and entirely novel (as we developed them in-house) 

for every participant visually and spatially, and do not share cues with the real-world testing contexts 

in any meaningful manner. Therefore, it dramatically reduced the possibility that participants might 

encounter uncontrolled environmental cues that could lead to confounding mental reinstatement 

when participants were later tested outside the VEs. 

In this experiment, we first examined whether distinctive contexts would support 

participants in maintaining clear and distinctive representations for the mutually interfering material. 

We tested this by having half of the participants learn each of the two languages in its own 

distinctive context (dual-context group), while the other half of the participants learned both 

languages in the same context (single-context group). After encoding the foreign vocabulary 

translations within the VEs, participants’ memory was assessed in the “real word” after a short-

delay, and again after one week in a surprise test conducted over the telephone (an ecologically valid 

real-world setting). We predicted the dual-context group would show higher long-term retention and 

lower interference (reduced recall intrusion) than the single-context group. Second, we examined the 

relationship between mental reinstatement and transfer. Based on the extant literature, we predicted 

that context-dependent forgetting would be reduced (as measured by increased short-delay recall) 

when participants mentally reinstated the room from which a given word had been learned before 

attempting to retrieve that word, as compared to a mental reinstatement of a different room. We 

also explored whether mental reinstatement has a long-term effect on the memory (as measured by 

long-delay recall). Third, we examined the impact of the "context crunch" effect on initial learning. 

Initial learning rate was assessed through the attempted recall data from the expanding retrieval 

practice (Bjork & Bjork, 1992) schedule we employed during the 2-day encoding phase to bolster 



 

 123 

learning. As the single-context group would have more exposure to their single learning VE, likely 

increasing fluency, we predicted that the single-context group would have higher initial learning rate 

for the second language than the dual-context group. Finally, as this study utilized immersive VEs, 

we investigated whether the participants’ sense of presence in the VE(s) influenced study findings. 

Presence refers to the sense of experiencing a VE as a place that one is actually inhibiting, rather than 

something that one is simply watching on a screen. Given that the context manipulation occurred 

within VEs even as all participants were physically siting in the same testing room, the manipulation 

might only impact the performance of participants who were feeling immersed in the VEs. 

Accordingly, we predicted that all of the context-related results would be contingent on the degree 

of presence.  

MATERIAL AND METHODS  

Participants 

Forty-eight adults (26 females, age range 18-27 years) participated in this experiment. Equal 

number of participants were assigned to the two context conditions. They were recruited through 

flyers posted at the campus of University of California, Los Angeles (UCLA), and social media 

advertisements targeting the same location. Participants were compensated for $10 per hour. All 

experiments followed a study protocol that was reviewed and approved by the UCLA Institutional 

Review Board.  

Eligibility screening was conducted through the RedCap online survey system (Harris et al., 

2009). Inclusion criteria were as follows: being mono-lingual English speakers (with no more than 

high school language courses for any other language), having limited (<5 h) prior exposure to the 

VE software used in the experiment, having normal or corrected to normal vision and audition, 

without diagnosis for learning disabilities, reporting no substance dependence, and not taking any 

psychotropic medications. An additional 11 people participated partially in the experiment, and were 
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excluded from analyses: four did not complete encoding due to technical difficulties, three withdrew 

due to motion sickness, three did not return for Day 2, and one was not invited to return for Day 2 

due to non-compliance with Day 1 instructions.  

Material and Apparatus 

VIRTUAL ENVIRONMENTS 

Two distinctive VEs were used for the learning task (Figure 5.1), each containing nine 

learning areas  (rooms) that were labelled with virtual signs at the boundaries. "Fairyland Garden" 

was a fantasy-fiction type VE that was bright, verdant, visually open, and expansive. Its landscape 

was rich with water and trees, the buildings were wooden, and every room was opened to the 

outdoors (Figure 5.1A). "Moon Base" (Figure 5.1C),  

on the other hand, was a science-fiction type VE that was dark, rocky, and barren. Its building has 

metallic  

walls, narrow hallways, electronic control panels, and artificial colours, and participants were 

confined indoors at all times. Two versions of each VE was used, one for context encoding, and a 

second for language encoding. The context encoding VEs contained location markers in each room, 

while the language encoding VEs contained interactive 3D objects representative of the to-be-

learned words, organised along a hinted path (Figure 1, panels B and D). 

An additional VE (Figure 5.2.1 & 5.2.2) was used for participants to learn to control their 

avatars, receive task instructions, and practice the tasks. This VE was underwater in honour of one 

of the pioneering experiments in this field (Godden & Baddeley, 1975). It was designed to be 

visually attractive and highly fantastical with constantly moving fishes and shifting lights, so as to 

allow participants time to adjust to the nature of VE experience without compromising the learning 

tasks.  
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These VEs were created using the open source OpenSimulator platform (v0.8.2.1, Diva 

Distribution, r08210, 2015), it utilises WIFI v076 for user management, and MySql server v5.6-

v5.7.9 for content database management. Firestorm for OpenSim Viewer v4.4.2-v5.0.7 (2014-2017) 

was used to visually render content, presented on a Windows7® computer with a 27” monitor.  

 
Figure 5.1. The two distinctive VEs used in this experiment. Each VE containing nine 
learning areas (rooms) that were labelled with virtual signs at the boundaries. (a) "Fairyland 
Garden" was a fantasy-fiction type VE that was bright, visually open, and expansive; its 
landscape rich with water and greenery. Its buildings were wooden, and every room was 
opened to the outdoors. (b) Fairyland Garden’s learning path used in language encoding. The 
white marks denote locations of the 40 pedestals, upon which floated interactive 3-D objects 
representative of the to-be-learned words. Transient path-hints (footsteps) were shown 
between the pedestals to lead participants from one 3-D object to the next.  (c) "Moon Base" 
was a science-fiction type VE that was dark, rocky, and barren. Its building has metallic walls, 
narrow hallways, and artificial colours, and participants were confined indoors at all times. (d) 
Moon Base’s learning path. It functioned in the same way as the path in Fairyland Garden, 
except that its path-hints were arrows rather than footsteps.   
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WORD LIST 

The to-be-learned word lists were designed to be as similar, and thus as confusable, as 

possible. A total of 60 English words, and their translations in two phonetically similar Bantu 

languages—Swahili and Chinyanja—were used. The Swahili word list was drawn from Carpenter & 

Olson (2011), and the Chinyanja versions of these words were translated using Google Translate™ 

translation service and modified (see Appendix A for the word list and details regarding the 

modifications).  

Audio recordings of these foreign words used during VE language encoding were 

pronounced by a single speaker who had no formal training with Bantu languages (Essoe). This was 

an intentional decision to  

ensure the foreign words were readily pronounceable by English speakers, as this experiment 

prioritized the memory aspect of the task over the degree of linguistic authenticity. Moreover, using 

a single speaker ensured that speaker identity or the voice could not be used as a context cue to help 

participants keep track of which language was which. Additional precautions were also taken to 

prevent uncontrolled context reinstatement—as Smith, Glenberg, and Bjork (1978) found that 

experimenters constituted part of the context as well—such that this speaker never spoke with 

participants, and the English cue for testing was recorded by a different speaker (Ohno). 

SURVEY INSTRUMENTS 

Questionnaires were completed through RedCap, and consisted of the Virtual Presence 

Scale (Fox, Bailenson, & Binney, 2009), an immersion survey (this survey was not used in the 

analysis because of uneven group distribution; Slater, Usoh, & Chrysanthou, 1995; Slater, Usoh, & 

Steed, 1994), the Simulator Sickness Questionnaire (Kennedy, Lane, Berbaum, & Lilienthal, 1993), 

and the Pittsburgh Sleep Quality Index (Buysse et al., 1991). 



 

 127 

TESTING SOFTWARE 

The short-delay non-VE test (Test 4, hence T4) was presented using PsychoPy2 (Peirce & 

JW, n.d.; Peirce, 2009). As mentioned before, all the English audio recordings used as cues were 

pronounced by a different speaker (Ohno) than the one who recorded the foreign words (Essoe). 

The long-delay surprise memory test was over telephone calls using Google’s Hangouts™ 

communication platform (audio-only), digitally recorded with participant permission, and cued 

conversationally by experimenters (Ohno, Baek, and those listed in the acknowledgement section). 

Procedure 

All study procedures (Figure 5.2) were approved by the institutional review boards at the 

UCLA. Participants were tested individually, and assigned (balanced by sex) into one of the two 

context groups. This experiment produced altogether five time-points for recall measured (Times 1-

5, or T1-T5). Each language was encoded four times in VE: one study session, then three study-test 

cycles (T1-T3) across two lab visits (3-5 hours each) in consecutive days. Then they were tested 

outside of the VE in the lab (T4) at the end of Day 2, and tested again over the telephone one week 

later (T5, 20 m). 

The two context groups underwent the same procedures, except for the VE location in 

which Language 2 was encoded. After encoding Context 2, the dual-context group remained in 

Context 2 to learn Language 2, while the single-context group returned to Context 1 to learn 

Language 2.  

DAY 1  

Instructions, Familiarization, and Practice. After providing written informed consent 

and reviewing the general instructions, participants “entered” the introductory VE. Therein, 

participants familiarized themselves with the navigational controls, watched an in-world video 

(Figure 5.2.1) to receive task instructions, then practiced the tasks using mock items (Figure 5.2.2).  
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Context 1 Encoding (Figure 5.2.3). Then participants were “teleported” to Context 1 

(Moon Base or Fairyland Garden, counterbalanced across participants), and performed a guided 

encoding task of the VE itself. Each VE contained 9 areas (hence “rooms”), each equipped with a 

location marker. In each room, participants were to “walked” to the marker and did two full 

rotations (720°) while looking around the room, within approximately 30 s. Participants were asked 

not to memorize every visual detail during these rotations, but rather to pretend that they were a 

tourist who had forgotten their camera, and to try to remember what it feels like to be in that 

particular place. As participants entered and left each room, the experimenter informed participants 

the names of the rooms (e.g., “You are now leaving Sickbay and entering Airlock”). 
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Figure 5.2. The experimental timeline. On Day 1, (1) participants “entered” the VE and watched an 
instructional video on a virtual screen inside the virtual world. The video showed “the teacher” (an avatar) 
explaining the context- and language- encoding tasks. (2) Then participants learned to control their avatars, and 
practiced the tasks using mock items in a fantastical, underwater VE. (3) Then participants were teleported to 
Context 1 (Moon Base or Fairyland Garden, counterbalanced) to perform a guided encoding task of the VE 
itself. In each of the 9 rooms, participants were to do two full rotations (720°) while looking around the room. 
They were asked not to try to memorize visual detail of the rooms, rather, to pretend to be a tourist who had 
forgotten their camera, and to remember what it felt like to be in that place. As participants entered and left 
each room, experimenter informed participants the names of the rooms. (4) Participants remained in Context 1 
to learn Language 1 (Swahili or Chinyanja, counterbalanced). They walked along a hinted learning path to 
interact with 40 3-D objects representing the to-be-learned words, see Figure 3 for details. Once they had 
reached the end of the path, they returned to the beginning and repeat it until they have walked it three times 
(Rounds 1-3). In Rounds 2-3, they performed a retrieval practice before being exposed to each word. (5) Then 
participants encoded Context 2, with the same procedure as step in (3), except in the other VE. (6) Then 
participants encoded Language 2 in the same way as they did Language 1. This was the only point in which the 
two context groups’ experience diverged—after encoding Context 2, the dual-context group remained in 
Context 2 to learn Language 2, while the single-context group returned to Context 1 to learn Language 2. 
Thereafter, participants completed questionnaires and were dismissed. Day 2. Participants returned around the 
same time of day, and performed Language 1 encoding Round 4, followed by Language 2 encoding Round 4. 
End of Day 2 (Top Right Panel). Participants were tested in a computerized test outside of the VE, see Figure 
4 for details. Each cued word recall was preceded by the mental reinstatement of one of the VE room. In the 
congruent reinstatement condition, participants were cued to reinstate the room in which they had learned the 
word that immediately followed. In the incongruent condition, they were cued to reinstate a room from the 
opposite VE. Day 8 (Bottom Right Panel). Participants were contacted via telephone and performed a surprise 
cued-recall test.  
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Language 1 Encoding Round 1-3 (T1-T2; Figure 5.2.4). After a mandatory 2-min break, 

participants re-enter Context 1 to learn Language 1 (Swahili or Chinyanja, counterbalanced across 

participants). They followed along a hinted learning path (Figure 5.1b and 5.1d) with 40 pedestals. 

Upon each pedestal floated a rotating, 3-D representation of the to-be-learned word (e.g., a cat) with 

its English name floating above. As Figure 5.3 denotes, participants were instructed to walk up to 

each object, read its English name aloud, and then click on it. The click changed the object’s floating 

text to reveal the foreign translation, and participants would hear the foreign pronunciation three 

times via headphones, evenly spaced  

 
within 10 s. Participants would repeat after the audio each time by pronouncing the word aloud. 

Upon completion, they clicked on the pedestal to reveal a visible path marking the way to the next 

pedestal with the next object. Participants did this procedure three times on Day 1 (a mandatory 2-

min break was inserted between Rounds 2 and 3), and once on Day 2. Before each round, 

Figure 5.3. An example trial of a Swahili encoding session in Moon Base.  
This figure shows an avatar for demonstration purposes only, while participants had performed this task 
in first-person perspective. (a) Participants followed path-hints (the arrows) to the designated pedestal. 
Upon the pedestal floated a rotating, 3-D representation of the to-be-learned word (“rooster”) with its 
English name in floating text. (c) Encoding. Participants walked up to the object, read its English name 
aloud, then click on the object itself. The click activated a script that changed the object’s floating text to 
Swahili phonetics, and participants would hear the Swahili pronunciation three times via headphones, 
evenly spaced within 10 s. Participants were to repeat aloud after the audio each time. Upon completion, 
they clicked on the pedestals to reveal path hints to the next object. (b) Retrieval Practice. During Rounds 
2-4, after speaking the English name, participants were to first attempt to verbally recall the foreign words 
before clicking on the objects. These verbal responses were digitally recorded as T1 (during Round 2 
before the 2nd encoding), T2 (during Round 3), and T3 (after an overnight delay, and before the 4th, and 
last, encoding session). 
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participants were told or reminded as to which language they were learning. Object sequences were 

controlled so that they were consistent within each language. I.e. for a given participant, the same 

object always appeared in the same location for one language, but always in a different location for 

the other language.  

Retrieval Practice (Figure 5.3). During Rounds 2-4, after speaking the English name, 

participants were to first attempt to verbally recall the foreign words before clicking on the objects. 

These verbal responses were digitally recorded as T1 (during Round 2 before the 2nd encoding), T2 

(during Round 3 before the 3rd encoding), and T3 (after an overnight delay, before the 4th and final 

encoding session). In the cases when participants neglected to retrieve before clicking on the objects, 

the words were dropped from analysis beginning at that point. 

Context 2 Encoding (Figure 5.2.5). The procedure was identical to Context 1 encoding, 

except it occurred in the other VE. This was followed by a mandatory 5-min break.  

Language 2 Encoding Rounds 1-3 (T1-T2; Figure 5.2.6). This is the only portion of the 

procedures in which the experiences of the two context groups diverged. Dual-context participants 

remained in Context 2 to encode Language 2, while single-context participants teleported back to 

Context 1 to encode Language 2. The encoding procedure was identical to Language 1 encoding, 

including the placement of the break.  

Post-VE Questionnaires. Participants completed all surveys listed in the Survey 

Instrument section, were reminded of their appointment the next day, and sent home.  

DAY 2 

Participants returned the next day around the same time of day to perform the following.   

Language 1 Encoding Round 4 (T3). As described above, followed by a mandatory 2-min 

break. 
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Language 2 Encoding Round 4 (T3). As described above, followed by a mandatory 10-

min break. 

Non-VE Test (T4; Figure 5.4). Participants then received instructions on, and practiced, 

their first test outside of the VE. It consisted of 80 trials, one for each foreign word learned. Each 

trial consisted of the following periods: Mental reinstatement, language recall, imagery vividness 

rating, and two trials of an arithmetic task.  

Mental Reinstatement (10 s). Participants heard audio cues stating the name of a VE, 

followed by that of a room therein (e.g., “Moon Base,” “Airlock”). When the screen turned black, 

participants were to close their eyes and imagine themselves back in that room, and mentally 

perform the context encoding task for one full rotation, with a series of button presses indicating the 

progress of their imagined rotation: mentally “placed” themselves on the marker, rotated 180°, 360°, 

etc. A beep sounded 10 s after the cue, indicating the end of the mental reinstatement period. If 

participants completed the full rotation before the allotted time, they were instructed to continue 

mentally rotating and button-pressing until the beep.” In the congruent reinstatement condition, 

participants were cued to reinstate the specific room in which they had learned the word that 

immediately followed. In the incongruent condition, they were cued to reinstate a room from the other 

VE (i.e., the VE in which the dual context participants had learned the other language, and the single 

context participants had not encoded any language).  

Language Recall (T4). Participants heard audio cues stating a language, then an English 

word whose translation they had learned in the stated language (e.g., “Swahili,” “dog”). They were to 

covertly retrieve that word, and upon retrieval push a button and continue thinking about the word. 

A beep sounded 8 s after the cue, then participants verbally produced the foreign translation, or as 

much of it as they could remember. These productions were recorded digitally for later scoring.  
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Imagery Vividness Rating. Participants were asked to rate how vivid the previous mental 

reinstatement had been (1 for very vivid, 2 for vivid, 3 for not vivid, and 4 for unsuccessful). These 

ratings were later used for trial exclusion during the analyses involving mental reinstatement.  

Arithmetic Task. At the end of each trial, participants saw a screen with two single-digit 

integers, they were to push 1 if the product of these numbers was odd, and 2 if even. The purpose 

of this task was to simulate the active baseline period in preparation for a later functional magnetic 

resonance imaging (fMRI) version of this experiment.  

Figure 5.4. An example trial of short-delay non-VE test with incongruent mental reinstatement. The trial 
consisted of the following periods: Mental reinstatement, language recall, imagery vividness rating, and 
two trials of an arithmetic task. The words “Get Ready” appeared at the start of each trial, then the mental 
reinstatement portion began. Mental Reinstatement: Participants heard via headphone the name of one of 
the VEs and a room there in, in this case, “Fairyland Garden, Tween-land.” When the screen turns black, 
participants closed their eyes and mentally “placed” themselves back in Tween-land to mentally perform 
the context-encoding task (shown in Figure 2.3). They pushed buttons to indicate the following: they had 
successfully “arrived” and oriented themselves, they were half way through the rotation (180°), and that 
had completed the full rotation. A beep sounded to denote the end of mental reinstatement, and the start 
of the language recall. Language Recall: Participants heard via headphone the name of a language, and one 
of the foreign word they had learned in that language, and began covertly retrieving that word. In this 
incongruent recall trial, they were cued to retrieve a word they had not learned in the mentally reinstated 
VE room. If this were to be a congruent recall trial (not shown here), they would be cued to retrieve a 
word they had learned in the room. After 8 s of covert recall, participants would hear a beep and verbally 
produce the foreign word, or the portion of it they could recall. Imagery Rating: Participants rated how 
vivid the previous mental reinstatement had been (1 for very vivid, 2 for vivid, 3 for not vivid, and 4 for 
unsuccessful). These rating were later used for trial exclusion during the analyses involving mental 
reinstatement. Arithmetic Task: Participants then saw a screen with two single-digit integers, they were to 
push 1 if the product of these numbers were odd, and 2 if even. The purpose of this task was to simulate 
the active baseline period in preparation for a later fMRI version of this experiment. 
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Post-Experimental Survey. Participants then completed a short survey to ask them about 

what strategies (if any) they had implemented to learn and recall the words, and if there were 

anything else they would like to communicate to the experimenters. 

DAY 8 

Surprise Memory Test (T5). On Day 8, participants were telephoned for a schedule 

“follow-up interview” with the understanding that an experimenter would “ask them about things 

they had experienced in the VE.” Prior to the phone call, participants had not been informed that 

they ever would be tested again on the words they had learned. During the call, the experimenter 

requested permission to record the participant’s responses and asked whether they had looked up 

any of the Swahili or Chinyanja words during the preceding week, and no participants reported that 

they had. Then they were asked whether they had expected to be tested again. Only three out of 46 

participants either expected a test, or had suspected the “telephone interview” would be a delay test. 

The experimenter then conducted a cued recall test. For each of the 80 words, the experimenter 

asked the participant to recall the foreign translation in each language in which it had been studied 

(e.g., “How do you say ‘cherry’ in Chinyanja?”) in a random order—i.e. the 80 words were 

randomised regardless to which language they belong . These responses were recorded and scored as 

T5 data.  

Data Pre-processing 

VERBAL RESPONSE SCORING  

Digital recordings of the verbal responses from T1-T5 were scored offline by two scorers. 

The score for each word was the number of correct phonemes divided by the number of total 

phonemes. When the two scorers disagreed, the averaged between the two scores was used as the 

final recall score for that word. The partial word score was used to provide a more fine-grain results 

than the binary correct vs incorrect word recall. Moreover, this allowed each phoneme in shorter 
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words to weigh more than longer words, making it more similar to how real-world communication 

function—when one mistakenly place, for example, a “P” instead of an “V” in the word “van” it 

tends to be more consequential than in “supervisor,” and a lot more difficult for the listeners to 

guess the intended meaning. 

INTRUSION MEASURE 

When scoring T4 and T5, scorers were instructed to compare the transliteration of each 

word to its counterpart in the other language, and to determine from experience whether the word 

in question was similar to any other words in either language. The scores were experimenters who 

have been exposed to all the foreign words both formally as part of their training, and each spent 

hours every week monitoring participant learn those words and testing them. Despite of this, 

“similarity” between words remains arbitrary and experience-based. Therefore, two cautions were 

introduced: a newer scorer was always paired with a very experienced one in the scoring 

assignments, and the maximum code was used when the scorers disagreed—as the higher ratings 

denote more severe intrusions, and preliminary examination revealed that novice scorers tend to 

underrate intrusion rather than overrate them. See Appendix C for a list of intrusion coding.  

RETENTION MEASURES 

The retention measure was the item-wise score difference between the two tests in question, 

for items with a non-zero score for either test. For example, if a word had a score of 1 (full, correct 

recall) on T4, but only 0.5 (half of the phonemes were missing or incorrect) in T5, then it will 

receive a -0.5 retention score, indicating half of the word had been forgotten. On the other hand, if a 

word had a score of 1 on both T4 and T5, it will receive a 0 retention score indicating perfect 

retention. For overnight retention, it was the difference between T3 and T2. For long-term 

retention, it was the difference between T5 and T4. The raw difference scores could be interpreted 



 

 136 

as a metric of forgetting, or as inverse retention—in which 0 would be perfect retention, and the 

more negative the score, the more forgetting and thus the poorer retention. 

Statistical Tests 

Multiple statistical tests were conducted using SPSS 20. The between-subject factors were 

Context Group (single- vs. dual-context) and Presence (high- vs. low-presence, a mean-split grouping 

using the Virtual Presence Scale2). The within-subject factors were Times (T1-T5), Language Order 

(Language 1 vs 2), and Reinstatement (congruent- vs. incongruent- reinstatement). The dependent 

variables were intrusions (number of items coded to be intrusions, out of a total of 80 items), recall 

(mean of item-wise percentage syllables correct for a given test), and retention (mean of item-wise 

differences between two recalls, excluding items not recalled in either tests). Individual analyses are 

described in detail in the results section. When a significant higher order effect was found, lower 

order effects are not reported or interpreted.  

RESULTS  

Descriptive Statistics 

DEMOGRAPHICS 

Table 5.1 reports age and sex information about the participants included in the reported 

analyses.  

  

Table 5.1. The mean age of participants, broken down by sex, context group, and presence group. 

 
*One participant in this group did not submit the presence survey. 
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RECALL   

Figure 5.5 shows mean plots for recall based on group affiliation.  

 

Encoding Phase Retrieval Practice Performance (T1-T3) 

A repeated measure analysis of variance (RM-ANOVA) with Greenhouse-Geisser correction 

was performed on T1-T3 recall to examine the effects of Times * Language Order * Group * 

Presence. Language Order was entered as a factor to confirm that the context groups did not differ 

in Language 1 learning at T1 or T2 (p>.05), as the experience of these two groups would have been 

identical up to that point. A significant interaction of Times * Language Order was found (Figure 6; 

F(1.6,1.8)=7.41, p<0.01, ηp
2= .18). Follow-up pairwise contrasts with Bonferroni correction revealed 

that Language 2 was better recalled than Language 1 only at T1 and T2 (p<.05), and performance on 

the two languages converged after an overnight delay at T3 was n.s..  

 
Figure 5.5. Overall mean recall performance for each context group paneled by reported presence. The 
groups were not significantly different at T1. 
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Mental Reinstatement Effect 

A 2 x 2 x 2 multivariate ANOVA (MANOVA) was performed with the factors 

Reinstatement * Group * Presence on T4 performance (n=42). This analysis was conducted 

separately because 6 participants had insufficient trial count for successful mental reinstatement, and 

we did not wish to exclude their data from the majority of analyses. A significant multivariate main 

effect of reinstatement was found (F(4,35)=3.99, p=.009, ηp
2= .31). Follow-up univariate analysis 

revealed a main effect of reinstatement on recall (Figure 7; p=.04). Post hoc contrast with 

Bonferroni correction showed that recall was higher in the congruent (.52 ± .21) as compared to the 

incongruent reinstatement condition (.47 ± .24). A similar exploratory analysis was also performed 

to examine whether the reinstatement condition at T4 affected performance on T5. No significant 

effect was found.  

  

 
Figure 5.6. Language Order X Test interaction effect of T1-T3 recall. RM-ANOVA revealed a significant 
interaction of Times * Language Order. Follow-up pairwise contrasts with Bonferroni correction revealed that 
Languages 2 was better recall than Language 1 only on T1 and T2 (p<.05), and performance converged after an 
overnight delay at T3 (p>.05). Moreover, this analysis confirmed that the context groups did not differ in Language 
1 learning in T1 and T2, as their experiences had been identical at that point. 
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Intrusions and Recall 

A 2 x 2 x 2 RM-MANOVA was performed on with the factors Times * Context Group * 

Presence on T4 and T5 intrusions and recall. A main effect of Context Group was found on 

intrusions (Figure 8; F(1,43)=0.02, p=0.02, ηp
2= .13), in which the single-context group had more 

intrusion items (8.36 ± 5.79, out of 80 total items) than the dual-context group (5.31 ± 5.94). 

Additionally, a significant multivariate interaction of Times * Context Group was found 

(F(1,42)=3.28, p>.05, ηp
2= .14). Follow-up univariate analysis revealed a simple Times * Context 

Group interaction for recall (p=.02), and n.s. for intrusions. However, the simple main effect of 

Context Group on recall measures did not reach significant in the follow-up one-way ANOVAs. 

Moreover, a significant Times * Presence interaction on recall was found (F(1,43)=4.73, p=.04, ηp
2= 

 
Figure 6.7. Main effect of Mental Reinstatement on 
T4 recall. MANOVA revealed a significant 
multivariate main effect of. Follow-up univariate 
analysis revealed a reinstatement main effect on recall. 
Post hoc contrast with Bonferroni correction showed 
that recall was higher in the congruent- as compared 
to the incongruent reinstatement condition. A similar 
exploratory analysis was also performed to examine 
whether the reinstatement condition at T4 affected 
performance on T5. No significant effect was found. 

 
Figure 6.8. Main effect of Context Group on T4 
intrusion. RM-MANOVA revealed a main effect of 
context groups on intrusion, in which the single-
context group had more items with intrusion (8.36 ± 
5.79, out of 80 total items) than the dual-context 
group (5.31 ± 5.94). 
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.10). Follow-up one-way ANOVA revealed that high-presence participants (.39 ± .19) recalled more 

on T5 than those reporting low presence participants (.28 ± .17; p=.04). 

Overnight and 1-Week Retention  

Lastly, a 2 x 2 x 2 RM-MANOVA was performed with the factors Times * Context Group * 

Presence on overnight and long-term retention. These dependent variables could not be entered as 

separate measures in the previous analysis because the Times levels involved were different (this 

analysis examined T3 and T5 retention, whereas the previous analysis examined T4 and T5 recall). A 

significant multivariate interaction was found between Context Group and Presence across the 

retention measures (F(1,42)=5.22, p=0.03, ηp
2= .11). Trends of simple interactions were found for 

 
Figure 6.9. Context Group x Presence interaction on 1-week retention. RM-MANOVA revealed a 
significant multivariate interaction between Context Group and Presence across the retention measures. 
Follow-up analyses revealed that amongst low-presence participants, the single- (.71 ± .13) and dual- (.75 
± .13) context groups did not perform differently in 1-week retention. However, amongst high-presence 
participants, the dual-context group (.92 ± .07) retained significantly more as compared to the single-
context group (.76 ± .12, p=.002). All overnight retention contrasts were n.s. 
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both measures (p=.062 for overnight, and p=.081 for long-term retention), and post hoc tests with 

Bonferroni correction were conducted (Figure 9). Amongst low-presence participants, the single-

context (.71 ± .13) and dual-context (.75 ± .13) groups did not perform differently in long-term 

retention (p=.47). However, amongst high-presence participants, the dual-context group (.92 ± .07) 

retained significantly more items than the single-context group (.76 ± .12, p=.002). All overnight 

retention contrasts were n.s. (all p > .05).  

DISCUSSION 
To reduce redundancy in this dissertation, the discussion of most results will be incorporated 

into the general discussion except for the following section. 

“Context Crutch”  

We successfully leveraged the context crutch effect for rapid acquisition, as compared to 

previous research using similar stimuli. Immediately after two exposures, participants in Carpenter & 

Olson (2011, Exp. 1) recalled 20% of 42 Swahili words. For a comparison, participants in the 

current study recalled between 34-50% of 80 words in two languages after the second exposure, 

despite having learned 40 additional Chinyanja words (75% of which shared share English meanings 

with the 40 Swahili words), and despite being required to verbally pronounce the words rather than 

typing them as in Carpenter & Olson (2011). It is important to note that major differences in goals, 

designs, and methods existed between the current study and Carpenter & Olson (2011)—the current 

study attempted to maximize learning, while Carpenter & Olson (2011) aimed to determine whether 

images were beneficial to foreign language learning. Nonetheless, the comparison between our 

respective studies is of interest given that we used the same Swahili word list as Carpenter & Olson 

(2011) and both experiments required foreign word retrieval in response to English word cues.  

The high-presence single-context participants performed surprisingly well during the 

encoding phase. Indeed, although group differences were not significant during initial learning (prior 
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to the overnight delay), those single-context participants who reported high-presence numerically 

outperformed the other groups on Day 1. Why did this group perform as well as they did during 

encoding? It is possible that they might be aided by the “desirable difficulty” induced by encoding 

the second language in the same VE as the first language. Participants may recognize the potential 

for mnemonic interference and employ integrative encoding strategies (e.g., forming mental triplets 

of each English word and its two foreign translations) to mitigate this interference. While forming 

triplets might explain the increased intrusions, this is theoretically unlikely because desirable 

difficulties tend to aid learning rather than performance (Soderstrom & Bjork, 2015). However, this 

advantage during acquisition was not maintained over the 1-week retention interval, or even 

overnight—a pattern typical for performance rather than learning. It is more likely that their 

increased familiarity with Context 1 led to increased fluency during encoding, exaggerating the 

context crutch effect during the encoding phase prior to any impediment to recall (i.e., overnight 

delay in the VEs as in T3, or testing outside of the VEs as in T4 and T5).  
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APPENDIX  

Appendix 6.A: Word Lists 

List of foreign words used in Exps. 2-3, some were modified to fit the experimental criteria. The 
foreign words were selected or modified so that each Chinyanja word and its Swahili counterpart (a) 
did not begin with the same letter when transliterated; (b) differed in at least one syllable; and (c) do 
not differ in length greater than two syllables. From this list, each participant learnt 50 English 
words studied with a total of 80 foreign translations—10 in Swahili only, 10 in Chinyanja only, and 
30 in both languages. 
English Swahili Chinyanja  English Swahili Chinyanja 
Apple m'boni pitaya  Giraffe twiga n'swala 
Arrow m'shale bano  Gun bunduki m'futi 
Axe shoka tc'hado  Hammock machela kalichi 
Ball m'pira bande  Handbag m'koba kachikwama 
Banana migomba nt'hochi  Hat kofia chipewa 
Bath umwagaji bafama  Helmet chapeo yamoto 
Bed kitanda mp'hasa  Horse farasi hachi 
Beer pombe mowa  Key muhimu fungulo 
Belt ukanda lamba  Knife kisu m'peni 
Bicycle m'zunguko n'jinga  Lamp taa get'si 
Bird n'dege m'balame  Lemon limau indimu 
Boat mashua b'wato  Map ramani kolowera 
Book kitabu lemba  Necklace kujitia m'dendere 
Camel n'gamia gamira  Orange machungwa lalanje 
Candle m'shumaa n'yale  Orca pomboo mn'yanda 
Car magari galimoto  Pen kalamu cholembera 
Carriage inasimamia galetama  Piano kinanda mn'goli 
Cat yapaka m'phaka  Pig n'guruwe k'humba 
Cattle fahali n'gombe  Pineapple mananasi zinanazi 
Chair kiti mipando  Pot sufuria nk'hali 
Cherry m'cheri tundu  Pumpkin malenge d'zungu 
Coconut minazi n'golema  Rooster jogoo tambala 
Cup kikombe chifulu  Sandal viatu patapata 
Dog umbwa galu  Snake fira n'joka 
Door m'lango chit'seko  Sword upanga malupanga 
Dress mavazi vaka  Telescope darubini owonera 
Firepit shimomoto chiyoto  Toilet choo konyera 
Frog chura mitundu  Tomato nyanya t'himati 
Games yamichezo masewero  Watch kuangalia onatu 
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APPENDIX 6.B: VERBAL SCORING DECISION TREE 
Verbal Response Scoring Decision Tree used in Exps. 2-3 
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APPENDIX 6.C: INTRUSION CODING 
Coding instructions for scorers used in Exps. 2-3.  

Code Description 
0 Not an intrusion (correct word recall, or incorrect recall that bore no 

detectable resemblance to other learnt words) 
1 Possible intrusion, same language (incorrectly recalled word that bore 

resemblance to a word learnt in the same language) 
2 Sure intrusion, same language (incorrectly recalled word that nearly or 

exactly match another word learnt in the same language) 
3 Possible intrusion, different language (incorrectly recalled word that bore 

some resemblance to a word learnt in the other language) 
4 Sure intrusion with error, different language (incorrectly recalled word that 

bore high resemblance to a word learnt in the other language) 
5 Sure intrusion without error, different language (incorrectly recalled word 

that was an exact match to a word learnt in the other language) 
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CHAPTER 6:  EXP. 3,  NEUROIMAGING OF CONTEXTUALLY SUPPORTED RETRIEVAL 
AND RETENTION 

Neural Correlates of Contextually Supported Retrieval and  

Context-Change Forgetting as induced by Mental Reinstatement 

By  

Joey Ka-Yee Essoe1, Niccolo Reggente1, John Dell’Italia1, Jesse Rissman1,2,3,4 

 

1Department of Psychology, 2Department of Psychiatry & Biobehavioural Sciences, 3Brain Research 

Institute, 4Integrative Centre for Learning and Memory, University of California Los Angeles, Los 

Angeles, CA 90095 

ABSTRACT 
Background. Context effects, especially those of context change-induced forgetting and 

contextually supported retrieval, are difficult to examine through neuroimaging in an ecologically 

valid manner. This is because neuroimaging procedures often produce unique contexts that could 

overpower any context-change manipulations. Researchers have often resorted to using images or 

videos as contexts in fMRI studies, rather than more ecologically valid contexts, and they typically 

conduct both the encoding and retrieval sessions in the scanner. In the present experiment, we used 

virtual environments (VEs) as contexts during learning outside of the scanner, and then used explicit 

mental imagery as context reinstatement during retrieval, which took place in the MRI scanner. 

Moreover, verbal memoranda were used to avoid confounding the brain patterns of context retrieval 

with the retrieval of the memoranda.  

Method. Prior to the scan, participants learnt 80 Bantu words (40 in Swahili and 40 in 

Chinyanja; amongst which 30 words shared an English meaning) in four exposures interleaving with 

three retrieval practices (Tests 1-3) across two days. Each language was learnt in a unique and 

distinctive VE. At the end of Day 2, they were tested outside of the VE during an MRI scan. In each 
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MRI trial, participants were explicitly instructed to (1) mentally “return” to one of the VE contexts, 

then (2) to covertly retrieve the pronunciation of a foreign word, cued by its English meaning, that 

they had either learn in the reinstated context or another VE context, then (3) to verbally producing 

the retrieved foreign word. One week later, participants were telephoned for a surprised cued-recall 

test (Test 5).  

A representational similarity analysis (RSA) was conducted. In this RSA, brain pattern during 

covert verbal retrieval of each word were compared to an averaged brain pattern of mental 

reinstatement of the VE from which this word had been learnt. These RSA scores represented the 

degree to which the learning context had been “brought back to mind,” or reinstated, during covert 

retrieval brain patterns. Then probability of verbal recall of high- vs low-RSA trials were compared.  

Results. We found high-RSA trial resulted in significantly higher T4 (57%) and T5 (45%) 

recall than low-RSA trials (51% and 39%, respectively). 

Conclusion: When the brain patterns of covert word retrieval resembled the mental 

reinstatement of the learning context, it improved not only immediate recall, but also increased the 

probability of recall after a 1-week delay. This the first neuroimaging study to provide concrete 

neural evidence for contextually-supported retrieval, even if the context reinstatement was through 

mental, rather than physical reinstatement. Additionally, the fact that mental reinstatement of the 

learning context enabled similar effect patterns to physical context reinstatement would benefit 

future neuroimaging study into context effects.  

METHOD 
Experiment 3 was a replication of Experiment 2, with two differences: (a) only the dual 

context condition was included, and (b) Test 4, the immediate transfer test, was conducted in an 

MRI scanner. For an extensive treatment on the methodology used in this experiment, see 

Experiment 2. 
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Participants 

Participants (n=23, 13 females, age M=20.9, SD=1.6) were mostly undergraduate students at 

the University of California, Los Angeles (UCLA); some were local Los Angeles residents. 

Recruitment and screening. Participants were recruited via social media advertisements 

and flyers posted at the UCLA campus. The flyers directed the viewers to e-mail the experimenters, 

and or scan a quick response code that direct them to the RedCap online eligibility survey (Harris et 

al., 2009). The social media adverts contained a link to the experiment’s respective webpage that 

described the expected participant involvement and compensation, and contained a link to the 

eligibility survey. A trained experimenter screened the submitted surveys, and contact the submitters 

to either decline their participation or to schedule for the data collection session. Inclusion criteria 

were as follows: meet MRI safety criteria as established by the UCLA Ahmanson-Lovelace Brain 

Mapping Centre (ALBMC), being bi-lingual English speakers (having more than high school 

language courses for exactly one other language), having limited (<5 h) prior exposure to the VE 

software used in the experiment, having normal or corrected to normal vision and audition, without 

diagnosis for learning disabilities, reporting no substance dependence, and not taking any 

psychotropic medications. 

Compensation. Regardless of eligibility, there were no compensations for submitting the 

survey. Participants were compensated for $20 per hour for the fMRI session, and $10 an hour for 

the rest of their time with us. Participants were compensated for parking costs upon request. 

Excluded Participants. Three participants were excluded for some analyses: one due to 

experimenter errors in Day 1, one due to participant failing to follow procedures in the scanner, and 

quitting near the end of the scan, and one failed to complete the post-experimental survey and was 

excluded from analyses involving immersion and presence measures.  
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Design 

This is a 2 x 2 x 2 x 2 factorial design, with one between-subject factor (biological sex), as 

well as three within-subject factors: language order (language 1 vs. 2); number of foreign translations 

learnt for a given English word (1-translation vs. 2-translations), and congruence of mental 

reinstatement context (congruent vs. incongruent). Recall was measured by proportion syllable recalled 

for the foreign words, as measured by five cued recall tests: T1-3 occurred in the VE, with T1-2 on 

Day 1, and T3 on Day 2; T4 occurred on Day 2, in the scanner through a computerised test; T5 

occurred on Day 8, over the telephone.  

The behavioural and fMRI hypotheses, analyses, and expected results can be found in the 

Data Analyses and Expected Results section.  

Material and Apparatus 

VIRTUAL ENVIRONMENTS 

Figure 6.1 shows the two distinctive virtual environment (VEs) used in the experiment. 

"Moon Base" is a science-fiction type VE in which participants were confined to small indoor spaces 

at all times. "Fairyland Garden" is a fantasy-fiction type VE that is visually expansive and every 

room was opened to the outdoors.  

STIMULI PRESENTATION 

In each VE, a learning path weaves through its nine learning areas (Figure 6.1, right 

column). The paths are of approximately equal lengths between the VEs, and the pedestals are 

unique to each world. Along the paths, and within the learning areas, pedestals were placed for 

participants to interact with. Upon each  

pedestal floated a concrete, rotating, 3D representation of the to-be-learnt word (e.g., an inanimate, 

3D cat) with its English name floating above. Each object was interactive, such that when clicked, its 
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floating text would change to the phonetic translation of its foreign name, and it would produce the 

foreign pronunciation three times via headphones, evenly spaced within 10 s.  

 

 

WORD LISTS 

The to-be-learnt lists were designed to be as similar, and thus confusable, as possible. They 

were concrete nouns in two Bantu languages, Swahili and Chinyanja, which were highly similar 

phonetically. The list consisted of 60 English words and their translations in Swahili and Chinyanja 

prepared (Appendix 2 contains a list of the words and translations, and modifications when 

applicable). The foreign words were selected or modified so that each Chinyanja word and its 

 
Figure 6.1. Experiment 2 distinctive VE learning contexts and paths. 
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Swahili counterpart (a) did not begin with the same letter when transliterated; (b) differed in at least 

one syllable; and (c) contained no more or less than two syllables.  

Each participant learnt 50 English words studied with foreign translations (10 in Swahili 

only, 10 in Chinyanja only, and 30 in both languages).  

FUNCTIONAL MRI DATA ACQUISITION 

All data were collected with a Siemens 3.0 Tesla Magnetom Prisma scanner at the 

Ahmanson-Lovelace Brain Mapping Centre, using a 64-channel head coil. Functional data were 

acquired using T2*-weighted echoplanar imaging (EPI) sequences (TR = 1.0 s; TE = 30 ms; flip 

angle = 52°; FoV = 20.8 cm; acceleration factor = 5; voxel resolution 2 x 2 x 2 mm). Each function 

volume consisted of 65 axial slices acquired in a temporally interleaved sequence. Each of the 10 

runs consisted of 33 volumes each, representing eight trials of the task (we did not discard initial 

volumes as the version of Syngo software did not begin recording until T1 stabilised). A field map 

image was used to measure the magnetic field inhomogeneity, which enabled us to computationally 

unwarp brain areas prone to susceptibly-induced distortions. Additionally, a whole brain high 

resolution (0.8 x 0.8 x 0.8 mm) anatomical image (T1-weighted structural MPRAGE) was obtained 

for spatial registration of the functional data.   

IN-SCANNER RECORDING OF VERBAL RESPONSES  

Button responses were recorded via CurrentDesign Fibre Optic Response Pads (Figure 6.2), and 

MR-compatible button box device. We used the OptoAcoustics FOMRI-III™ (Figure 6.3) system 

to record verbal responses during the MRI scans. This system provided online noise cancellation 

and enable both clear recordings of participants’ verbal responses, while enabling participants to 

clearly hear the audio stimuli despite the scanner noise. No post-experimental denoising of the 

verbal response was required. 
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Procedure 

SUMMARY OF PROCEDURES 

In this experiment (Figure 6.4), participants learnt two highly-similar languages in the virtual 

environment. Two highly distinctive VE were used. The dual context group learnt each language in a 

different context after guided exploration, while single context group learnt both languages in a 

single VE context, but explored in both. After three VE learning and testing cycles across 2 days 

(Tests 1-3, hence T1-3), they were tested in a computerised task (Test 4, the immediate transfer test, 

hence T4) in the MRI scanner at the end of Day 2. During T4, participants performed a mental 

reinstatement task (i.e., they mentally repeated the guided exploration in one of the VE rooms) 

before each foreign word cued-recall (participants were to produce the foreign pronunciation, cued 

by English translation). Then a surprised cued-recall test was conducted after a 1-week delay (Test 5, 

hence T5) over the telephone.  

 
 
Figure 6.3. OptoAcoustics FOMRI-III™. 

 
 
Figure 6.2. CurrentDesign 
Fibre Optic Response Pads. 
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DETAILED PROCEDURES: VIRTUAL REALITY PORTION 

This section first described the components of the experiment, and then will describe the 

sequence of their presentations.  

Components of the VR portion 

Practice and familiarisation. After informed consent, participants were instructed to 

navigate in the VE, then viewed a video "shot" in a neutral VE, where an avatar explained the 

learning task, followed by a practice session (three items learnt in pig-Latin).  

Context encoding. Participants were "teleported" to a copy of one of the VE in which they 

would undergo a guided encoding of the VE itself (either Moon Base or Fairyland Garden, counter-

balanced across participants). They walked up to a marker in each of the nine rooms, and rotated 

360° under supervision (so that they completed the rotation in approximately 30 s), then they clicked 

to activate path hints that led them to the next marker. 

Figure 6.4. Experiment 2 procedure summary. 
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Language learning exposure 1. Under the experimenter's supervision, participants walked 

up to the first pedestal, read its item's English name aloud, then clicked on the item. Participants 

would repeat the pronunciation each time they heard it, then they would click on the pedestal to 

reveal the path to the next item to be learnt.  

Language learning exposure 2-4. Participants were instructed to say the English word, 

and then attempt to recall the foreign word before additional encoding (clicking on the object to 

hear the foreign word thrice, and speaking after it each time). These retrieval practice attempts were 

record as Test 1-3, and later scored and analysed. 

Sequence of VR component presentation. See Figure 6.3. 

Day 1. Day 1 consisted of the following (a) practice and familiarization; (b) context encoding 

for VE 1; (c) Language 1 learning exposure 1-3, with two retrieval attempts recorded as Language 1 

Test 1-2 data; (d) context encoding for VE 1; and (e) Language 2 learning exposure 1-3, with two 

retrieval attempts recorded as Language 2 Test 1-2 data.  

At the end of Day 1, participants filled out the post-VE survey packet which consisted of the 

Virtual Presence Scale (Fox et al., 2009), an immersion survey (Slater et al., 1995), and the Pittsburgh 

Sleep Quality Index (Buysse et al., 1989). 

Day 2. Day 2’s VE portion consisted of the following (a) Language 1 learning exposure 4, 

with the retrieval attempt recorded as Language 1 Test 3 data; and (b) Language 2 learning exposure 

4, with two retrieval attempts recorded as Language 2 Test 3 data. This concluded the VR portion of 

the experiment.  

DETAILED PROCEDURE: NON-VR PORTION.  

After the conclusion of the VR portion, participants received instructions and practice on 

Test 4, their first test outside of the VE that was programmed using PsychoPy2 (Peirce, 2008). They 

were then escorted to the ALBMC for the fMRI portion of the experiment. They were discouraged 
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from using their mobile phones during this time. Upon arrival to ALBMC, they were prepared for 

the MRI scan in accordance to ALBMC MRI safety guideline.  

The scans generally proceeded in the following sequences: field-maps, the 10 EPI scans with 

the behavioural task (described below), and the structural scan while participants watched a movie 

The Incredibles if they so choose. Occasionally, the structural scan was performed first if there were 

technical difficulties to be resolved in any of the experimental equipment.  

Behavioural Task. 

Participants underwent whole brain fMRI during T4, their first test outside of the VE that 

was programmed using PsychoPy2 (Peirce, 2008). This test consisted of 10 runs, with eight trials 

each, one for each foreign word learnt. Each trial consisted of the following steps (Figure 6.5), in 

that order.  

Ready Screen. The words “Get Ready” appeared on the screen for 1 s, notifying 

participants that the next trial was about to begin.  

Mental reinstatement. Participants would hear a recorded voice, saying the name of one of 

the VEs (e.g., “Moon Base”), followed by the name of one of the rooms (e.g., “Airlock”). They were 

instructed to wait for a beep and for the screen to turn black. Then they were to close their eyes and 

imagine themselves standing at the marker in the VE room they heard named, and push button 1 

when they have mentally “arrived” at the marker in the room (marked in Figure 6.5 as “O” for 

Figure 6.5. A single trial in Experiment 3, Test 4. 
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“orientation”). After which, they were to perform the rotation as they did on Day 1 during the 

context encoding component, and push button 2 when they have completed half of the rotation 

(marked in Figure 6.5 as “H” for “half way”), then button 3 when they have returned to their 

starting orientation (marked in Figure 6.5 as “C” for “completion”). They were instructed to 

continue rotating and pushing buttons 2 and 3 until they heard a beep, which signified the 

conclusion of the segment, and that they should open their eyes.  

Language recall. Participants would then hear the recorded voice saying either "Swahili" or 

"Chinyanja", followed by an English word. They were instructed to mentally recall the word, once 

recalled, push button 1, or push button 2 if they decided that they could not remember. Even after 

the button push, they were instructed to hold the retrieved word in their mind, or to continue to 

attempt retrieval, until they hear a beep and see the screen flash. After that, they were to verbally 

respond by saying the foreign pronunciation in the cued language. These responses were recorded 

and scored as the Test 4 data. In the congruent condition, the cued word would be one that had 

been learnt in the room cued by the preceding mental reinstatement; in the incongruent condition, it 

would be a word learnt in a different VE.  

Imagery rating. Participants would see words on the screen asking them how vivid their 

imagination was ranging from very vivid to unsuccessful. They were to respond by pushing buttons 

1-4.  

Active Baseline: Arithmetic task. Participants would then see a screen with two single 

digit integers, they were instructed to push number button 1 if the product of the two numbers 

would be odd, and button 2 if even. This task occurred twice. The purpose of this task was to serve 

as an active baseline (Stark & Squire, 2001). 
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Post-Scan Procedures 

Post-Experimental Survey. This survey was presented in REDCap (Harris et al., 2009), 

and contained questions about the participant’s experience with the experiments, and asked them to 

conjecture about the key research questions.  

Day 8 surprised telephone test (Test 5). After the conclusion of Day 2, participants were 

asked to participate in a 1-week follow-up in which experimenters would “ask them about things 

they had experienced in the VE.” They were not informed that they would be tested again on the 

words they had learnt, nor were they instructed to not look up the words—a calculated risk to keep 

the long-delayed testing a surprised, as we suspected participants would be more likely to study the 

words if they knew they would be tested again. After 1 week, the experimenter telephoned the 

participants. After requesting permission to record their responses, and asked whether they had 

looked up the words, the experimenter proceeded to conduct the cued recall test. For each of the 80 

words, the experimenter stated the language, and then the English meaning, and participants were to 

recall the foreign translations as they did on Day 2. These responses were recorded and scored as 

Test 5 data.  

VERBAL DATA SCORING  

Summary. Participants’ verbal responses were digitally recorded and scored offline by two 

scorers. The score for each word was the sum of all its syllable scores and then divided by the 

number of syllables in the foreign word. The two scorers’ scores were compared, and when they 

disagreed, the average of scores was used as the final recall score for that word, and the maximum 

were used in intrusion coding.  

A final recall score was computed for each condition in each participant, which was the sum of word 

scores in that condition divided by the number of words in that condition.  
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Syllable score. Appendix II contained a decision tree used to guide the scorers. Scorers 

were instructed to transliterate the response to each word, and compare each of its syllable to that of 

the foreign word’s correct transliteration (which had been shown to participants during the learning 

sessions, as a floating text above the virtual objects) or transliteration of the pronunciation (what was 

used by the first author in creating the auditory stimuli that the participants had heard during the 

learning sessions). When a given syllable was matched perfectly both in syllable composition and 

placement, it would be given 1 point. For composition, each imperfectly recalled syllable was divided 

into two phonemes each worth 0.5 points: the main consonant, and the vowel with or without 

consonant modifier. For example, if for the syllable “van”, and the responses “kan” and “vin” 

would both receive 0.5, as long as the placement was correct. If any syllable was out of place a 0.5 

deduction was given; when syllables were swapped, a 0.5 deduction was given for each swap.  

Binary recall score. A full-word recall score was also computed for each trial, in which 

perfectly recalled words received a 1, and any imperfect recall (anything below a 1 syllable score) 

would receive a 0. This measure was used to categorise brain patterns during fMRI analyses, wherein 

1 will denote correct recall trials, and 0 will denote incorrect trials. It not tested as a dependent 

variable in this experiment, because (1) it and the proportion syllable recall score were both entirely 

dependent on the word recall, thus were perfectly collinear with one another, (2) we considered it an 

inferior measure as it was by definition less sensitive than the proportion syllable recalled score, and 

(3) it is unsuitable for the series of repeated measure analysis of variance as it is not a continuous 

variable. 

Intrusion coding. When scoring Test 4 and 5, scorers were instructed to compare the 

transliteration of each word to their counterpart in the other language, and to determine from 

experience whether the word in question was similar to other words in either language. As the latter 

criterion was arbitrary and experience-based, two cautions were introduced: an inexperienced scorer 
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was always paired with an experienced one in the scoring assignments, and the maximum code were 

used when the scorers disagreed—as the higher ratings denote more severe intrusions, and 

examining the error of intrusion coding revealed that novice scorers tend to underrate intrusion 

rather than overrate them. Appendix 6.C. displayed the list of intrusion coding.  

Data Analysis 

OVERVIEW 

The basic goal for the fMRI analyses was to test the following: whether the fMRI data 

contained evidence for whether, and how, mentally reinstating the learning contexts could enhance 

recall and predict future memory—in other words, can the mechanisms of contextually supported 

retrieval be identified in mental reinstatement of ecologically valid contexts.  

In order to test this hypothesis, I first used Multi-Voxel Pattern Analysis (MVPA) to identify 

the voxels that contained the most discriminative information between the two VEs learning 

contexts as they were being mentally reinstated, and created brain response patterns for each VE 

(imagery patterns). Then I used Representational Similarity Analysis (RSA) to compare (1) the brain 

patterns during covert retrieval of each word to (2) the imagery pattern of the VE from which that 

specific word had previously been learnt. This RSA score provided an objective measure for mental 

contextual reinstatement. Then I compared the immediate and delayed verbal recall scores of words 

with high- vs low- RSA scores—which allowed for a comparison of contextually supported retrieval 

vs less-supported retrieval. 

This would provide neurocognitive insights into contextual support retrieval, for the first 

time, using ecologically valid contexts, and memoranda that were distinctive from the contexts.  

DETAILED DESCRIPTION OF DATA ANALYSIS.  

Pre-processing of fMRI data 
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Data pre-processing was done in FSL FEAT (Jenkinson, Beckmann, Behrens, Woolrich, & 

Smith, 2012). As pre-stats processing, high-pass temporal filter (128 Hz) and FMRIB's Linear Image 

Registration Tool (MCFLIRT; Jenkinson, Bannister, Brady, & Smith, 2002) motion correction for 

spatial alignment were applied to the brain extracted functional image. Spatial smoothing, pre-

whitening, and B0 unwarping were not applied to the functional data.  

Thereafter, each participant’s functional data was prepared for MVPA analysis using 

Advanced Normalization Tools (ANTS 2.0; Avants et al., 2011) and FMRIB's Linear Image 

Registration Tool (FLIRT; Jenkinson, Bannister, Brady, & Smith, 2002; Jenkinson & Smith, 2001). A 

series of transformation matrices were computed and applied to align the timeseries to the standard 

Montreal Neurological Institute (MNI) template. Conceptually, each run’s functional fMRI data is a 

4-dimensional matrix (timeseries), in which each time point contains a 3-dimension image of the 

brain. The first step was to compute the transform of each timepoint from a given timeseries to the 

image of that timeseries’ middle timepoint. The second step took the middle timepoint images from 

all runs and aligned them to each other; this created a functional template for a particular participant 

and save the transformation between each middle image to the template. The third step computed 

the transformation from the functional template was aligned to the participant’s high-resolution 

structural image. The fourth step computed the transformation from the participant’s structural 

image to the MNI standard image. Lastly, the transformation matrices concatenated to create a final 

functional-to-structural matrix that was applied to the functional timeseries data, transforming all 

participants’ data to the same (MNI standard) space.  

fMRI Analysis Task Timing and Trial Categorisation 

After pre-processing, the mental reinstatement (imagery) and language retrieval (language) 

periods from each trial were isolated from the dataset, and labelled based on trial categorisation.  
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Imagery. Imagery period was defined as beginning with the “Orient” button push, and end 

at the beep (2 s before the language cue onset). The duration for each trial was response based, thus 

varied in length. Trial types for imagery were Moon vs Garden, based on the world that participants 

were cued to reinstate. Trials were dropped if participants reported “unsuccessful” during the 

imagery rating portion.  

Language. Language period was defined as beginning with the onset of the English word 

cue, and end at 6 s after the beginning. The duration of this period was task-based, and fixed in 

length. There were four trial types for language: correct vs incorrect by congruent vs incongruent 

previous reinstatement based on the world in which the language had been learnt in during the VR 

portion.  

Searchlight Multi-Voxel Pattern Analysis (MVPA) 

A within-subject searchlight sphere of 4-voxel radius was pass through each part of the 

brain, for each sphere, a Support Vector Machines (LIBSVM; Chang & Lin, 2011) classifier was 

trained to discriminate the mental reinstatement brain response patterns of Moon Base and 

Fairyland Garden (training sets). Then I present the classifier of an unlabelled item (test item), and 

force it to make a choice between one of the trained categories. Comparing the classifier decision 

and the actual withheld label of each trial produced an accuracy measure for each sphere. As the 

searchlight passed through the entire brain, it produced a brain map of classifier accuracy. Then the 

most accurate 2000 voxels from the map were selected to create an exclusion mask for the next 

analytical steps.  

In order to prevent temporal multicollinearity, this analysis was iterated through each run’s 

timeseries. During each iteration, the run’s data was excluded from the training set, and only used as 

the testing set.  

Representational Similarity Analysis (RSA) 
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A within-subject RSA was conducted in MATLAB. Imagery patterns of each VE were 

created by averaging all mental reinstatement patterns of a given VE, resulting in a Moon Base 

imagery pattern, and a Fairyland Garden imagery pattern for each participant. Then the brain 

response patterns during covert retrieval for each word was prepared. All patterns were then masked 

with the top searchlight map voxels (i.e. BOLD values of all other voxels were turned to zeros) to 

reduce computational burden and the number of comparisons. Then a z-score transformed 

correlation was computed for each trial, correlating the covert retrieval pattern of a given word to 

the imagery pattern of the VE from which that word had been learnt. This produced a single RSA 

score for each trial. A mean split was then performed to categorise each trial as either a high-RSA 

trial or a low-RSA trial for the next analytical step. 

Repeated Measure ANOVA (RM-ANOVA) 

 A 2 x 2 RM-ANOVA were conducted in SPSS 20.0 (IBM Corp., 2011). The dependent 

variables were proportion syllable recalled during T4 (in-scanner) and T5 (1-week delay). The first 

factor was RSA with two levels: high- vs low-RSA score between brain patterns of imagery of 

learning context and covert retrieval of word learned in that VE. The second factor was immersion 

score, divided to high- and low-immersion based on response to the post-experimental survey.  
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RESULTS 

Overall Recall Performance 

 

fMRI RSA Maps 

 Descriptive maps of where the selected 2000 voxels tend to reside within standard space are 

presented in Figures 6.7. The main clusters were probabilistically located at precuneus (Figures 

6.7a), occipital pole (Figures 6.7b), lateral occipital cortex (Figures 6.7c), and temporal occipital 

fusiform cortex (Figures 6.7d). 

 
Figure 6.6. Overall recall performance. 
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Figure 6.7. Averaged map of top searchlight MVPA voxels used in RSA analyses. 
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RSA Effects on Recall 

The 2 x 2 RM-ANOVA revealed a main 

effect RSA on T4 (F(1,20)=6.00, p>.05) and T5 

(F(1,20)=8.78, p>.01) recall (Figure 6.8). T4 in-

scanner recall was higher for high-RSA trials 

(M=0.57, SD=0.18) as compared to low-RSA trials 

(M=0.51, SD=0.16). The same pattern was observed 

in the T5 1- 

week delay surprised telephone test, in which recall 

was higher for trials with high- (M=0.45, SD=0.19) 

as compared to those with low-RSA scores during 

T4 (M=0. 39, SD=0.16).  

 
DISCUSSION 

During foreign word covert retrieval, recall is improved when one's brain-pattern resembles 

that of the learning context. Not only is this the first evidence of contextually-supported retrieval for 

the immediate test, it also affected long-delay recall. Items associated with increased brain-pattern 

similarity to the learning context were better recalled after a one-week delay.  

The originally planned analyses involved testing the same sets of hypotheses as Exp. 2, in 

order to test if behavioural responses from Exp. 3 reproduced the key finding of Exp. 2. The major 

hypothesis of Exp. 2 hinged on the interaction between presence and context-groups—namely, 

learning in two VE distinctive contexts would improve long-term retention, if the VE were 

experienced as actual contexts rather than something one watched on the screen.  

Figure 6.8. RSA main effects on T4 and T5 
recall. 

* 
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Interestingly, all 23 Exp. 3 participants reported high-presence. This was extremely 

advantageous in terms of increasing our ability to gain insights into how contextual support function 

in the brain, as the more participants were experienced the VEs as real contexts during learning, the 

more likely they would be able to complete the mental reinstatement task in the scanner, and to 

produce detectable brain patterns for the fMRI analyses. Unfortunately, this also made it impossible 

to directly compare the results of Exps. 2 and 3.  

However, while we cannot justify statistical tests for this comparison, we find it important to 

examine them numerically. As all Exp. 3 participants were in dual-context condition and reported 

high-presence, we will discuss how their performance compared to the dual-context high-presence 

group in Exp. 2. These groups were generally comparable, with Exp. 3 participants showing slightly 

higher T4 (M=.54, SD=.17) recall than the high-presence dual-context group in Exp. 2 (M=.51, 

SD=.46), but slightly lower T5 recall of (M=.42, SD=.17) as compared to the Exp. 2 high-presence 

dual-context group (M=.45, SD=.47).  
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CHAPTER 7:  GENERAL DISCUSSION 

Our learning protocol facilitated rapid acquisition of foreign vocabulary words, with 

participants successfully memorizing nearly half of a set of 80 foreign words after only four 

exposures, and showing relatively little forgetting after one week (Exps. 2-3). Additionally, our 

results showed robust transfer of knowledge acquired in virtual reality to a non-VE testing context, 

including a surprise real-world test after a 1-week delay. These performance levels were especially 

remarkable considering that: (A) participants must learn a large list of words from two phonetically 

similar languages, and (B) testing was done in the more challenging direction, where participants had 

to speak the foreign translation for each cued English word rather than producing the English 

translation of the foreign words. 

Contextual Support & Presence 

Our results provided strong evidence that distinctive VEs can be used to provide contextual 

support for transfer and long-term retention, provided that participants were able to subjectively 

experience the VEs as actual contexts (Exp. 2), and to mentally reinstate the learning context during 

recall (Exps. 2, 3).  

As our context manipulation was entirely VE-based, we anticipated the sense of presence 

would play a critical role. In other words, if participants learning in distinctive contexts did not 

strongly feel like they were inhabiting two different contexts during learning, then their learning 

experience could be thought of as happening within a single dominant context (i.e., sitting in a 

laboratory testing room and looking at a screen). This in turn could diminish the hypothesized dual-

context advantage when learning two different languages. Indeed, in Exp. 2, the dual context 

participants who reported high presence retained 92% of what they had learned when tested after a 

one-week delay; moreover, this was the only group whose Day 8 recall did not significantly differ 

from their Day 2 recall. The fact that the low-presence dual-context participants showed comparable 
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retention to single-context group bolstered our hypothesis that contextual support is important for 

long-term retention. While we were unable to statistically test for replication in Exp. 3 (due to the 

fact that all Exp. 3 participants reported high presence), Exp. 3 participants and the Exp. 2 dual-

context high-presence participants showed numerically similar performance. 

Furthermore, previous literature reported that magnitude of context effects during learning 

increased with the length of the retention interval (for meta-analysis, see Smith & Vela, 2001). Our 

results provided further support for this. In Exp. 2, the two context groups, regardless of presence, 

did not differ in the short-delay non-VE test on Day 2. The contextually supported learning effect 

only emerged in long-delay recall in a similar manner as the previously reported context effects.  

We had theorized additional reasons that might explain the similar performance between 

Exp. 2 context groups during the short-delayed test. We had foreseen that all three possible 

outcomes (single > dual, single = dual, or single < dual context group) to be theoretically tenable 

due to the unknown interactions between a few known factors. The two group could have 

comparable performance because at that point of the learning protocol, both groups would have 

equal context-dependent memory for each language individually, as neither language had been 

encoded or retrieve outside of its learning VE, regardless of whether the same VE had been 

associated with both languages, or only one of them. On the other hand, dual-context participants 

might outperform single-context participants as this is the first test they had experienced in which 

both languages were recalled in an intermixed fashion, and having learned each language in its own 

context might reduce interferences between the two languages and increase recall, especially when 

they were mentally reinstating the learning context. Another possibility is that single-context 

participants might outperform dual-context ones because the contextual support effects that favored 

the dual-context participants tend to increase or emerge with longer retention interval, and that the 

predicted higher-performance of the single-context participants might bleed into the transfer test 
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due to the short (15 m to 1 h) delay after the last VE encoding. Lastly, the two groups might 

perform comparably due to a combination of the aforementioned factors—which would be beyond 

the scope of this dissertation to disentangle.  

Mental Reinstatement 

One of the key strength of Exp. 3 was that it was designed to provide a manipulatable and 

observable measure of mental reinstatement—which has previously only been incidentally or 

inferred mental reinstatements.  

Mental reinstatement of the learning context enabled better recall in the short-delay non-VE 

test in Exp. 2 as we predicted, but it did not have a prolonged effect at the long-delay test. As testing 

should be in and of itself a learning event, mental reinstatement during T4 was expected to have an 

effect on delayed recall at T5. One possibility for the lack of a prolong effect could be non-

compliance to the mental reinstatement instructions, or a failure to self-report unsuccessful mental 

reinstatement. Like previous mental reinstatement experiments, Exp. 2 had no reinforceable, or 

measurable way to determine compliance, except for subjective report of vividness.  

Exp. 3, on the other hand, was designed to determine how brain activity during mental 

reinstatement interact with those of memory retrieval and retention, using a separate sample of the 

dual-context participants, in which the short-delay test was performed during fMRI scans. Through 

a data-driven method (searchlight MVPA), we first identified regions (Figures 6.6) that were most 

informative to distinguishing between the two learning VE contexts. Then we correlated these 

regions’ brain patterns between covert verbal retrieval and mental imagery of the learning context. 

This allows for a concrete measure of reinstatement via measuring the similarity between recall brain 

pattern and that of the learning contexts. Then we compared the recall probability across high- vs 

low-similarity trials. We found that increased brain similarity to the learning context during verbal 

covert retrieval contributed to recall—by increasing immediate recall by 6%, as well as having a 
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prolong effect to increased delayed recall by 6% one week later—resulting in the first neural 

evidence for contextually supported retrieval of verbal material.  

Additionally, unlike experiments that used VE objects as memoranda, Exp. 3 result was 

unsullied by the confound of context and memoranda sharing the same domain (vision)—as our 

contexts consisted of visuospatial information while our memoranda were verbal. 

Summary 

We successfully used VE to provide contextual support during the learning of two large sets 

of mutually interfering memoranda. After leveraging the “context crutch” to enable rapid 

acquisition, we used mental reinstatement to enable transfer and overcame context change-induced 

forgetting—and possibly to have grounded the information learned in VE to the real world through 

a single session of real-world retrieval practice. This protocol led to surprisingly high 1-week 

retention in participants who received contextual support for each language they had learned, as long 

as they had experienced the VEs as actual contexts rather than merely watching something on a 

screen.  

LIMITATIONS 
Despite the strength of the findings, there are some limitations in this experiment. One is 

that the VEs we used were not identical in size. This led to participants having different exposure 

duration for each VE. However, this would not confound our results as it was controlled by 

counterbalancing the order to which each VEs served as Context 1 and 2. Another possible 

limitation is that the authors cannot be certain that the Day 8 test was in fact a surprise, as we did 

not ask participants explicitly whether they had expected a memory test. However, based on 

subjective evaluation of the recorded conversations between experimenters and participants, 

participants seemed to have been surprised (and not always pleasantly so, some “ugh, seriously!” 

were observed), and most did not speak as though they had expected another test. Lastly, the effects 
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found might be drastically increased if we could have increased presence in all participants. We had 

attempted to do so using HMD for this study, despite some evidence that HMDs do not necessarily 

increase immersion, at least with older technology (Mania & Chalmers, 2001). Unfortunately, after 

extensive pilot testing on the Oculus DK1 in preparation for this study, we were unable to 

compensate for motion-sickness caused by lateral head movement during the context encoding task, 

and we resorted to use a large (27”) monitor instead. However, it remains possible that the VEs we 

developed could be used in neuroimaging studies with stereoscopic displays without these 

undesirable effects, since lateral head movements are prohibited in many neuroimaging techniques.  

IMPLICATIONS AND FUTURE DIRECTIONS 
In addition to examining the reported effects, the secondary motivation for this dissertation 

research was to serve as a proof-of-concept for the following issues. 

Neuroimaging of Context and Memory using VEs.  

We aimed to see if VEs can serve as a tool for examining the context-dependent nature of 

memory—by enabling researchers to use contexts that are navigable (thus more ecologically valid), 

even during neuroimaging.  

Functional neuroimaging often imposes very salient physical contexts—e.g., a noisy, cold, 

MRI scanner, or an EEG cap dripping with conductive solution. These could confound the context 

manipulations unless both encoding and retrieval are conducted during neuroimaging. Exp. 2’s 

results suggest that mental reinstatement of the encoding context might remedy this, and Exp. 3 

provided concrete evidence that it did.  

Furthermore, while early context experiments used physical rooms, postures, and highly 

distinctive experimenters, neuroimaging examination of context effects are often restricted to non-

ecologically, non-navigable contexts (e.g., 2-D background images or videos) due to methodological 

constrains. Our results showed that context effects can be replicated using VEs, assuming presence 
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could be achieved. Therefore, with fMRI-compatible VEs, researchers are no longer constrained to 

non-ecologically valid contexts.   

We have developed an fMRI-compatible virtual reality interface. Our VEs can be viewed and 

navigated through common MRI-safe goggles and joysticks—as head movements are restricted 

during MRI scans, the sophisticated positional tracking in most commercial VR head-mounted-

displays (HMD) or controllers are entirely unnecessary. We have made our VE contents and 

instructions-to-use freely available upon request. However, any VE that can be rendered 

stereotypically should be usable in this manner, and researchers need not await VR or MRI-

equipment companies to produce MRI compatible HMD to begin conducting neuroimaging 

examination into context-dependent learning and memory using navigable contexts. 

Educational VEs 

As virtual reality becomes increasingly accessible and affordable, its potential to become a 

great tool for educators have been increasingly discussed and tested. However, since VE and the 

real-world differ greatly and share very few cues, context-change induced forgetting would lead to a 

lack of transfer. Virtual reality’s pedagogical value would be greatly increase if transfer can be 

improved, and long-term retention can be achieved. Our results showed that high transfer and long-

term retention are possible using VEs as a learning platform. It is possible that the single mental 

reinstatement session helped to bridge VE learning and real-world recall, but this awaits further 

support.  

VEs as End-User Tool to Enhance Learning 

Another motivation of this experiment was to validate consumer VE as a means for “end-

users” (i.e., students and continual learners) to applied context-based learning techniques during self-

regulated learning. These techniques could be time-consuming to apply with physical contexts—

such as moving from the library to a coffee shop to study for a different class. Our results 
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demonstrated that virtual contexts can reproduce the effects of physical contexts, yet could be 

traversed instantaneously. This could be especially beneficial to learners with mobility issues.  
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