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Abstract 

The ability to re-experience the past is a defining feature of episodic memory. Yet 

we know that even the most detailed memories are distinct from the initial experiences 

to which they refer. This relationship between the initial encoding and subsequent 

retrieval of information is central to our understanding of memory and its capacity to 

connect us to the past. Past research has shown that neural signatures present during 

perception are reactivated during later memory, but the correspondence between this 

reactivation and various aspects of memory function remains unclear. This dissertation 

attempts to connect behavioral measures of memory to the reinstatement and 

modification of neural information that takes place when memories are retrieved. In the 

first two studies reported, functional magnetic resonance imaging (fMRI) is used to 

assess event-specific cortical patterns from encoding that are reinstated during retrieval 

(encoding-retrieval similarity, ERS). Increases in this fine-grained of reinstatement are 

found in occipitotemporal cortex (OTC) during detailed memory for scenes (Study 1), 

and in the medial temporal lobes (MTL) for the recovery of relational information (Study 

2). In addition to reflecting encoding-related content, retrieval is also found to 

strengthen previously encoded information via hippocampally-mediated mechanisms in 

Study 3. Together, these studies demonstrate the detailed nature of information that is 
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recovered across varying degrees of memory and show how retrieval can also alter 

stored representations, emphasizing the interactive nature of memory processes.   
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1. Introduction 

Memory allows us to summon past experiences in great detail. As a version of 

the past comes to mind, we can almost relive events that happened far off in time and 

space. Sights, sounds, emotions—when recalled, features like these contribute to the 

richness of our memories. Yet even the most vivid recollection is not often mistaken with 

our active experience of the present. Remembering a favorite song is still distinct from 

actually hearing it. A fundamental question in memory research is how the memory of 

past events relates to the initial experience. 

Declarative memory is typically divided in to different stages: encoding, 

consolidation, retrieval. Encoding happens continuously as we process information in 

the course of everyday experience. Consolidation encompasses changes in the structure 

and organization of encoded memory representations. At retrieval, when stored 

representations are accessed, previously encoded information is partially reactivated, or 

reinstated. Importantly retrieval both reactivates past information but can also alter it. 

Memory is therefore neither a perfect reflection of the past, nor are the contents of 

memory fixed in nature. 

Neuroimaging studies in humans have helped identify some of the neural 

processes associated with each stage of memory. Oftentimes, these studies focus only on 

a single stage (most commonly encoding or retrieval, given difficulties with measuring 

reactivation). However, understanding the relationship between stages is also critical. At 
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a fundamental level, the variability of memory across numerous dimensions (e.g. detail, 

accuracy, relational information, emotional content, etc.) relates to differences in the 

reactivation of previously stored information. This relationship can be explored by 

comparing measurements made during the initial encoding stage to corresponding 

measurements from retrieval.  

The research presented here examines how the reinstatement of neural 

information attending initial experiences corresponds with different aspects of memory, 

such as visual detail (Chapter 2) and associative information (Chapter 3). Across these 

studies, procedures are used to assess encoding-related information at the level of 

individual stimuli, rather collapsing across items sharing the same memory response, as 

is typically done in neuroimaging studies. In addition to investigating the recovery of 

previously-stored information at retrieval, the ability of retrieval to strengthen existing 

memories is also explored (Chapter 4).  

1.1 Brain-based Models of Memory: A Brief Overview 

Neurobiological models of memory function have postulated separable but 

interacting mechanisms associated with the various staged of memory function. Much of 

the basis for the current understanding of long term memory function stems from work 

with patient HM, who exhibited profound anterograde (and retrograde) amnesia 

following surgical removal of the medial temporal lobes (MTL) (Penfield & Milner, 1958; 

Squire & Wixted, 2011). HM’s inability to form new memories for events and 
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experiences stood in contrast to a preserved ability to maintain actively attended 

information in mind or learn new procedural routines (Corkin, 1968), suggesting a 

special role for the MTL in declarative memory, as subsequently articulated in proposals 

for separate memory systems (e.g. Nadel & O’Keefe, 1974; Squire 1992).  

Interactions between the MTL—and particularly the hippocampus—and 

distributed regions of neocortex are central to most accounts of episodic encoding. 

During the formation of new memories for items and events, the hippocampus is 

thought to quickly and automatically bind together inputs from various cortical regions, 

forming a unique index to a widely distributed trace (McClelland, McNaughton, & 

O’Reilly, 1995; Teyler & DiScenna, 1986; Teyler & Rudy, 2007). Constituent components 

of a given episode (e.g. information about spatial location and specific sound or smell) 

that may be processed in distinct regions of cortex are thereby associated via their 

inclusion in a distributed network indexed by the hippocampus. Given the high degree 

of feature overlap that is possible across different events and experiences, some accounts 

of encoding have stressed the role of hippocampal subregions in pattern separation—the 

process of orthogonalizing related inputs to diminish interference and enable storage of 

discrete but overlapping representations (Rolls, 2010; Yassa & Stark, 2011). 

The post-encoding consolidation of memory representations is typically 

conceived of at two levels. Shorter-term changes in cellular function and plasticity, 

associated with synaptic consolidation, are thought to unfold relatively rapidly after initial 
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acquisition (Dudai, 2012; Frankland & Bontempi, 2005). By contrast, systems consolidation 

is used to describe a more general reorganization of memory traces across distributed 

regions of cortex, and is thought to take place across months and years (Dudai, 2004, 

2012). The degree to which the hippocampus is involved in retrieving distant memories 

that have undergone this second type of consolidation is a matter debate. While the 

hippocampus is generally considered essential for retrieving recent memories, some 

models posit that, during consolidation, mnemonic representations may become 

increasingly supported by neocortex alone, reducing their hippocampal-dependent 

nature (McClelland et al., 1995; Squire & Alvarez, 1995; Squire & Zola-Morgan, 1991). 

Other models hold that the hippocampus is always involved in retrieving episodic 

memories (Nadel & Hardt, 2011; Nadel & Moscovitch, 1997), but that retrieval may alter 

existing representations, leading to a loss of detail, particularly with respect to spatial 

information.  

In most cases however, the retrieval of episodic memories is understood to 

involve interactions between the MTL and distributed neocortical regions in which 

patterns of neural activity present during memory formation are partially reactivated 

(Alvarez & Squire, 1994; Norman & O’Reilly, 2003; Shastri, 2002). As discussed in the 

following section, numerous studies have shown that this reactivation produces at least 

a broad overlap in the functional profiles of brain activity across encoding and retrieval 

(Danker & Anderson, 2010). The involvement of specific MTL regions in supporting 
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memories accompanied by source or relational information (hallmarks of recollection-

based responses) vs. those based only on a sense of familiarity remains a topic of active 

debate. Dual process memory models propose a functional division, wherein the 

hippocampus selectively supports recollection-based responses, with familiarity linked 

instead to MTL cortex (e.g. Brown & Aggleton, 2001; Eichenbaum, Yonelinas, & 

Ranganath, 2007; Yonelinas, 2002). In contrast, strength based accounts have 

emphasized that memory signals for both types of memory can be found throughout the 

MTL (Squire, Wixted, & Clark, 2007).  

Importantly, while retrieval provides access to previously experienced events in 

varying levels of detail, the very act of retrieval may alter stored memories (Nadel & 

Hardt, 2011; Nader, Schafe, & Le Doux, 2000). Mnemonic content is therefore influenced 

both by initial consolidation processes but also by previous instances during which the 

memory was accessed.  

1.2 Episodic Reactivation: The Nature of Retrieved Information 
and its Relationship to Encoding 

Direct support for hippocampal involvement in reactivating memory traces is 

found in recent studies using rodents. For example, selective deactivation of 

hippocampal neurons identified in memory formation has been shown disrupt 

conditioned memory responses and associated cortical firing patterns (Cowansage et al., 

2014; Tanaka et al., 2014). While compelling, these results highlight the wide gap 

between understanding memory function in relatively circumscribed conditioned 
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responses and the nature of complex mnemonic representations attending the type of 

“mental time travel” associated with episodic memory in humans (Tulving, 1993)  

Human neuroimaging studies have explored how memory relates to initial 

experience by identifying retrieval activity corresponding to encoding-specific content 

or processes (for reviews see Danker & Anderson, 2010; Rissman & Wagner, 2012; Rugg, 

Johnson, Park, & Uncapher, 2008). Retrieval tasks are typically structured to minimize 

differences between cue items so that neural activity associated with stimulus history 

can be isolated. In some instances, brain measures are collected only during retrieval, 

and correspondence with encoding is inferred. In other cases, retrieval is compared 

directly to encoding. Aside from this issue, a number of other design and theoretical 

issues are associated with interpreting findings from reactivation studies. In the 

following sections, factors related to reactivation from the standpoint of encoding (1.2.1) 

and retrieval (1.2.2) are discussed. 

1.2.1 Encoding-related Considerations: Content, Context, and 
Process  

In terms of experimental design, most of the variability in studies of reactivation 

is found during encoding. This section covers how retrieval effects vary as a function of 

encoding condition.   

1.2.1.1 Perceptual information at encoding 

Given the robust nature of perceptual processing signatures in sensory cortex, 

some of the earliest studies of reactivation contrasted the retrieval of items differing in 
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encoding modality. In a now prototypical design, Wheeler et al. had subjects study 

concrete words (e.g. dog) that were paired with either a corresponding picture or sound 

referring to that label (e.g. a dog picture or the sound of a dog barking) (Wheeler, 

Petersen, & Buckner, 2000). At test, to hold perceptual information constant, only the 

label words were presented. Participants attempted to recall the modality with which 

the item was initially associated, while a separate condition assessed brain activity 

during active perception of sounds and pictures. Analysis of the recall trials showed 

dissociation based on encoding modality: a subset of regions showing differences in 

perception were also active during memory for words associated with that respective 

perceptual format. Notably, the specific regions showing these reactivation effects were 

in secondary processing regions (fusiform gyrus and secondary auditory cortex) rather 

than primary sensory cortex, which showed the most pronounced differences during 

perception. 

Although episodic reactivation of olfactory (Gottfried, Smith, Rugg, & Dolan, 

2004) or vestibular (Zu Eulenburg, Müller-Forell, & Dieterich, 2013) experiences has also 

been examined, most studies manipulating sensory information at encoding have 

focused on the visual domain. Aside from sensory modality, the category sensitive 

nature of ventral visual stream (Grill-Spector & Weiner, 2014; Kravitz, Saleem, Baker, 

Ungerleider, & Mishkin, 2013) has also proven useful in probing retrieved information, 

particularly when multivariate analysis approaches (Kriegeskorte, Mur, & Bandettini, 
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2008; Norman, Polyn, Detre, & Haxby, 2006) are used. For example, one experiment had 

participants freely recall face, scene, and object information corresponding to previously 

viewed pictures (Polyn, Natu, Cohen, & Norman, 2005). Memory for faces, scenes, and 

objects were found to correspond with differing patterns of activity in fusiform, 

parahippocampal, and middle temporal gyri, respectively. These same regions 

displayed category-based dissociations in visual perception, strengthening the case that 

distributed representations (at least at the category level) present at encoding become 

partially reinstated during free recall. 

Retrieval activity reflecting aspects of visual context from encoding (e.g. for 

spatial location, motion, shape, and color) has also been observed. Across a series of 

studies, Khader and colleagues found that retrieving information related to spatial 

location was associated with increased recruitment of the dorsal parietal cortex, while 

ventral stream activity was instead observed for retrieving object based information 

(Khader et al., 2007; Khader, Burke, Bien, Ranganath, & Rösler, 2005), while 

corresponding dissociations have been found in EEG (Khader, Heil, & Rösler, 2005; 

Khader et al., 2007). These results partially reflect major “what” and “where” divisions 

evident in the visual system during active perception (Mishkin, Ungerleider, & Macko, 

1983; Ungerleider & Haxby, 1994).  Interestingly, in a subset of regions (left ventrolateral 

PFC for object and dorsal parietal for spatial), the magnitude of activity increased with 

the number of to-be-recalled associations. Changes in the magnitude of effects based on 
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the number of associations suggests that reactivation might relate to task demands and 

to the amount of information recovered, a topic of ongoing research (Leiker & Johnson, 

2014). 

Work with fairly impoverished visual stimuli also suggests that visual 

processing signatures from encoding are reflected in memory. For example, the 

recognition of abstract shapes is attended by extrastriate activity contralateral to their 

encoding position on the left or right of the display (Slotnick, 2009b). A number of 

studies (Karanian & Slotnick, 2014; Slotnick & Thakral, 2011; Ueno et al., 2009) have 

linked memory for direction of motion to activation in MT+, which supports active 

motion perception (Tootell et al., 1995). Related research has also shown that 

remembering color information is associated with color processing region V8 (Slotnick, 

2009a) and that activity in lateral occipital complex (LOC) shows retrieval success effects 

when shape features are retrieved (Karanian & Slotnick, 2015). Although the short 

retention interval and simple nature of stimuli used in these studies do not resemble the 

rich experience of everyday memory, together these findings provide convergent 

evidence that the same regions supporting active visual processing also play a role in 

memory for visual details.  

1.2.1.2 Cognitive operations at encoding 

A related approach to exploring episodic reactivation is to hold perceptual 

features of encoding stimuli constant but vary the way in which they are processed, 
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often by way of explicit task instructions. At the retrieval phase, signatures 

corresponding to differential encoding operations are then examined.  

Several PET studies used this type of task-based manipulation to explore 

whether memory for enacted events is associated with reinstatement of motor regions 

involved in active action performance. Nilsson and colleagues compared the retrieval of 

verbs that had been encoded under conditions that differed in active engagement 

(Nilsson et al., 2000). Participants either physically performed the action described by 

the verb, imagined performing the action, or merely rehearsed the word. Increased 

engagement of motor cortex was found for words that were previously enacted, 

followed by words from the imagery condition, with the lowest levels of motor activity 

for previously rehearsed words. A second study, which obtained estimates from 

encoding as well as retrieval, showed that the stimulus history effects at retrieval 

directly overlapped with regions of motor and somatosensory cortex that differentiated 

active performance from imagery from verbal rehearsal (Nyberg et al., 2001).  

Encoding tasks emphasizing mental imagery have been used in a number of 

subsequent reactivation studies. The power of mental images to facilitate the encoding 

of new information has a long recorded history, as evidenced from a Classical texts 

describing the method of loci, a memorization technique predicated on spatial imagery. 

This adornment of memory traces with mental imagery is a particularly apt subject of 

study in the reactivation literature, given that aspects of mental images incorporated 
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into memory traces at encoding may be detectable during later retrieval. While tracking 

internally generated associations and quantifying their contribution to later memory 

remains an ongoing goal, past research has shown a basic ability to identify items 

encoded in different imagery related tasks. 

Using only word stimuli at encoding, Kahn et al. explored whether sensory 

regions that should be differentially engaged during separate encoding tasks would also 

show difference during retrieval (Kahn, Davachi, & Wagner, 2004). Successful 

recognition of adjective words from a mental imagery condition (generate a scene that 

could be described by the adjective) was associated with selective activity increases in 

parahippocampal place area (PPA). By contrasts, left posterior ventrolateral prefrontal 

cortex (VLPFC) was found to show an elevated response during recognition of words 

previously encoded in a phonological task. Given the roles of PPA and VLPFC in scene 

and language processing respectively, these results are consistent with the notion that 

retrieval is attended by a recapitulation of processes operating at the time of encoding. 

However, this study also found that false alarm responses to new items yielded activity 

resembling that of accurately retrieved source information, raising concerns that 

reactivation effects may not always reflect memory accuracy (discussed later). 

Differential encoding task-history is also discernable by measuring multivariate 

patterns at retrieval. Johnson and colleagues presented concrete words across three 

distinct encoding tasks—one concerning the difficulty of drawing corresponding word, 
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one in which subjects thought about the different functions of the word, and one in 

which the words were covertly pronounced backwards (J. D. Johnson, McDuff, Rugg, & 

Norman, 2009). After training on encoding data, a classifier was able to distinguish the 

encoding condition of retrieved words based on distributed patterns in occipitial, lateral 

prefrontal, and superior parietal cortex. Follow up work indicates that the degree of 

reinstatement is linked to the extent of processing at encoding (manipulated by duration 

of encoding) (Leiker & Johnson, 2014). While the encoding task used in these studies 

does encourage distinct processing orientations, it is also possible that regions showing 

no difference in univariate BOLD response may contain distributed information that 

differentiates encoding history. In this respect, the type of multivariate approach applied 

in the studies by Johnson an colleagues holds promise for detecting more subtle 

condition-related differences that may not be evident in univariate contrast maps.  

Finally, in some instance, both encoding task and perceptual format have been 

manipulated within conditions. Despite varying on several dimensions, encoding 

representations in these designs are likely to be particularly distinctive, given that 

encoding stimuli are both processed in different ways and associated with differing 

perceptual information. Robust findings at retrieval are illustrated by one study where 

fusiform and lateral occipital activation was found during recollection of words encoded 

with a spatial imagery task involving scene pictures (J. D. Johnson & Rugg, 2007). By 

contrast, ventromedial frontal cortex showed opposing effects for words encoded in a 
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sentence generation condition. For both conditions, retrieval effects partly overlapped 

regions showing condition-related subsequent memory effects (greater activity for 

subsequently remembered vs. forgotten items) at encoding. Numerous studies have 

shown that the spatial distribution of subsequent memory effects can vary with the type 

of task or stimulus used (Otten & Rugg, 2001a; Prince, Dennis, & Cabeza, 2009). This 

correspondence between regions showing condition-specific success effects at encoding 

and at retrieval has also been reported in studies varying stimulus type but not encoding 

judgment (Morcom, 2014). Despite broad differences in memory success effects (i.e. 

greater activity for successful vs. unsuccessful memory) at encoding and retrieval (see 

Spaniol et al., 2009 for a metaanlaysis), the above findings underscore a dimension of 

congruence in memory success effects between memory phases that are often studied in 

isolation.  

1.2.1.3 Emotional information at encoding 

In some sense, evidence that emotional processing is recapitulated during 

retrieval may appear particularly intuitive, given the subjective sense of arousal that can 

accompany memory of an affective experience. Neuroimaging experiments have 

attempted to isolate the reactivation of previously encoded emotion by altering the 

valence of items at encoding but keeping associated retrieval cues neutral. For example, 

neutral cue words or pictures cues at retrieval may have previously been presented in 

emotionally charged sentences (Maratos, Dolan, Morris, Henson, & Rugg, 2001), 
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alongside emotional faces (Fenker, Schott, Richardson-Klavehn, Heinze, & Düzel, 2005), 

or overlaid on emotional scenes (Smith, Henson, Dolan, & Rugg, 2004; Smith, Henson, 

Rugg, & Dolan, 2005). In other modalities, neutral images have also been paired with 

aversive odors (Gottfried et al., 2004) or painful stimulation (Forkmann, Wiech, Sommer, 

& Bingel, 2015). 

A common finding from these studies is the enhancement of activity in ventral 

visual regions during memory for items previously paired with emotional vs. neutral 

contexts. Fenker et al found elevated activity in bilateral FFA during recollection of 

words studied with fearful faces (Fenker et al., 2005), while analogous effects were 

observed in parahippocampal and lingual gyri during the recognition of items 

associated with negative pictures (Smith, Dolan, & Rugg, 2004) and sentences (Maratos 

et al., 2001), respectively.  While increased activity in sensory regions for previous 

emotional context mirrors emotional upregulation of these areas during active 

perception (Vuilleumier & Driver, 2007; Vuilleumier, 2005), most studies of emotional 

reactivation have also observed differential activity in common emotional processing 

regions like the amygdala (Maratos et al., 2001; Smith, Henson, et al., 2004), insula 

(Forkmann et al., 2015), and orbitofrontal cortex (Gottfried et al., 2004).  

It also seems possible that the engagement of limbic regions during retrieval 

might signal implicit affective processes, rather than those attending consciously 

retrieved information. This issue was explored by Smith et al. (2005), who deliberately 



 

15 

targeted successful retrieval accompanied by memory for emotional context (Smith et 

al., 2005). In this study, accurate memory for prior emotional context was associated 

with activity in left amygdala, insula, and prefrontal cortex. Interestingly, right 

amygdala and extrastriate cortex still showed increased activity for emotional vs. neutral 

contexts, even when emotional source memory was inaccurate. A corresponding result 

in right amygdala was seen for familiar vs. recollected words in a related study (Fenker 

et al., 2005). Along with a recent MEG paper showing very early (30-60ms) modulation 

of the neural response based on the emotional context of encoded faces (Morel, 

Beaucousin, Perrin, & George, 2012), it appears that both implicit and explicit memory 

signals contribute to emotional reinstatement effects, although the distribution of effects 

may be somewhat separable.  

1.2.1.4 Caveat 

The differences between manipulating perceptual content vs. encoding judgment 

vs. emotional context are convenient divisions with respect to experimental design and 

the organization of the literature. However, it is important to note that encoding entails 

complex interactions between internal cognitive states, pre-existent knowledge and the 

physical attributes of environmental stimuli. As such, substantial variability is likely 

even in the encoding of items sharing the same experimental condition. Even in simple 

laboratory experiments, retrieved information does not differ in only one dimension. In 

remembering sound A vs. a picture B, encoding modality may seem like the most 
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relevant distinction, despite the fact that numerous other differences likely exist between 

the corresponding mnemonic representations.  

As mentioned elsewhere, the studies described in chapters 2-4 attempt to address 

some of the limitations posed by categorical designs like the ones described above by 

focusing mnemonic representations at the level of individual stimuli. Here, the absence 

of large condition-based differences between encoding items may actually facilitate the 

identification of idiosyncratic patterns that are reinstated at retrieval.   

1.2.2 Retrieval-related Considerations: Memory Response, Top-down 
Influences and the Timecourse of Retrieval 

As described above, much of the variability in reactivation stems from the nature 

of retrieved information. Nonetheless, broad trends with respect to retrieval response 

can be seen across studies of different encoding structures, although the relationship 

between “better” memory and more evidence of reactivation is not always 

straightforward. Of particular concern in evaluating retrieval responses is the potential 

for top-down contamination, which is not often addressed explicitly. Data from studies 

measuring reactivation in higher temporal resolution provide additional information 

relevant to the question of top-down influences and the potential for implicit memory 

signatures in explicit tasks.  

1.2.2.1 Recollection vs. familiarity, item vs. source 

Studies providing comparisons of both item memory (item > miss or K > Miss) 

and source memory (source correct > source unknown/incorrect or R > K) are rare, 
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yielding an incomplete picture of reactivation at different levels of memory. In some 

instances, retrieval effects are assessed only with recollection-based contrasts, providing 

only an indirect indication that reactivation reflects memory for contextual in formation 

as opposed to the mere familiarity of retrieval cues. This was the case in several studies 

(J. D. Johnson & Rugg, 2007; Morcom, 2014; Skinner, Manios, Fugelsang, & Fernandes, 

2014), which found encoding-related activity in ventral visual stream regions for 

retrieval contrasts emphasizing recollection.  

Further evidence of preferential recollection effects in ventral stream comes from 

studies directly separating all three levels of response (Wheeler & Buckner, 2004). In this 

study, while dorsal parietal regions showed general old/new effects, fusiform gyrus 

differentiated recollection-based retrieval from both familiarity-based hits and miss 

responses. Similarly, responses in fusiform gyrus corresponding to previous encoding 

format (word vs. picture) were found to be greatest for remember responses in data 

from Woodruff et al, although both ‘Know’ and ‘Miss’ responses were collapsed 

(Woodruff, Johnson, Uncapher, & Rugg, 2005). Convergent results from Remember vs. 

Know contrasts in EEG further indicate that these responses are dissociable, particularly 

at anterior sites in the 300-500ms latency (J. D. Johnson, Minton, & Rugg, 2008).  

Complicating these findings, in some cases reactivation shows no clear 

advantage for contextual retrieval (Smith et al., 2005), while in others, encoding history 

appears to be reflected in both recollection and familiarity-based responses (J. D. 
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Johnson et al., 2009). In this last study, distributed retrieval patterns in both PFC and 

lateral occipitotemporal cortex (OTC) enabled above-chance classification of the 

encoding task for both Remember and Sure Old responses. Only in posterior cingulate 

and retrosplenial cortex was classification of encoding condition selective to Remember 

vs. Sure Old responses. 

The profile of effects in PFC observed by Johnson et al (2009) is not necessarily 

inconsistent with other reports of (particularly left lateralized) VLPFC function during 

item and context retrieval. While this region has been associated with context retrieval in 

some situations (Dobbins, Foley, Schacter, & Wagner, 2002; Dobbins & Wagner, 2005), in 

other instances, VLPFC activity has been associated with accurate item memory while 

not further differentiating between source accuracy (S. Han, O’Connor, Eslick, & 

Dobbins, 2012; Kahn et al., 2004). Harder to reconcile are similarities between Remember 

and Know responses in lateral OTC, a region corresponding closely with recollection-

based ventral stream effects reported in other reactivation studies (e.g. Johnson & Rugg, 

2007; Wheeler & Buckner, 2004). While Johnson et al (2009) interpreted their findings to 

reflect a continuous recollection-related signal, the relationship between reinstatement 

effects and memory response is likely to be highly contingent on the subjective 

interpretation of response instructions and on factors like top down orientation, 

discussed in the following section.  
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 The extent to which encoding-related reactivation is evident in other regions that 

are typically associated with recollection is also unclear. While several studies have 

reported content insensitive recollection effects in regions like lateral parietal cortex (J. 

D. Johnson & Rugg, 2007; Thakral, Wang, & Rugg, 2015; Woodruff et al., 2005) and 

posterior cingulate (J. D. Johnson & Rugg, 2007; Morcom, 2014; Thakral et al., 2015), the 

most comprehensive examination of content sensitivity in retrieval success regions was 

conducted by Johnson et al (2013). This study found that most of the regions associated 

with the “core recollection network” (Hayama, Vilberg, & Rugg, 2012)—including left 

angular gyrus and hippocampus—did not display content sensitive effects despite 

supporting retrieval of contextual details. A recent study suggests instead that 

recollection-related regions like lateral parietal cortex may relate to reactivation 

indirectly (Leiker & Johnson, 2015). Specifically, the level of univariate activity in these 

regions was found to covary with the degree of pattern reactivation in other cortical 

regions. 

While the above findings suggest the operation of content-independent processes 

in lateral parietal cortex and recollection network more broadly, at least one other study 

has reported category-related retrieval differences in lateral parietal cortex (Kuhl & 

Chun, 2014). While the degree of content dependent information in lateral parietal 

regions remains an issue of debate, at a minimum, it appears that regions showing 
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encoding-related reactivation do not perfectly overlap those showing recollection effects 

in general. 

1.2.2.2 Top Down influences and relationship with mental imagery 

Explicitly probing source information is one way to help separate context 

retrieval from responses based on retrieval cue familiarity, but it also may complicate 

attempts to untangle recovery of encoding-related information (ecphory) from top-down 

search processes. Even in Remember/Know paradigms, where recollection can, in 

theory, correspond to any piece of contextual information, the most salient source 

dimension is likely to be the one experimentally manipulated at encoding. While many 

early studies of episodic reactivation might plausibly reflect top-down search processes, 

rather than recovery, a number of convergent results suggest that such processes are 

unlikely to drive reinstatement as assessed in most of the paradigms discussed here.  

The neuroanatomical distribution of episodic reinstatement, particularly for 

sensory information, often appears in secondary or later stage perceptual processing 

regions. For example, memory for object pictures or scenes is commonly found in 

fusiform or parahippocampal regions anterior to areas of striate and extrastriate cortex 

that show maximal activity during direct visual processing (Vaidya, Zhao, Desmond, & 

Gabrieli, 2002; Wheeler & Buckner, 2003). Similarly, memory of items associated with 

sounds produces effects in superior temporal cortex that only partially overlap the 
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activation of primary auditory cortex observed during auditory perception (Nyberg, 

Habib, McIntosh, & Tulving, 2000).  

Concern about the role of search processes in driving reactivation effects is well 

paced given that mental imagery can produce similar dissociations to those seen in 

episodic tests. Although considerable debate exists about the role of primary sensory 

regions in mental imagery (see Kosslyn & Thompson, 2003), numerous studies have 

shown that imagined sensation is associated with secondary or association cortex (e.g. 

Amedi, Malach, & Pascual-Leone, 2005; Bunzeck, Wuestenberg, Lutz, Heinze, & Jancke, 

2005; Zvyagintsev et al., 2013). Analogous results have been reported for mental imagery 

of visual categories, although the extent and magnitude of effects is much reduced in 

comparison to object perception (Ishai, Ungerleider, & Haxby, 2000; O’Craven & 

Kanwisher, 2000) 

Given that many forms of mental imagery can be considered a kind of 

reactivation of semantic or knowledge based information (in contrast to event-specific 

episodic content), disentangling the relative influences of episodic details from 

potentially more abstract semantic details is a challenge. The risk of confusing episodic 

recovery with content-specific activity resulting from top down search becomes even 

greater when retrieval tasks request source information explicitly. At least one study on 

retrieval orientation has shown biasing of content-related processing regions based on 

the nature of to-be-recalled information (Hornberger, Rugg, & Henson, 2006). For this 
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reason, it is important that convergent reactivation findings have been reported in 

numerous studies where the nature of source information is not explicitly mentioned (J. 

D. Johnson et al., 2009; J. D. Johnson & Rugg, 2007) and even in cases where only a 

simple old/new decision is made (Forkmann et al., 2015; Nyberg et al., 2000). For 

example, emotional reactivation effects were found even during a simple old/new test of 

words presented in either emotionally neutral or arousing sentences, and even though 

subjects were not alerted to the emotional dimension (Maratos et al., 2001). Along the 

same lines, auditory cortex was observed during an old/new judgment for words 

previously associated with sounds, despite the fact that information about the modality 

of past associates was orthogonal to the retrieval task (Nyberg et al., 2000).  

In designs where a specific source dimension is overtly probed, carefully tailored 

contrasts can help to tease apart activity caused by top down search processes as 

opposed to recovery of source information. An illustration of this approach is evident in 

a test where participants had to determine whether abstract shapes were previously 

presented in color, greyscale, or were new (Slotnick, 2009a). During such a judgment, 

perceptual processing regions are likely recruited in the generation of potential 

color/shape combinations. To control for this type of effect, the reactivation contrast 

consisted of trials in which color memory was successful vs. two other types of trials: the 

first consisting of incorrect color retrieval (but successful item memory) and the second 

consisting of accurate source memory for grayscale items. In this way, a veridical color 
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source contrast was compared against other trials in which color information was 

(unsuccessfully) retrieved and trials in which source was accurately retrieved, but not 

for color. Such an approach is particularly well suited when the different alternatives of 

the source dimension under investigation produce activity within the same region (e.g. 

color memory and V8). 

Perhaps most germane to questions about top-down influence, the retrieval of 

goal-related vs. incidental content from encoding was explicitly compared in a recent 

study containing both stimulus type and spatial context information (Kuhl, Johnson, & 

Chun, 2013). Participants were instructed to retrieve either the category of previously 

associated visual information (face vs. scene) or the spatial location of this initial picture 

associate (left vs. right). Pattern classifiers applied to retrieval activity found that 

distributed information in lateral parietal cortex was sensitive to the explicit retrieval 

goal (at least in the retrieve category condition), while regions of ventral cortex 

including the MTL showed comparable evidence of category and spatial information 

regardless of which type of retrieval was targeted. Importantly, these effects reflect 

incidental retrieval but are not necessarily of an involuntary (Hall et al., 2014; Kompus, 

Eichele, Hugdahl, & Nyberg, 2011) or implicit nature. In fact, participants reported that 

the non-target information “came to mind” frequently, suggesting that accurate 

classification was not driven by low-level signals that might be evident even in the 



 

24 

absence of any explicit memory (Wimber, Maaß, Staudigl, Richardson-Klavehn, & 

Hanslmayr, 2012).  

The regions showing dissociations in Kuhl et al (2013) again raise the still-unclear 

role of lateral parietal regions in content-related reactivation (cf. J. D. Johnson, Suzuki, & 

Rugg, 2013). At a broad level however, the results explicitly illustrate how retrieval goals 

shift the nature of reactivation effects. Critically, the pattern of results in ventral cortex 

goes beyond the type of incidental reactivation seen in old/new retrieval designs to 

show that encoding-related signatures can be detected even when they are task 

irrelevant.  

Examining the nature of reinstatement across numerous studies with variable 

retrieval tasks reveals a complex relationship between top-down influences and episodic 

reactivation. At a trivial level, the influence of top-down demands pertaining to retrieval 

targets is essential. A test requiring retrieval of color information should yield at least 

partly differential results from one probing spatial location. Internally generated 

retrieval goals continue to influences the nature of retrieved representations even when 

test formats are fairly uniform. Despite the ever present influence of top-down effects, 

converging existing evidence suggests that reinstatement of encoding-related 

information is not merely the byproduct of search-related activity.   
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1.2.2.3 Timecourse of reactivation 

The majority of neuroimaging work on episodic reactivation has been conducted 

with fMRI, however a growing number of studies have also examined finer grained 

temporal dynamics through EEG and MEG. These studies provide valuable insight into 

the timecourse of reinstatement effects and may help address issues concerning the 

potential implicit or top-down nature of reinstatement in certain contexts. Furthermore, 

fMRI lacks the temporal resolution to determine whether reinstatement effects follow a 

similar timecourse to that seen at encoding (in addition to overlapping spatially).  

Mirroring findings from an fMRI paradigm with a similar design, Johnson and 

collaborators found dissociable ERPs during recollection of cue words previously 

associated with a sentence generation vs. visual imagery task (J. D. Johnson et al., 2008). 

As early as 300ms post stimulus onset, left frontal sites exhibited more positive-going 

effects for words from the sentence condition, indicating a fairly rapid onset of 

reinstatement. By contrast, more posterior sites exhibited an effect in of the reversed 

polarity at a slightly later latency that was taken to reflect recovery of imagery-related 

information. Encoding-related effects were also reported in EEG data from retrieval by 

Khader and colleagues, who additionally manipulated the number of object or spatial 

associations linked to words at encoding (Khader, Heil, et al., 2005). When participants 

decided whether word pairs shared common object vs. spatial information, higher 

amplitude in frontal ERPs were seen for the former while parietal sites showed a 
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corresponding effect for the later at somewhat longer latencies. The frontal difference 

clearly preceded behavioral responses, while the posterior effect began in the same time 

window of mean RTs. Critically, the number of associations at retrieval was found to 

relate to the amplitude of content-specific retrieval responses, indicating that the 

differences did not result merely from top-down processing orientation (given that only 

correct trials were analyzed). 

Aside from building convergent evidence of recollection-related effects from 

fMRI, the latency of ERPs presented in these study studies suggest that content 

dependent retrieval may occur before or concurrently with a content-independent old-

new ERP localized to left parietal sites. As such, regions showing encoding-related 

reactivation effects in fMRI are not likely to be merely the product of post-retrieval 

monitoring operations but may actually reflect signals upon which memory decisions 

are based.  

Further clarification with respect to the timecourse of reinstatement is found in a 

follow-up study employing multivariate classification to EEG data at both encoding and 

retrieval (J. D. Johnson, Price, & Leiker, 2014). During retrieval, encoding-related 

differences in the pattern of EEG signal emerged around 500ms post stimulus onset, 

roughly overlapping with an established old-new retrieval effect centered on left 

parietal in both this data and previous studies (Curran, 2000; Wilding & Rugg, 1996). 

Notably, the prevalence of reactivation events detected through the classification 
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procedure predicted the subsequent trial response, providing further evidence that 

reactivation of information contributes to memory responses rather than stemming from 

post-decision processes. This result notwithstanding, discrimination between encoding-

related signals was also evident in later epochs of the retrieval trial, following the 

behavioral response. Thus, it appears that content-specific effects persist even after 

retrieval decisions.  

As the classification procedure employed by Johnson et al (2014) was based on 

measurements from both encoding, the reported findings also speak to the question of 

whether the timecourse of retrieval mirrors that of encoding. The classification data  this 

study showed little evidence that the same temporal epochs post encoding onset (e.g. 

200-300ms) provided higher classification for the corresponding window at retrieval. 

The lack of a temporal correspondence in the timecourse of brain activity during 

perception and memory is not surprising, given the relatively complex processes that 

unfold during memory search in comparison to more constrained low-level processing 

during the initial stages of perception. Furthermore, studies in rodents have 

demonstrated a timing mismatch in the dynamics of hippocampal firing during learning 

and later reactivation (Foster & Wilson, 2006; A. K. Lee & Wilson, 2002), adding further 

reason to believe that the timecourse of retrieval does not match that of encoding.  

Despite the lack of a direct correlation between encoding and retrieval activity at 

a sub-trial level, recent findings from MEG indicate that early visual processing 
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components are nonetheless present during later memory, even if the onset of their 

neural signatures is (relatively) delayed. In a design using both face and scene stimuli, 

neural differences in the visual perception of these two categories emerged as early as 

180ms post-stimulus onset (Jafarpour, Fuentemilla, Horner, Penny, & Duzel, 2014). 

Using data from encoding to train retrieval based classifiers, evidence of this very early 

perceptual processing information appeared during memory for words paired with 

faces vs. scenes at ~500ms post cue word onset. Thus, while elaborative processing of 

visual stimuli is known to influence subsequent memory (Ritchey, LaBar, & Cabeza, 

2011), early perceptual information appears to be an important part of retrieved 

information, even when perceptual input at retrieval is minimal.  

The reinstatement effects observed in most studies described above relate to 

retrieval outcome in a variety of ways, for example, by showing differences for retrieval 

success or confidence. An important consideration however, is the potential for 

encoding-related reinstatement that occurs in a more implicit fashion, which may or 

may not vary by explicit retrieval response. Despite the assumptions of explicit and 

implicit processes operating during direct and indirect tests of memory, substantial 

evidence supports the notion that task performance is not “process pure”—implicit 

signals may influence performance on direct tests, and vice-versa (Dew & Cabeza, 2011; 

Jacoby, 1991; Rajaram & Geraci, 2000; Voss & Paller, 2008).  
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With respect to the timecourse of reactivation, relatively little work has been 

done to examine the nature of potentially implicit signals, although a recent study 

suggests that certain aspects of the encoding experience may reappear in brain measures 

at retrieval in a more automatic fashion. In an EEG investigation of word memory, 

Wimber et al. tagged various encoding items by presenting them on flickering 

backgrounds of variable frequencies (6 or 10 Hz) (Wimber et al., 2012). The frequency of 

flicker rate yielded dissociable EEG signatures at encoding that then re-emerged during 

word recognition. The reactivation of frequency information occurred rapidly, within 

300ms of the retrieval cue, across all trials, and regardless of memory. However, 

frequency-related reinstatement was found to be stronger for high-confidence hits than 

misses, despite the fact that a separate behavioral experiment showed chance-level 

memory for encoding flicker rate.  

Results from the study by Wimber et al. (2012) add an important dimension to 

the overall picture arising from studies of temporal reinstatement effects. In general, it 

seems that encoding-related information is reinstated rapidly during retrieval, 

appearing before or concurrently with established ERP correlates of retrieval like the 

parietal old-new effect. Furthermore, reinstatement effects appear to differentiate 

retrieval attended by differing levels of information, and are evident before behavioral 

responses (e.g. Jafarpour et al., 2014; Johnson et al., 2014), suggesting they do not reflect 

processing of information already retrieved at an earlier stage. It appears however, that 
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elements of encoding episodes may be evident in memory-related reactivation signals 

even when the specific contextual information cannot be explicitly remembered, raising 

the possibility that some portion of reinstatement may be driven by automatic or 

implicit processes not related to source recovery. While the type of information used to 

“tag” items by Wimber et al. (2012) is not typically conducive to long-term retention, 

further research will be needed to disentangle implicit reinstatement signals from those 

coupled with the explicit memory responses.  

1.3 Specificity of Mnemonic Representations 

The previous sections described common designs used to study the 

reinstatement of encoding-related information, discussed the spatial and temporal 

characteristics of reinstatement, addressed potential confounds in quantifying encoding-

related effects at retrieval, and detailed the sometimes complex relationship between 

measures of brain function at retrieval and behavioral measures of memory. This section 

addresses the specificity of mnemonic representations and lays out the rationale for the 

studies reported in Chapters 2 and 3. 

1.3.1 Encoding-Retrieval Similarity (ERS) and Event-specific 
Reactivation  

While past research has made large advances in understanding how memories 

relate to initially experienced information, the literature on reactivation also highlights a 

disconnect between most experimental measurements of memory and the intricate 

nature of memory we are familiar with through personal experience. Despite evidence 
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that human memory has an enormous capacity for storing detailed information (Brady, 

Konkle, Alvarez, & Oliva, 2008; Konkle, Brady, Alvarez, & Oliva, 2010; G. Sperling, 

1960), assessments of mnemonic information in most reinstatement studies typically 

correspond to only two or three broad categories (e.g. sounds vs. pictures). In order to 

gain further insight into how memory processes support recovery of stored information 

and into the structure of memory representations in the brain, a finer-grained 

measurement of memory is necessary—one corresponding to individual events rather 

than general classes or categories.  

Remembering past events is thought to depend in part on the recapitulation of 

cognitive processes that were engaged during the initial encoding of a memory trace 

(Tulving & Thomson, 1973), as articulated in the principle of transfer appropriate 

processing (TAP) (Morris, Bransford, & Franks, 1977). This view emphasizes the 

importance of cognitive operations engaged during the formation of memories, which 

may lead to indefinite variability in memory representations even when external inputs 

are matched. When confronted with a retrieval cue, the reinstantiation of such 

operations is thought to be critical to successful retrieval. Typical studies of reactivation 

have thus ignored both the individual nature of memory representations as relates to 

intrinsic perceptual properties of different stimuli and the attending differences in 

cognitive operations involved in processing stimuli. For example, in attempting to 

remember the name of an old acquaintance, both the perceptual input and the cognitive 
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operations associated with past experience of that individual are important. Both of 

these aspects are essential in our ability to perceive and remember similar but 

overlapping items and events. We know from experience that the specificity of 

information that we are able to retrieve from memory is both impressive and vital for 

making fine-grained distinctions. In most situations, the name of one old acquaintance is 

not just as good as the name of another. 

Examining the retrieval of individual events allows brain-based estimates to 

respect the idiosyncratic nature of memory representations. In typical reactivation 

designs, all trials within a given condition and memory level are averaged. This 

approach makes some sense, given that the overall profile of functional activity for 

retrieving a given item may be highly similar to that of retrieving another within the 

same condition. Encoding manipulations that induce substantially different responses 

across separate cortical regions may therefore produce a greater likelihood of detecting 

differences during subsequent retrieval. Analyzing distributed patterns of activity (e.g. 

across multiple voxels) offers one way to assess more subtle encoding-related variations 

in retrieval activity. For example, a region showing comparable levels of mean activity 

for items from context A vs. B may actually contain distributed pattern information that 

helps distinguish the two contexts.  

Multivariate approaches have been used successfully to gain insight into a 

number questions surrounding the nature of reinstated information (for a review, see 
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(Rissman & Wagner, 2012), including its correspondence with behavioral measures of 

memory (J. D. Johnson et al., 2009), relationship with proactive interference (Kuhl, 

Rissman, Chun, & Wagner, 2011), and top-down goals (Kuhl et al., 2013; Quamme, 

Weiss, & Norman, 2010). In most of these cases however, multivariate measures were 

still used to discriminate between different categories of stimulus or response rather 

than to test for the re-expression of event-specific cortical signatures. To isolate patterns 

reflecting the retrieval of event-level information (even from within the same broad 

category), it is ideal to compare the correspondence between individual encoding and 

retrieval pairs, which can be quantified in measures of encoding-retrieval similarity (ERS). 

This approach, which entails correlating distributed information at each phase, has been 

used to study both overlaps in spatial patterns across phase (Ritchey, Wing, LaBar, & 

Cabeza, 2013; Staresina, Henson, Kriegeskorte, & Alink, 2012; Wing, Ritchey, & Cabeza, 

2015)and also to assess similarities in the timecourse of individual items at encoding and 

retrieval (Buchsbaum, Lemire-Rodger, Fang, & Abdi, 2012).   

In addition to addressing the limitations posed by obtaining reactivation 

estimates that are limited to coarse condition-level information, exploring the 

reinstatement of event-specific information also ameliorates potential confounds from 

top-down search signals. As discussed previously, increased activity in certain regions 

during retrieval may reflect the recovery of mnemonic information from encoding but 

can also be produced by mental imagery or by upregulation resulting from memory 
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search processes. When retrieval episodes are matched with their specific counterpart at 

encoding, reinstatement is assessed through the correspondence between unique 

patterns of activity, rather than the mean univariate response in a region. Therefore, 

increases in overall activity that might result from the generation of candidate items 

should not yield matching patterns of activity at the item level.  

Comparing the patterns evoked by matched encoding and retrieval events to 

mismatched pairs (e.g. the ENCA to RETA vs. ENCA to RETB) should provide a measure 

of retrieval that reflects stimulus-specific details (event-specific ERS). This type of 

difference can then be examined as a function of memory success to relate event-level 

signatures to subjective and objective measures of memory performance and isolate 

regions supporting event-specific reinstatement. The event-level approach also facilitates 

assessment of more fine-grained implicit reinstatement signatures, which may appear 

for matched trials irrespective of memory performance. Finally, identifying cross-phase 

ERS that is not event-specific may help reveal general processes that that contribute to 

memory at a general level.  

Chapter 2 describes an fMRI study of cued-recall conducted to isolate event-

specific reactivation patterns varying with the mnemonic detail attending retrieval. In 

brief, participants encoded a series of scene images associated with descriptive labels 

(e.g. a picture of a beach accompanied by the word “beach”; see Figure 1). At retrieval, 

only the word labels were presented while participants attempted to retrieve the 
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associated scene in as much detail as possible. Memory ratings at retrieval were based 

on a 4-pt scale according to the level of visual detail recovered, and a post-scan forced-

choice recognition test confirmed the ability of participants to identify encoding scenes 

from highly similar distractors. A whole-brain approach was used to examine patterns 

of distributed similarity between matched and mismatched encoding retrieval pairs, and 

reinstatement effects were then analyzed with respect to memory rating. The procedure 

allowed for the identification of cortical regions in which stimulus specific encoding 

patterns were reinstated during retrieval, as well as those in which ERS differed by 

memory level (e.g. higher ERS for retrieval rating 4 than 3) regardless of whether 

patterns were event-specific.  

1.3.2 Event-specific Reactivation for Item and Relational Memory 

The study reported in Chapter 2 examined reinstatement of individual scene 

pictures. In contrast to many reactivation studies, only a single category of item was 

used, given that retrieval contrasts were not meant to distinguish between broad 

categories but rather between event-specific and more general patterns of information. 

This event-specific approach also offers a distinct advantage in the exploration of 

memory accompanied by varying levels of relational information, an issue taken up in 

Chapter 3.  

As discussed above, because reactivation studies are typically interested in the 

presence of encoding-related information not present at retrieval, they have primarily 
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focused on responses reflecting associative memory (e.g. Recollection responses). By 

contrast, responses corresponding to item memory (e.g. Know responses) have received 

less attention, in part because they are assumed to reflect less encoding-related 

information. However, the emphasis on associative memory in reactivation is largely a 

product of design and analysis considerations. Even in instances when no contextual 

information is recovered, memory should be related to reinstatement of encoding 

signatures at some level. However, this has been hard to test with typical reactivation 

paradigms though, given that increased activity during item memory responses may be 

driven by cue-related processing rather than the recovery of mnemonic information.  For 

example, one might recognize a cue word as old, regardless of whether it had previously 

been paired with a face or scene picture. Brain measures in this case could show general 

increases in activity (vs. misses) in some regions, but still not reflect encoding-related 

visual associates. Such general memory effects might be driven by the reinstatement of 

encoding-information pertaining to the cue (although not to the associates), or it might 

instead reflect increased cue-processing, heightened attention, and other operations 

specific to the retrieval phase.  

The event-specific ERS measure described in the previous section provides one 

way to address this ambiguity for item memory. Here, the reactivation of encoding-

related information is determined by showing that distributed patterns during item 

retrieval reflect those present during the encoding of that specific item, rather than other, 
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similarly recognized items. In a study of scene recognition, successful memory for 

pictures was associated with event-specific ERS in later visual processing regions, while 

much of PFC showed memory-related ERS effects that were not specific to individual 

stimuli, suggesting more general memory processes (Ritchey et al., 2013). Given this 

evidence of reactivation during item recognition, it should also be possible to determine 

how memory representations differ when additional associative information is or is not 

present. 

Differences between item and relational memory have been explored extensively 

in the neuroimaging and patient memory literature. A common finding in these studies 

is that while item recognition can be supported by MTL cortex, the hippocampus is 

preferentially recruited for relational memory tasks (Giovanello, Schnyer, & Verfaellie, 

2004; Hannula et al., 2015; Konkel, Warren, Duff, Tranel, & Cohen, 2008; Prince, 

Daselaar, & Cabeza, 2005; but see Squire et al., 2007). Previously though, whether these 

differences reflect broad mnemonic operations or suggest differential encoding-related 

reactivation has been unclear. The study in Chapter 3 compares event-level ERS across 

item and associative memory. Subjects initially encoded a series of unfamiliar faces with 

either angry or happy expressions. At retrieval, the neutral versions of encoding faces 

(i.e. the same face identities) were presented as cues, along with novel faces, also neutral. 

Subjects decided whether each face was new, or whether it had been previously shown 

with an angry or happy expression. Successful item memory was defined as an old 
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response (regardless of whether expression memory was accurate) to repeated faces, and 

was contrasted with misses. Reinstatement of associative representations was probed by 

contrasting accurate and inaccurate memory for facial expression. This approach 

enabled the isolation of regions in which distributed patterns reflected memory for 

specific face identities, as well as those supporting accurate memory for both identity 

and expression. 

1.4 Modification and Strengthening of Encoded Information 
through Retrieval 

Thus far, memory retrieval has been considered with respect to its 

correspondence with some initial experience. However, the reinstatement of initially 

encoded information is just one aspect of the relationship between encoding and 

retrieval.  While the standard model of memory consolidation (e.g. Alvarez & Squire, 

1994; McClelland et al., 1995) posits some stabilization of memory traces across regions 

of neocortex, there is substantial evidence that memory representations are not 

immutable. In fact, one of the key factors in the plasticity of long term memory appears 

to be retrieval itself. A long and growing body of research suggests that retrieval 

processes do not passively reproduce fixed simulacra of past experiences but can instead 

strengthen or augment the nature of retrieved information. As such, retrieving 

information represents another step in the dynamic transformation of memory 

representations, rather than a discrete endpoint.  
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Evidence that retrieval plays an active role in shaping mnemonic information 

comes from several different subfields within memory research that have remained on 

separate paths until relatively recently (but see Hardt, Einarsson, & Nader, 2010). One 

line of research on cognitive memory function in humans has studied a wide range of 

situations in which retrieval can alter, distort, and also strengthen encoded information. 

A separate line of research has focused on the neurobiological mechanisms associated 

with the retrieval-induced plasticity of memories. While neurobiological investigations 

have most often explored how reactivation makes consolidated memories vulnerable to 

forgetting (e.g. when paired with amnestic agents), this research has important 

implications for both enhancing and altering memory via retrieval in humans. Studies of 

brain function in humans now benefit from the findings in both fields as the effort to 

understand how retrieval modifies memory continues. 

1.5.1 The Influence of Retrieval on Encoded Memories – Cognitive 
Literature 

While appearing in various manifestations, the idea that retrieval is an active 

process that influences memory has been around since the beginnings of organized 

research into cognitive memory function. For example, William James proposed that 

memory might change due to retrieval in different contexts (James, 1890; Phelps & 

Schiller, 2013). Seminal work on the stability of memory was later conducted by Bartlett 

(1932), who had participants repeatedly recall information from a story at various 

intervals (Bartlett, 1932). The basic findings of this early research showed both forgetting 
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of initial story details but also distortion of information, evident through the 

introduction of novel content or the modification of specific details. In some instances, 

this distortion was characterized by the substitution of original content with schematic 

or gist-based information. At the broadest level, Bartlett’s findings (which were finally 

replicated by (Bergman & Roediger, 1999) highlight the constructive nature of memory, 

which remains a central theme in memory research.  

The susceptibility of encoded information to distortion is particularly evident 

when conflicting information tied to the initial study is introduced after initial encoding. 

This is the case when new items overlap with previously learned content (e.g. 

retroactive interference), or in where related but erroneous information is deliberately 

presented, as in the misinformation paradigm (Loftus, 2005). In an early implementation 

of this design, participants viewed slides illustrating a story about a car accident and 

then were asked questions about the story that included misleading information (e.g. 

asking whether there was a “stop” sign in the initial images when there had instead 

been a “yield” sign) (Loftus, Miller, & Burns, 1978). A subsequent memory test showed 

false recognition of key events from the story attributable to the misleading information, 

which explicitly referenced the initial content.  The type of memory errors produced in 

the misinformation paradigm are not limited to experimental contexts. Autobiographical 

memory studies have shown that even  events which people report remembering with 

particular confidence can be inaccurate (Schmolck, Buffalo, & Squire, 2000; Talarico & 
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Rubin, 2003). It is the repeated retrieval of these salient events that is thought to be 

partially responsible for their malleable nature, with successive retrievals opening the 

possibility for memory modification (e.g. Roediger, Zaromb, & Butler, 2009). 

In many instances however, rather than distorting previously studied content, 

retrieval has been shown to strengthen memory such that it improves on a later test. 

This phenomenon, known as retrieval practice (or the “testing effect”; for reviews see 

(Roediger & Butler, 2011; Roediger & Karpicke, 2006a), has been demonstrated in 

numerous studies using a range of stimuli (Carpenter & Pashler, 2007) and retrieval 

formats (Carpenter & DeLosh, 2006). Typically, participants learn a set of items and 

either practice them again via retrieval (actively remembering the previous information) 

or through restudy (passively reviewing the initial information in same format in which 

it initially appeared). Following this initial practice, a final test is given to assess memory 

for all items. Superior memory is often found for items that were practiced through 

retrieval in comparison to restudy. 

Various factors have been found to influence the effectiveness of retrieval in 

facilitating later memory. For example, a smaller benefit is typically found when the 

initial retrieval is easy vs. more challenging (Carpenter & DeLosh, 2006; Pyc & Rawson, 

2009), consistent with differences seen in the effectiveness of retrieval format (free or 

cued recall tests seem to help more than recognition; Carpenter & DeLosh, 2006). Along 

similar lines, retrieval events that occur very soon after initial study are less beneficial 
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than those occurring later (Pyc & Rawson, 2009). Furthermore, the latency of the final 

test is also critical in detecting advantages of retrieval practice. Whereas final tests 

occurring at least a day after the initial study/practice manipulation typically show 

substantial benefits of retrieval practice, immediate final tests may show no difference at 

all (Toppino & Cohen, 2009). 

Underscoring the complex relationship between retrieval and the nature of target 

information, some studies have shown that retrieval both increases memory for initially 

encoded information and increases false memories (McDermott, 1996, 2006; Roediger & 

McDermott, 1995). For example, Roediger & McDermott (1995) found not only that 

participants falsely reported studying key words that were related to encoding list items 

but also that the rate of such false memories increased when an initial test had been 

given after each encoding list. Corresponding work on the misinformation paradigm 

suggests that the introduction of an initial test may also increase both accurate recall on 

a final test (Chan & Langley, 2011) but also increase reproduction of misinformation 

presented after the initial test (Chan & Langley, 2011; Chan, Thomas, & Bulevich, 2009; 

Wilford, Chan, & Tuhn, 2014). While retrieving inaccurate content substantially 

increases the likelihood that it will be produced at a later point (Roediger, Jacoby, & 

McDermott, 1996), the work on retrieval-enhanced suggestibility appears to show that 

retrieval can facilitate the incorporation of related (and erroneous) information into 
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existing memory representations (for a review of the “forward” effects of retrieval, see 

Pastötter & Bäuml, 2014). 

The impact of retrieval on previously learned information therefore appears to 

have differing effects, strengthening stored information in some cases and distorting 

memory in others. Furthermore, both effects can appear within the same study. This 

seemingly paradoxical influence of retrieval remains an area of active research, although 

some findings point to factors that may determine how stored information will likely be 

influenced. For example, it appears that the time interval between tests may play an 

important role, with shorter intervals less likely to lead to distortion (Wheeler & 

Roediger, 1992). The complexity of study materials and conceptual relationship within 

study and test items are also likely to be important. In much of the research showing 

that initial tests increase susceptibility to memory distortion, all material is related (e.g. 

all about the same movie, all words sharing a common critical lure). By contrast, 

retrieval tests that narrowly specify target information in isolation (e.g. separate and 

unrelated cue-target vocabulary pairs) have been found to mitigate the effects of 

potential interference (Potts & Shanks, 2012; Szpunar, McDermott, & Roediger, 2008). 

1.5.2 The Influence of Retrieval on Encoded Memories – 
Neurobiological Mechanisms of Reconsolidation 

Memory is particularly vulnerable to disruption in the period of time shortly 

following initial acquisition. Research in rodents has shown that administering amnestic 

agents during this critical window of synaptic consolidation leads to memory 
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impairments that are not evident when such an intervention is conducted longer after 

learning (Schafe & LeDoux, 2000). Although this pattern of results suggests a certain 

degree of stability in memories following synaptic consolidation, Nader and colleagues 

(2000) revived interest in the idea of reconsolidation, wherein the reactivation of a 

consolidated memory can once again make that memory malleable and susceptible to 

change (Nader et al., 2000).  

In this key study, rats were conditioned to associate a tone with a footshock on 

day 1. After a day delay, rats were re-exposed to the tone, producing the expected 

freezing behavior indicative of a recovered fear memory (Nader et al., 2000). Following 

this phase, anisomycin (a protein synthesis inhibitor previously used to produce 

amnesic effects) or vehicle was injected into the basolateral amygdala of all rats. In a 

final test on the following day, freezing behavior (the measure of memory retrieval) was 

selectively impaired for the anisomycin group, indicating that the treatment had 

disrupted memory. Critically, this impairment was not seen for a group receiving 

anisomycin but not re-exposed to the tone prior to the initial test, indicating that the 

reactivation of the fear memory preceding administration of the protein synthesis 

inhibitor was necessary to disrupt later memory. In another study, blockade of 

hippocampal protein synthesis diminished contextual fear memories following 

reactivation, suggesting a critical role for this region as well (Debiec, LeDoux, & Nader, 

2002). 
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Importantly, while many studies on reconsolidation have focused on the 

susceptibility of reactivated memories to disruption and amnesia, a number of reports 

also suggest a reactivation can strengthen consolidated memories (Forcato, Fernandez, & 

Pedreira, 2014; Sara, 2000). In a contextual fear study, Lee (2008) trained rats to initially 

associate a given context with a shock on day 1 (J. L. C. Lee, 2008). After repeating fear 

conditioning on day 2, blockade of hippocampal protein synthesis was found to impair 

memory on a final test administered on the third day, consistent with previous findings. 

However, this typical memory impairment was found to be selective to agents that 

disrupt initial consolidation only. Following fear conditioning on the second day, 

administration of an agent that selectively impairs initial consolidation (but not 

reconsolidation) produced no disruption of memory on the final test. Instead, this 

condition produced increased final test memory relative to day 2, suggesting that 

processes specific to reconsolidation may strengthen initially encoded memories. 

The capacity for reconsolidation to strengthen memories has been supported by a 

number of subsequent studies (Inda, Muravieva, & Alberini, 2011; Tronson, Wiseman, 

Olausson, & Taylor, 2006), which indicate that the latency between initial learning and 

subsequent reactivation is important. Inda and colleagues described a temporal gradient 

associated with the beneficial effects of reconsolidation whereby reactivating recent 

memories was associated with memory enhancement via reconsolidation. In contrast, 

reactivation of older memories was associated with increased vulnerability to extinction 
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(Inda et al., 2011). It thus appears that while reactivation of consolidated memories may 

increase vulnerability in some cases (evident through administration of amnestic 

agents), consolidation processes naturally following this reactivation may also serve to 

strengthen memories, particularly when reactivation occurs shortly after consolidation 

(Alberini, 2011).  

1.5.3 Implications of Reconsolidation for Cognitive Memory Function 

What implications does this reconsolidation work have for understanding the 

cognitive processes through which episodic retrieval in humans either distorts or 

benefits stored memory? Following the notion that the basic mechanisms of 

reconsolidation span memory systems (Dudai, 2012; Nader & Hardt, 2009), several 

research groups have constructed paradigms to test reconsolidation in an episodic 

memory context (for reviews, see Agren, 2014; Schiller & Phelps, 2011). These designs 

typically include an initial learning session followed later by a second learning session 

for new material and then a final test for items from the initial session. A series of 

studies have shown that when the Session 1 context is reactivated (via a contextual cue) 

prior to learning in Session 2, final test memory for Session 1 items is impaired (Forcato 

et al., 2007; Hupbach, Gomez, Hardt, & Nadel, 2007; Hupbach, Hardt, Gomez, & Nadel, 

2008). This pattern of results is consistent with the notion that reactivation returns 

Session 1 memories to a malleable state, allowing for the incorporation of Session 2 

information which impairs final memory performance.  
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Further work on reconsolidation in humans has shown the nature of the 

reactivation is critical in determining later memory effects (Forcato, Argibay, Pedreira, & 

Maldonado, 2009; Forcato, Rodríguez, & Pedreira, 2011; Hupbach, Gomez, & Nadel, 

2011). In most instances producing memory distortion, cues inducing reactivation of 

consolidated memories correspond to the general context of the initial study session, 

rather than to individual items (Hupbach et al., 2011, 2008). In instances where 

individual cues from Session 1 have been used for reactivation, the successful retrieval 

of corresponding targets was found to remove the detrimental effects of reconsolidation 

(Forcato et al., 2009). In a direct comparison between the reactivation formatted as a 

general reminder vs. reactivation of individual encoding items, Hupbach (2015) found 

disruption of initial memory only for the former, while the latter instead increased 

memory (Hupbach, 2015). This suggests that the detrimental effects of incorporating 

new information into pre-existing representations may be most pronounced when a 

more general context is reactivated.  

In addition to the reactivation of more diffuse information about initial encoding, 

the relatedness of previously encoded content to new information (presented in 

potential reconsolidation period) may also increase the likelihood of retrieval to distort 

memory. For example, although the reactivation of story material in the misinformation 

studies by Chan and colleagues target specific information (rather than a general story 

context), this initial test likely influences memory at the level of the entire story, given 
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the inherent interrelationships between individual items (Chan & Langley, 2011; Chan et 

al., 2009).  More importantly, the misinformation presented in such paradigms directly 

contradicts studied information. When misinformation is not presented about a given 

item, a typical testing advantage appears on the final test (Chan & Langley, 2011). In 

fact, using a retrieval practice paradigm in which tests likely produce reactivation of 

discrete non-overlapping encoding items, the presentation of arousing pictures directly 

following initial retrieval was found to strengthen rather than impair later memory for 

encoding items (Finn & Roediger, 2011). Critically, negative pictures were only 

beneficial when presented following item retrieval, not before it (Finn, Roediger, & 

Rosenzweig, 2012), suggesting the need for previous material to be reactivated.  

In non-human animal work research, hippocampally-dependent reconsolidation 

processes have been determined to strengthen memories in the course of repeated 

exposure (J. L. C. Lee, 2008, 2010). The involvement of such a mechanism in producing 

the type of mnemonic benefit associated with retrieval in humans is an intriguing 

possibility, although one made difficult to test given the ambiguous timecourse of 

synaptic consolidation in humans. Nonetheless, various accounts of how retrieval might 

strengthen memory in the cognitive literature (Carpenter & DeLosh, 2006; Pyc & 

Rawson, 2010) share commonalities with accounts of reconsolidation in the animal 

literature. Specifically, associations that are initially connected to material during 

encoding may become reactivated and strengthened during retrieval (in contrast to 
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restudy), producing memory enhancements visible at a later point. Theoretical accounts 

of memory encoding suggest that such associative processing might be initially 

supported by interactions between the hippocampus and distributed regions of 

neocortex, and the involvement of these regions would therefore be expected to 

characterize retrieval events that also lead to enhanced memory on a later test. 

The goal of the study described in Chapter 4 concerns isolating the neural 

mechanisms associated with retrieval-related memory enhancements. In this study, we 

compared the learning of material (semantically related cue-target word pairs) via either 

passive restudy (Restudy) or through active retrieval from memory (Test). Of critical 

importance was the mnemonic fate associated with items in these conditions. A day 

after the initial scan session, a final test assessed memory for all items, allowing us to 

backsort both Restudy and Test trials associated with successful memory during day 2. 

With this method, we were able to isolate the contribution of brain regions involved in 

both retrieving previously encoded information and in strengthening this retrieved 

information such that it was accessible at a later time. Through this study, we extend the 

encoding-retrieval relationship beyond the point of initial retrieval to reveal how 

retrieval not only reflects past experience but also strengthens it to yield enduring 

memories.  
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1.5 Overview of questions 

Functional neuroimaging work has demonstrated that remembering past entails 

the partial reactivation of information present during the time of initial encoding. Most 

studies exploring this aspect of the relationship between encoding and retrieval have 

focused on the reinstatement of coarse category-related information. However, we might 

expect that particularly vivid memories are associated with the reinstatement of detailed 

cortical representations pertaining to individual events. This idea is tested in Chapter 2, 

which addresses questions related to the specificity of cortical reinstatement, including 

its relationship to subjective and objective measures of memory, its neuroanatomical 

distribution, and dependence on the MTL. In Chapter 3, an event-specific approach is 

used to address how the nature of reinstated information varies across item and 

relational memory. Instead of using a graded measure of memory detail for single items 

(scenes), as in Chapter 2, this study compares both item (face identity) and relational 

memory (facial expression) across a set of overlapping stimuli. In Chapter 4, the 

relationship between encoding and retrieval is expanded to consider how the process of 

retrieving encoded information can actually strengthen memory. Here, pairs of related 

words are studied and then either restudied or retrieved a second time before appearing 

in a third and final cued-recall test. Mechanisms associated with the capacity of retrieval 

to further strengthen memory are examined.  
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2. Reinstatement of Event-Specific Cortical Patterns is 
related to Visual Memory Detail 

2.1 Introduction  

Episodic memory allows us to remember past events with a striking level of 

detail and specificity. Even for types of events we have experienced hundreds of times 

(e.g., parking our car), we can often vividly remember an individual event within the 

series (e.g., today's parking location). How does the brain accomplish this amazing feat? 

According to current neurobiological models (e.g Alvarez & Squire, 1994; Norman & 

O’Reilly, 2003), during encoding, memory traces are stored in various cortical regions 

and pointers to these cortical locations are stored in the hippocampus. During retrieval, 

the same cortical regions are reactivated, leading to the conscious experience of 

remembering the original event. In typical neuroimaging designs investigating 

reactivation, sets of items are presented in two different contexts during encoding (e.g., 

words paired with pictures or with sounds) but without these contexts during retrieval 

(e.g., words alone), so that differences in retrieval activity can be attributed to the 

reactivation of the encoding contexts. Although the standard reactivation paradigm has 

generated many important findings (for reviews, see Danker & Anderson, 2010; Rugg et 

al., 2008), it has one limitation: It focuses on the reinstatement of sets of items (e.g., 

words paired with pictures) rather on the reinstatement of individual items (e.g., a 

particular word–picture pair). To address this limitation, we used a novel paradigm that 
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allowed us to measure cortical reactivation not only at the set level but also at the item 

level. 

The paradigm is depicted in Figure 1A. During encoding, participants encoded 

96 pictures of scenes, each paired with a descriptive verbal label (e.g., barn, tunnel), and 

during retrieval, they recalled the pictures in response to the labels and rated the quality 

of their memories on a 4-point scale. A diverse set of complex scenes was used so that 

scene retrieval would necessitate selecting details of a specific image from among 

numerous overlapping images. The validity of in-scan memory ratings was confirmed 

by a forced-choice recognition test after the scan, in which participants selected initially 

encoded scenes from among three highly similar distractors. Using representational 

similarity analysis, reactivation was measured as the similarity between distributed 

activation patterns during encoding and during retrieval (encoding-retrieval similarity 

[ERS]). ERS was calculated for individual items (e.g., ERS between barn during encoding 

and barn during retrieval; Figure 1B) and for all items in the same set, where “set” refers 

to all pictures with the same in-scan memory rating (e.g., ERS between tunnel during 

encoding and barn during retrieval). Whereas item-ERS measures the reactivation of 

individual pictures, set-ERS measures general reactivation of picture information. ERS 

results were analyzed with a 4 (in-scan memory rating: 1–4) × 2 (ERS level: item vs. set) 

factorial design and confirmed with a regression analysis in which the impact of ERS on 

memory was measured after controlling for the effects of univariate activity. 
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The study had four main goals. Our first goal was to investigate the neural 

mechanisms whereby the reactivation of individual items leads to successful memory 

retrieval. Using the paradigm in Figure 1, we searched for regions where ERS increased 

as a function of memory ratings (1–4) to a greater extent for item-ERS than for set-ERS, 

that is, a Memory × ERS level interaction. In addition to the aforementioned 

neurobiological models, such interaction would be consistent with encoding specificity  

(Tulving & Thomson, 1973) and transfer-appropriate processing (Morris et al., 1977) 

principles, which assume that memory success depends on ERS. In a previous fMRI 

study that compared patterns of brain activity between encoding and picture 

recognition (Ritchey et al., 2013), we found a Memory × ERS level interaction in bilateral 

occipitotemporal cortex (OTC). This finding is consistent with evidence that OTC is 

sensitive to the specific contents of visual scenes (MacEvoy & Epstein, 2009, 2011). 

However, because this study used a recognition test at retrieval, this finding may have 

been related to memory reactivation or to the reprocessing of scenes during test. To 

better isolate neural patterns related to memory reactivation, the current study 

employed a cued recall test in which only verbal labels are presented during retrieval. 

Additionally, we used a parametric measure of recall success to index the detail with 

which encoded scenes were recalled, which improved our ability to assess fine-grained 

changes in memory vividness relative to the dichotomous measure of memory success 
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used in our previous study. Moreover, to better localize the ERS effects, here we used a 

voxel-wise searchlight procedure (Figure 1B). 

Our second goal was to identify regions where reactivation predicted memory 

success but was not sensitive to differences among pictures. In our paradigm, these are 

regions where ERS increases as a function of memory ratings (1–4) similarly for item-

ERS and set-ERS, that is, a main effect of memory on ERS. In our previous study 

(Ritchey et al., 2013), we found a main effect of memory on ERS in several regions 

including inferior parietal cortex and ventrolateral pFC (VLPFC). These regions are 

likely to mediate cognitive processes that enhance scene memory when applied in a 

similar way during encoding and retrieval (i.e., ERS), such as control mechanisms 

guiding encoding and retrieval operations. Alternatively, such regions could mediate 

processes associated with the perception of scene pictures, which in our previous study 

were presented both during encoding and retrieval. Given that in the current study only 

verbal labels are presented during retrieval, a main effect of memory in regions 

associated with memory success more broadly would be more consistent with cognitive 

control than perceptual operations. 

Our third goal was to identify regions sensitive to individual items irrespective 

of memory success. In our paradigm, these are regions where item-ERS is greater than 

set-ERS regardless of memory ratings, that is, a main effect of ERS level. Early visual 

cortex showed this pattern most strongly in our previous recognition study (Ritchey et 
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al., 2013), consistent with the overlap of visual features between encoding and retrieval. 

In the present cued recall study, however, because the scenes are not re-presented 

during test, it is possible that item-level overlap will be observed only for successful 

memory trials, thus resulting in no memory-independent item-ERS effects. 

Alternatively, because the retrieval trials are cued with scene labels, it is possible that 

item-level overlap could be triggered by the automatic generation of contextual 

information relating to scene concepts (contextual information for a barn, a tunnel, etc.). 

Whereas the anterior temporal cortex is known to subserve processing of semantic or 

conceptual information (Patterson, Nestor, & Rogers, 2007; Peelen & Caramazza, 2012), 

other research has identified a set of regions, including the retrosplenial cortex (RSC) 

and parahippocampal cortex (PHC), as integral to the processing of contextual 

associations (Bar & Aminoff, 2003; Bar, 2004; Kveraga et al., 2011; Ranganath & Ritchey, 

2012). Given that the retrieval cues that we used are likely to directly elicit information 

about a broader semantic context (whether or not they lead to recovery of episodic 

details of the specific image from encoding), areas generally involved in semantic or 

contextual associations might exhibit conceptually driven item-specificity in the present 

design. 

Finally, our fourth goal was to investigate the core assumption of neurobiological 

memory models (Alvarez & Squire, 1994; Norman & O’Reilly, 2003) that successful 

encoding involves not only the storage of distributed cortical traces but also the storage 



 

56 

of pointers to these traces in the hippocampus. This assumption implies that the 

reactivation of cortical memory traces during retrieval, and hence, the item-level 

similarity between encoding and retrieval cortical activation, depends on the 

engagement of the hippocampus during encoding. Accordingly, we tested the 

prediction that hippocampal activity during encoding would track memory-related 

cortical ERS, particularly for item-ERS. To obtain estimates of item-ERS (relative to set-

ERS) for each individual trial, we standardized (z-scored) item-ERS in relation to the 

distribution of set-ERS for each scene. 

In summary, by exploring how the reinstatement of distributed patterns varies as 

a function of ERS level and memory rating, we sought to clarify how different brain 

regions are involved in both the specificity and degree of detail that attend the retrieval 

of visual memories. The interaction of memory and ERS level should identify regions in 

which item-specific information is successfully recovered, with OTC emerging as a 

prime candidate given the findings of our previous study and its general role in 

processing higher-level visual information. By contrast, the main effect of Memory 

should identify regions that support memory success in general, whereas the main effect 

of ERS level might identify regions that are sensitive to semantic or contextual 

similarities between a scene and its label. Combined, this approach will enable us to 

map out the disparate processes contributing to successful memory reinstatement. 
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2.2 Methods 

2.2.1 Experimental design 

The experiment was divided into three phases: encoding, retrieval, and postscan 

recognition (see Figure 1). Before beginning the scan, participants completed a short 

practice session so that they were familiar with the instructions at each phase of the 

study. 

The scan session contained three encoding runs, a resting state run, and three 

retrieval runs. Stimuli consisted of 96 scene images, which were presented for 4 sec each 

across the three encoding runs (32 images per run, order randomized within run). At 

encoding, each scene was accompanied by a short descriptive label that appeared below 

the image (e.g., “island” or “concert hall”). Participants were asked to rate the 

representativeness of the image for the given label (e.g., “is this specific picture a good 

picture of an island”). Encoding trials were separated by an active baseline interval of 8 

sec, during which participants made even/odd judgments in response to a series of 

digits ranging from 1 to 9. 

Retrieval scans were identical in format to encoding scans, with the exception of 

scene presentation. On each retrieval trial, the descriptive label attending a previously 

presented scene was shown, and participants were asked to recall the corresponding 

image from encoding in as much detail as possible. Participants then rated the amount 

of detail with which they could remember the specific picture (1 = least amount of detail, 
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4 = highly detailed memory). Participants were instructed to distribute their responses 

across all 4 memory ratings. 

Immediately following the scan session, participants completed a four-

alternative forced-choice recognition test that covered all 96 pictures presented during 

encoding. During the first phase of each recognition trial, the target picture and three 

distractor pictures for the same label were presented in different quadrants of the 

computer screen. Participants selected the picture they believed they saw in the scanner. 

During the second phase of the trial, participants used a 4-point scale to rate how 

confident they were in the preceding recognition decision (1 = guess, 4 = very confident). 

 

Figure 1: (A) Experimental design. During encoding, scene pictures were 

presented with a descriptive label while participants judged image composition. At 
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retrieval, descriptive labels for previously encoded scenes were presented. 

Participants rated how detailed their memory was for the corresponding picture on a 

4-point scale. After the scan, all scenes from encoding were presented in a forced-

choice recognition task that included three similar scene exemplars. Participants 

chose the specific image they believed was presented at encoding and then rated their 

confidence on a 4-point scale. (B) Overview of searchlight analysis. For item-ERS, ERS 

was calculated with that item's corresponding encoding trial to produce an ERS 

volume for each trial. For set-ERS, ERS was calculated in the same way between each 

retrieval trial and all encoding trial sharing the same subsequent memory rating. 

These ERS values were then averaged at the voxel level to produce a single set-ERS 

volume for each retrieval trial that contained the mean similarity between that trial 

and other encoding trials of the same memory set. 

2.2.2 Participants 

Twenty-two participants completed the experiment. One participant who lacked 

functional data for one encoding run because of a technical error was excluded from 

analysis. All analyses were performed with the remaining 21 participants (12 women, 

age range = 18–30 years, M = 23.5, SD = 3.0). Participants were healthy, right-handed, 

fluent English speakers with normal or corrected-to-normal vision. Written informed 

consent was obtained from each participant in accordance with a protocol approved by 

the Duke University institutional review board. 

2.2.3 fMRI Acquisition and Preprocessing 

Imaging data were collected using a 3T GE scanner. Following a localizer scan, 

functional images were acquired using a SENSE spiral-in sequence (repetition time = 

2000 msec, echo time = 30 msec, field of view = 24 cm, 34 oblique slices with voxel 

dimensions of 3.75 × 3.75 × 3.8 mm). Functional data were collected during six task runs 

of equal length, with a resting state scan following the third run. Stimuli were projected 
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onto a mirror at the back of the scanner bore, and responses were recorded using a four-

button fiber-optic response box. Scanner noise was reduced with ear plugs, and head 

motion was minimized with foam pads. A high-resolution anatomical image (96 axial 

slices parallel to the AC–PC plane with voxel dimensions of 0.9 × 0.9 × 1.9 mm) was 

collected following functional scanning. 

Preprocessing and data analysis were performed using SPM5 (Wellcome 

Department of Cognitive Neurology, London, UK) and custom MATLAB (The 

Mathworks, Natick, MA) scripts. After discarding the initial six volumes of each run to 

allow for scanner stabilization, images were corrected for slice time acquisition and 

motion and normalized to the Montreal Neurological Institute template. Searchlight 

analyses described below were performed on unsmoothed data. 

2.2.4 fMRI Data Analysis 

For each participant, a general linear model was constructed that included 

separate regressors for each trial (Rissman, Gazzaley, & D’Esposito, 2004), along with 

regressors corresponding to head motion and scan session. Each trial was modeled as a 

0-duration event and was convolved with a canonical hemodynamic response function. 

The resulting beta estimates for each trial were then used for subsequent multivariate 

searchlight analyses. 
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2.2.4.1 Searchlight Analysis Overview 

As illustrated by Figure 1 (bottom), a whole-brain searchlight approach 

(Kriegeskorte, Goebel, & Bandettini, 2006; Kriegeskorte et al., 2008) was used to calculate 

ERS at the item level, where encoding and retrieval trials involved the same item (e.g., a 

picture of a barn at encoding, the label “barn” at retrieval), and the set level, where 

encoding and retrieval trials belonged to the same set (pictures with the same memory 

rating) but involved different items (e.g., a picture of a tunnel at encoding, the label 

“barn” at retrieval). 

Item-ERS and set-ERS were calculated for each voxel using a searchlight 

procedure (Figure 1B). For item-ERS, a 5 × 5 × 5 voxel cube around each voxel was 

extracted and vectorized (searchlight results obtained with a smaller 3 × 3 × 3 voxel cube 

were similar to those reported here). Then, the encoding and retrieval vectors were 

correlated and the resulting correlation value (Fisher-transformed Pearson's r, our ERS 

measure) was placed in the original voxel location. This process was repeated for all 

voxels in the brain to produce a single similarity volume for a given pair. In this fashion, 

a similarity volume was ultimately generated for every item-level pair, excluding those 

pairs where no response was made during retrieval. 

For the set-ERS, the procedure was similar except that the ERS value at each 

voxel was the average of many set-level pairs. Specifically, for each retrieval trial (e.g., 

barn), ERS was calculated separately for all set-level encoding trials (tunnel–barn, 
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bowling alley–barn, etc.) that yielded the same memory rating at retrieval (e.g., 4, or 

highly detailed), and these different ERS values were averaged for each voxel to create 

the whole-brain similarity volume for that retrieval trial. The calculation of the average 

set-ERS was restricted to trials with the same memory rating (1, 2, 3, or 4) so that the 

item-level and set-level comparisons would be similarly matched on factors like top–

down attention and differ only in the content of image memory. 

After ERS volumes had been calculated for each retrieval trail, fixed-effect 

contrasts were generated separately for item-ERS and set-ERS by averaging together all 

ERS volumes within each of the four memory ratings, yielding eight mean ERS images 

per subject (four set-level blue squares plus four item-level green diagonals in Figure 

1B). Because decisions about retrieval rating may have differed across participants, the 

final contrasts of interest were also calculated within subjects before being submitted to 

random-effect analyses. This involved a weighted combination of the eight mean images 

to produce contrasts for the interaction of increasing memory with ERS level (item-ERS: 

−1.5 −0.5 0.5 1.5; set-ERS: 1.5 0.5 −0.5 −1.5), the main effect of increasing memory (item-

ERS: −1.5 −0.5 0.5 1.5; set-ERS: −1.5 −0.5 0.5 1.5), and the main effect of item-ERS greater 

than set-ERS (item-ERS: 1 1 1 1; set-ERS: −1 −1 −1 −1). Random effects were then 

examined by submitting each of these three contrasts to a separate one sample t test 

(reported effects at p < .001, cluster extent: 10; see Table 1, Figure 3, top). Group contrasts 

additionally masked out white matter/CSF (SPM gray matter template values <0.1) and 
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each main effect map was also exclusively masked with the interaction and opposite 

main effect contrast, both thesholded at a liberal value of p < .05. To visualize change in 

ERS across memory ratings, similarity volumes were averaged across subjects and 

within rating level, yielding separate plots for both item-ERS and set-ERS (see Figure 3, 

bottom). 

2.2.4.2 Trialwise Item-specific ERS Estimates (Standardized Item-ERS) 

In addition to calculating the interaction between memory and ERS level within 

each subject, several pattern analyses also required estimates of ERS that reflected the 

difference between item-ERS and set-ERS at each trial. This was done by transforming 

the item-ERS value for a given trial into a z score based on that trial's set-ERS 

distribution (standardized item-ERS), thus producing a series of images where positive 

values signaled greater similarity for item-level pairs. For example, if a voxel in the 

standardized item-ERS image for “barn” trial had a z score of 1, that would mean that 

the ERS for barn–barn was 1 standard deviation above the mean of the ERS distribution 

of all set-level pairs for “barn” (tunnel–barn, bowling alley–barn, ocean wave–barn, etc.). 

This series of standardized item-ERS images was used in the two analyses incorporating 

trialwise univariate activity estimates (single trial betas) described in the following 

sections. 
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2.2.4.3 Controlling for Differences in Univariate Activity (Voxelwise Regression) 

Because ERS was calculated using a Pearson's r, the results of the ERS contrasts 

can be assumed to be largely independent of the absolute magnitude of univariate 

activity during encoding or retrieval (i.e., the mean of the input vectors for each 

correlation value). However, activation magnitude and multivariate patterns might not 

be entirely orthogonal given that signal-to-noise and other factors may increase with 

univariate activity. To clarify whether the ERS effects shown here provide new 

information about multivariate patterns, beyond what would be predicted by univariate 

activation alone, we conducted a confirmatory within-subject regression at peak voxels 

in regions showing significant memory-related similarity effects. In this regression 

analysis, memory ratings were the dependent variable and there were four independent 

variables (IVs): (1) ERS, (2) univariate encoding activity, (3) univariate retrieval activity, 

and (4) Encoding × Retrieval (the univariate activity interaction). A test on the parameter 

estimates corresponding to the ERS regressor (see Table 1, rightmost column) indicated 

whether similarity measures uniquely predicted behavioral memory while accounting 

for the effects of univariate activity. For confirming the Level × Memory interaction, we 

used the standardized item-ERS estimates described above, which capture the difference 

between item-ERS and set-ERS on a single trial basis. For confirming the main effect of 

memory, the ERS independent variable in the regression was the average of item-ERS 

and set-ERS values. 



 

65 

2.2.4.4 Identifying Encoding Activity that Predicted ERS  

The standardized item-ERS values were also used to identify univariate activity 

during encoding that predicted memory-related item-ERS. For this analysis, we used the 

Memory × ERS level interaction contrast to identify the functional ROI (left OTC) where 

ERS had the greatest predictive weight after accounting for univariate activity. Within 

this ROI, the mean standardized item-ERS value was extracted for every volume in the 

series. These values were correlated with the univariate activity at each voxel in the 

corresponding encoding trials (single-trial betas, smoothed at 8 mm) across the entire set 

of images to produce a single image capturing the relationship between encoding 

activity and individual trial item-ERS across time. Each participant's cross-trial 

correlation volume was then submitted to a one-sample t test to evaluate group effects 

(p < .001, cluster extent: 10; see Table 2). Finally, to assess how encoding activity in these 

regions related directly to memory scores, a standard univariate general linear model 

was run on the encoding data, with separate regressors for each of the four subsequent 

retrieval ratings (along with regressors for missing responses, motion parameters, and 

run means). Within the two regions identified in the whole-brain correlation analysis 

between encoding activity and item-ERS, single-subject contrast images of encoding 

activity for the four retrieval ratings were then examined. 
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2.3 Results 

2.3.1 Behavioral Results 

During the retrieval phase, participants distributed their responses across all four 

memory ratings (mean proportion of responses for ratings 1–4 were 19.9%, 22.6%, 28.8%, 

and 28.7%, respectively). Overall postscan recognition performance was very good, with 

a successful recognition rate of 77.4% (SD = 11.0%, chance = 25%). Critically, postscan 

recognition performance confirmed the validity of the subjective in-scan memory 

ratings. As illustrated by Figure 2, as in-scan memory ratings increased from 1 to 4, 

postscan high-confidence hits increased linearly while misses decreased linearly. 

Confirming these impressions, separate one-way ANOVAs showed a significant linear 

effect of in-scan ratings on high-confidence hits (linear component: F(1, 20) = 53.24; p < 

.001) and misses (linear component: F(1, 20) = 16.60; p < .001). Given the strong 

relationship between in-scan memory ratings and postscan recognition performance, 

either of these measures could have been used in fMRI analyses; we decided to use in-

scan ratings because they are not affected by the particularities of the picture foils used 

in the postscan forced-choice recognition test. 
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Figure 2: Behavioral performance. Postscan forced-choice recognition 

performance shown as a function of cued-recall ratings given during the scanned 

retrieval phase. Increases in both recognition accuracy and confidence are evident at 

each successive cued-recall 

2.3.2 FMRI Results: Factorial Analysis of Memory and ERS Level 

Table 1 lists brain regions showing an ERS level × Memory interaction, in 

addition to those showing main effects of Memory (across the four memory ratings) and 

ERS level (item vs. set). 
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Table 1: Searchlight Similarity Effects 

 

Hem BA x y z vox T-test Regr 

Memory x ERS level Interaction 

Occipitotemporal Ctx (OTC) L 37 -56 -53 -8 16 4.64 6.96 

 

R 19 41 -86 19 39 6.81 3.84 

Supplementary Eye Field L 6 -4 19 68 20 5.21 3.68 

Main effect of memory (linear memory increase) 

Ventrolateral PFC (VLPFC) L 44/46 -41 15 23 67 5.13 6.08 

 R 44/9 41 4 34 224 5.66 5.11 

Ventral Parietal Ctx (VPC)                 R 39 30 -56 30 54 4.79 4.68 

Parahippocampal Ctx (PHC) L 

 

-30 -41 -4 23 5.36 4.43 

Main effect of ERS level (item-ERS > set-ERS) 

Retrosplenial cortex (RSC) L 30/31 -8 -45 34 14 4.47 NA 

Notes: Coordinates in MNI; cluster maxima showing strongest effect after controlling for 

univariate activity (interaction and main effect of Memory). NA = not applicable because 

the regression analysis used memory as a dependent variable. 

 

2.3.2.1 Memory X ERS Level Interaction 

Our first goal concerned identifying regions where item-ERS had a stronger 

impact on memory ratings than set-ERS, that is, regions showing a Memory × ERS level 

interaction. As described in the Methods section, to control for potential effects of 

univariate activity on memory ratings, we confirmed the results of the factorial analysis 

with a regression analysis in which item-ERS competed with univariate measures of 

encoding activity, retrieval activity, and Encoding × Retrieval interactions. To isolate 

item-ERS, we standardized (z-scored) the item-ERS measure based on the set-ERS 

distribution for the corresponding trial. The rightmost column in Table 1 shows the 

impact of item-ERS on memory ratings after accounting for any effect of univariate 

activity. 
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Consistent with our prediction, an interaction between Memory and ERS level 

was found in OTC (Table 1, top). The OTC region showing the strongest effect on 

memory performance after accounting for univariate activity was left lateral OTC (BA 

37). As illustrated by Figure 3A, item-ERS in this region increased with memory ratings 

whereas set-ERS did not—a pattern consistent with remembering individual event 

information. This result extends to cued recall, a similar finding from recognition 

(Ritchey et al., 2013), confirming that the effect reflects true memory reactivation rather 

than the processing of scenes during retrieval. 

In addition to OTC, a Memory × ERS level interaction (and a significant item-ERS 

effect in the regression analysis) was also found in the vicinity of the supplementary eye 

fields. As discussed later, this unexpected finding could reflect ERS in eye movement 

patterns (Holm & Mäntylä, 2007; Laeng & Teodorescu, 2002). 

2.3.2.2 Main Effect of Memory 

The main effect of Memory identified brain regions where both item-ERS and 

set-ERS predicted memory ratings (see middle panel of Table 1). This main effect of 

Memory on ERS appeared most strongly in bilateral VLPFC. As illustrated by Figure 3B, 

ERS in VLPFC increased monotonically as a function of memory for both item-ERS and 

set-ERS. Although the VLPFC was also found to show a main effect of Memory in our 

previous recognition study (Ritchey et al., 2013), the current result indicates that this 

effect is not dependent on the perception of visual scenes during retrieval. Given the 
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memory effect applies to both item-ERS and set-ERS, this region is likely to mediate 

processes that enhance the encoding and retrieval of all pictures, such as cognitive 

control processes (Badre & Wagner, 2007). 

2.3.2.3 Main Effect of ERRS Level 

The main effect of ERS level identified regions where item-ERS was greater than 

set-ERS, irrespective of memory (see bottom panel of Table 1). Unlike contrasts 

involving the memory factor, here we did not need to conduct a regression analysis to 

control for univariate activation differences across memory levels. A main effect of ERS 

level was evident in the posterior midline, including RSC and extending into adjacent 

posterior cingulate cortex (PCC). As illustrated by Figure 3C, item-ERS in this region 

was greater than set-ERS regardless of memory ratings. The absence of overlap in early 

sensory cortex is unsurprising given the nature of retrieval trials; however, the finding 

of a main effect within RSC/PCC is consistent with evidence linking RSC to the 

automatic activation of contextual associations (Bar & Aminoff, 2003; Bar, 2004; Kveraga 

et al., 2011; Ranganath & Ritchey, 2012), as considered further in the Discussion section. 
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Figure 3: Regions showing main findings of the factorial design. (A) Left OTC 

showed a Memory × ERS level interaction with a stronger impact on memory ratings 

for item-ERS than set-ERS. (B) Bilateral VLPFC showed a main effect of memory 

where both item-ERS and set-ERS had a similar impact on memory ratings. (C) 

RSC/PCC showed a main effect of ERS level; in this region item-ERS was greater than 

set-ERS, but they did not vary with memory scores. Line graphs below each brain 

image plot the mean item/set ERS value across memory ratings for the corresponding 

cluster and illustrate the specific nature of the effect within the cluster 

2.3.3 FMRI Results: Effects of Encoding Activity on ERS 

Our fourth goal was to identify how the engagement of various regions at 

encoding related to fluctuations in item-specific reinstatement. Standardized item-ERS 

in left OTC was found to be correlated with encoding activity in two areas: the left 

anterior medial-temporal lobe, spanning the hippocampus and amygdala, and visual 

cortex (Table 2; Figure 4B). In both regions, increased activity during encoding was 
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associated with higher standardized item-ERS in left OTC. The finding that 

hippocampal activity during encoding predicted item-ERS associated with memory 

success is consistent with neurobiological models that postulate that the hippocampus 

stores indexes for the location of cortical memory traces. These models predict that the 

engagement of the hippocampus during encoding is critical for the reactivation of item-

specific memory traces during retrieval, and our finding supports this idea. 

We next examined the relationship between univariate encoding activity in MTL 

and visual cortex and subsequent retrieval ratings using single-subject activity contrasts 

(Table 2, rightmost column). As illustrated by Figure 4C (left), as hippocampal activity 

(MNI: −15, −8, −19) increased during encoding, so too did memory ratings during 

retrieval, F(1, 20) = 10.56; p = .004. By contrast, no such linear relationship was evident 

across the visual cortex ROI, F(1, 20) = 3.07; p = .095 (Figure 4C, right). Thus, whereas 

encoding activity in the hippocampus had an impact on both item-ERS and memory 

ratings, encoding activity in visual cortex correlated with item-ERS but not with 

memory. These findings provide further support to the idea that hippocampal responses 

during encoding are important for storing information that is later reactivated during 

retrieval. 
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Table 2: Encoding Activity Correlated with Memory-related Item-ERS 

Region with subpeaks Hem BA x y z t vox Lin (F) 

Anterior MTL       17  

    Hippocampus  L  -15 -8 -19 4.75  10.56 

    Parahippocampal/Amyg.  L 

 

-15 0 -30 5.03 

 

0.07* 

Occipital cortex       30  

    Cuneus L 18 -15 -101 4 4.53 

 

2.09* 

    Cuneus L 18 -15 -90 11 3.99 

 

0.29* 

Notes: Subpeak coordinates in MNI; rightmost column displays F value for within-

subject contrast of linear relationship between encoding activity and retrieval score. 

(*Linear effect not significant.) 
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Figure 4: : Relationship between univariate encoding activity and item-ERS. 

(A) Trialwise item-ERS in left OTC was correlated with encoding activity across the 

whole brain to identify regions where encoding activity predicted item-ERS. (B) In 

two regions trial-to-trial variability in encoding activity predicted with the degree of 

memory-related item-ERS: the anterior MTL and early visual cortex. (C) These two 

regions showed different patterns between encoding activity and subsequent 

memory, with typical subsequent memory effects (i.e., memory-related increase in 

univariate activity) evident in hippocampus (graphs shows effects at hippocampal 

peak, MNI −15, 18 −19) but not in early visual cortex (ROI mean, see Table 2 for 

subpeaks). 
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2.4 Discussion 

Access to the specific details of previous experience is among the most vital and 

fundamental components of episodic memory function. In the current study, we sought 

to address the specificity of mnemonic representations during covert recall by 

comparing the cortical patterns associated with retrieval of individual items to those 

present in a large set of similarly recalled items. The study yielded four main findings. 

First, a Memory × ERS level interaction signaling the reactivation of item-level 

information was evident in OTC. Second, a main effect of Memory on ERS level was 

found in VLPFC, a region often associated with control processes involved in successful 

memory. Third, a main effect of ERS level suggestive of automatic contextual 

associations was found in RSC/PCC. Finally, consistent with neurobiological memory 

models, increases in item-ERS within left OTC were predicted by encoding activity 

within the hippocampus. These four findings are discussed in separate sections below. 

2.4.1 Memory-related Increases in Item-specific Reinstatement 

Our first goal was to investigate the neural mechanisms whereby the reactivation 

of individual items leads to successful memory retrieval. Using a searchlight procedure, 

we looked for regions where ERS increased as a function of memory ratings to a greater 

extent for item-ERS than set-ERS. On the basis of our previous study (Ritchey et al., 

2013) and the nature of the stimuli used, we reasoned that this Memory × ERS level 

interaction should appear in OTC. Consistent with this idea, we found that within OTC, 



 

76 

item-ERS, but not set-ERS, increased as a function of memory success (see Figure 3A). 

Moreover, a regression analysis showed that item-ERS for each scene (z-scored within 

the set-ERS distribution for the scene) significantly predicted memory after accounting 

for differences in univariate activity. This is exactly the pattern one would expect from a 

region mediating the reactivation of individual events. 

The localization of the interaction effects to late visual regions (e.g., left OTC; 

Figure 3A) suggests the recapitulation of higher-level features as participants attempted 

to recall the details of individual scenes. Given the large set of scenes from which items 

were recalled and the brief exposure to any one image, it appears that such higher-level 

features are nonetheless quite specific. The OTC finding replicates and extends a similar 

finding observed in our previous ERS study (Ritchey et al., 2013), which also used a 

large set of complex pictures as stimuli. As noted in the Introduction, the interpretation 

of the OTC interaction in this previous study was complicated by the use of a 

recognition test because ERS measures could partly reflect the presentation of scenes 

during retrieval. The current study addressed this issue by using verbal labels as 

retrieval cues. 

In addition to our previous study using recognition (Ritchey et al., 2013), past 

memory-related findings appear consistent with a role for OTC in the conscious 

recovery of item details, as in studies where left OTC (e.g., fusiform gyrus/BA 37) 

indexed the amount of information recollected (Vilberg & Rugg, 2007) or the recovery of 



 

77 

details allowing fine-grained discrimination (Kensinger, Garoff-Eaton, & Schacter, 2007). 

In another study, distributed patterns in OTC during cued-recall distinguished both 

stimulus category type and tracked behavioral memory measures on a postscan test 

(Kuhl et al., 2011). Studies comparing internally generated representations (e.g., during 

mental imagery or memory retrieval) to those present during active visual perception 

have shown distinct but partially overlapping profiles, with response to the former often 

appearing in more anterior or higher-level regions of the ventral visual pathway 

(Buchsbaum et al., 2012; Cichy, Heinzle, & Haynes, 2012; M. R. Johnson & Johnson, 2014; 

M. R. Johnson, Mitchell, Raye, D’Esposito, & Johnson, 2007; O’Craven & Kanwisher, 

2000). 

It is important to emphasize that the circumscribed OTC regions we found in the 

current study (Table 1, top) are likely to be only a subset of many cortical regions storing 

memory traces for individual scenes. One possible explanation of why a significant 

Memory × ERS level interaction was found in relatively limited cortical areas is that our 

method emphasized regions showing consistent ERS level differences across all 96 

scenes investigated. These scenes encompassed a multitude of objects and semantic 

features, which likely have diverse representations across ventral cortex(Huth, 

Nishimoto, Vu, & Gallant, 2012; Stansbury, Naselaris, & Gallant, 2013). Nonetheless, a 

recent study examining memory for short movie clips found reactivation effects in 

lateral OTC (Buchsbaum et al., 2012), consistent with the present findings. In a related 
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study where multiple unique cue words were paired with one of four scenes (Staresina 

et al., 2012), successful memory for specific word–scene pairs was instead reflected in 

distributed patterns across PHC, consistent with the role of this region in processing 

scenes and spatial information more broadly (R. A. Epstein, 2008; R. Epstein, Graham, & 

Downing, 2003; R. Epstein & Kanwisher, 1998). This last finding suggests that the 

distribution of cortical reactivation may vary depending on how memory is tested and 

what aspects of stimuli (even within the same stimulus type) are emphasized at 

encoding. For example, in Staresina et al. (2012), the reappearance of scenes across 

unique pairs may have allowed for a more detailed encoding of associative linkages 

between words and scenes or of the spatial relationships within each scene. By contrast, 

brief exposure to a wider array of scenes, as in this study, may instead shift processing 

toward specific objects and other scene components useful for individuation, leading to 

the dissociation between item-ERS and set-ERS in OTC regions. 

In addition to OTC, a Memory × ERS level interaction was also found near the 

supplementary eye field, a region linked to the control of saccadic eye movements 

(Grosbras, Lobel, Van de Moortele, LeBihan, & Berthoz, 1999; Schlag & Schlag-Rey, 1987, 

1992) and to memory-guided saccades (Anderson et al., 1994). One possible explanation 

is that item-ERS in this region reflects ERS in eye movements and that this similarity 

enhanced memory. Consistent with this idea, eye movement studies have shown ERS in 

eye movement patterns is associated with better memory (Holm & Mäntylä, 2007) and 
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that participants reinstate encoding eye movements during retrieval, even during free 

recall (Laeng & Teodorescu, 2002). If confirmed, this effect would add to growing 

evidence for the role of eye movements in visual memory (for a review, see Hannula et 

al., 2010). 

2.4.2 ERS Associated with General Increases in Memory Detail 

Our second goal was to identify regions where reactivation predicted memory 

success but was not sensitive to differences among pictures. Accordingly, we searched 

for regions where ERS increased as a function of memory ratings similarly for item-ERS 

and set-ERS. We found that in bilateral VLPFC, ERS increased monotonically as a 

function of memory for both item-ERS and set-ERS, with effects extending somewhat 

more dorsally in the left hemisphere (see Figure 3B). 

The finding that VLPFC similarity during encoding and retrieval phases was 

associated with increasing memory ratings is consistent with evidence from fMRI 

studies examining memory success at both phases (for meta-analyses, see Kim, 2011; 

Spaniol et al., 2009). Memory-related increases in VLPFC similarity also fit well with 

prior fMRI evidence that the contribution of this region to memory success is very 

broad. For example, one study found that the VLPFC showed successful memory 

activity for both encoding and retrieval and for both faces and scenes (Prince et al., 

2009). Another study using multivariate pattern classification to determine the previous 

encoding condition of retrieval trials (J. D. Johnson et al., 2009) found that left VLPFC 
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reactivation was associated with better memory but did not distinguish between 

recollection and familiarity. Thus, VLPFC seems to mediate a mechanism that enhances 

both encoding and retrieval but does not express stimulus-specific encoding details 

during retrieval. One likely candidate is the cognitive control of encoding and retrieval 

operations, which has been consistently linked to VLPFC in univariate fMRI studies of 

episodic and semantic memory (Badre & Wagner, 2007). 

Importantly, the present findings suggest that memory performance may depend 

on the pattern of activity across regions like VLPFC (as captured by ERS) in addition to 

the overall level of activation in such a region. In fact, a regression analysis in this region 

showed that ERS predicted memory ratings even after controlling for the differences in 

univariate activity (during encoding, retrieval, or both). This finding is intriguing given 

the impact of ERS on memory did not differ for item-ERS versus set-ERS, suggesting 

that that this region was not sensitive to differences across individual scenes. One 

possible explanation of this pattern is that the memory-enhancing effect of ERS in this 

region did not reflect a similarity in item-specific representations but a similarity in 

processes engaged across all items. Future studies may help to better characterize 

dimensions of cognitive control that facilitate memory across both phase and stimulus 

type, and multivariate analyses may prove particularly useful in this endeavor given 

that they are less sensitive to subject-level variability in activity patterns (Davis et al., 

2014), a factor that may reduce the ability to detect commonalities in univariate analyses. 



 

81 

2.4.3 Item-specific Similarity Independent of Memory 

Our third goal was to identify any regions sensitive to individual items 

irrespective of memory success, which in our paradigm corresponded to the main effect 

of ERS level (item-ERS > set-ERS). Early visual cortex showed this most clearly in our 

previous recognition study (Ritchey et al., 2013), which is not surprising given that 

scenes were presented during both encoding and retrieval phases. In the current study, 

by contrast, only verbal labels for the scenes (e.g., “barn,” “tunnel”) were presented at 

test, and hence, the match between encoding and retrieval was more abstract (e.g., the 

concept of a barn). Therefore, to the extent that any memory-insensitive match effects 

appeared in this study, we reasoned they should reflect access to preexistent semantic 

knowledge about typical scenes. The existence of such “scene schema” (Biederman, 

Mezzanotte, & Rabinowitz, 1982; Palmer, 1975) or context frames (Bar & Ullman, 1996) is 

supported by the cognitive neuroscience literature (Aminoff, Schacter, & Bar, 2008; Bar 

& Aminoff, 2003; Bar, 2004), which has linked context frames to univariate activity in 

RSC and PHC, two candidate regions for the current main effect of ERS. 

As illustrated by Figure 3B, RSC/PCC showed a main effect of ERS, with greater 

item-ERS than set-ERS independent of the memory for the specific pictures encoded. 

This pattern fits well with the idea that RSC supports context frames for typical scenes 

(beach, bowling alley, etc.), which are automatically activated either by a picture or by a 

verbal label. The context frame reflects knowledge for the scene (e.g., what a bowling 
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alley is), and hence, it does not depend on episodic memory for a particular picture 

during encoding (captured by the memory ratings) or the recapitulation of the specific 

visual elements contained in each scene. Previous work on context frames has found 

that RSC shows greater activity for objects strongly associated with one specific context 

(e.g., supermarket cart, roulette wheel, microscope) than for objects weakly associated 

with many different contexts (e.g., rope, camera, basket; Kveraga et al., 2011; Bar & 

Aminoff, 2003). Related research has also shown that RSC activity during the encoding 

of object pairs belonging to the same context frame (e.g., baby bottle and teddy bear) 

predicts false memories to objects from same context frame (e.g., “crib”; Aminoff et al., 

2008). 

The notion of abstract context frames provides a parsimonious account of the 

main effect of ERS level: Each scene automatically activated the corresponding context 

frame during encoding (e.g., beach, bowling alley) and the verbal labels during retrieval 

activated the same context frames, driving a similar response in posterior midline 

activation patterns. In contrast to RSC/PCC, no main effect of ERS level was found in 

PHC. One explanation for this difference between RSC and PHC concerns the 

hypothesis that RSC holds more abstract representations than PHC (Bar, Aminoff, & 

Schacter, 2008; Bar & Aminoff, 2003; Bar, 2007). In fact, in the aforementioned fMRI 

study on the strength of contextual associations (Bar & Aminoff, 2003), both RSC and 

PHC activity showed greater activity for strong than weak contextual associations but 



 

83 

only RSC was insensitive to the format of the stimuli, whereas analogous findings have 

been shown for changes in visual context (Park & Chun, 2009). Thus, it is possible that 

only the more abstract contextual representations stored in RSC/PCC were similar across 

the two phases of this study, in which perceptual format varied. Yet, this interpretation 

is speculative and must be confirmed by future research on the differential contributions 

of RSC and PHC to the storage and processing of context frame representations. In any 

event, the current finding for the main effect of ERS level extends past research, 

suggesting that RSC is not only activated when context frames are accessed but also that 

activation patterns within this region are sensitive to differences among different context 

frames. 

2.4.4 Trial-to-Trial Encoding Activity Related to Item-specific Memory 
Reinstatement 

Our final goal was to test the hypothesis that the hippocampus both binds 

disparate pieces of information into integrated representations (Eichenbaum, Otto, & 

Cohen, 1994; Eichenbaum, 2004)and stores pointers to cortical traces for those individual 

representations (Alvarez & Squire, 1994; Norman & O’Reilly, 2003). To test this 

hypothesis, we identified regions where trial-to-trial variability in encoding activity 

tracked item-specific ERS (standardized item-ERS). Two areas showed this relationship: 

the anterior MTL/hippocampus and the occipital cortex (cuneus and lingual gyrus). 

The anterior MTL finding makes sense in the context of the present design, 

where the formation of an integrated memory representation for each individual scene 
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(e.g., specific red barn/green front lawn/trees in background/blue sky) during encoding 

was critical for reconstructing a very similar mental scene in the scanner and to 

identifying target scenes from similar distractors outside the scanner. In fact, recent 

research has shown that encoding phase hippocampal activity rises along with the 

discriminability of category-related patterns across ventral OTC, a relationship also tied 

to subsequent recollection (Gordon, Rissman, Kiani, & Wagner, 2014). The anterior MTL 

effects found in the current study also extend into the amygdala. Although the scene 

images used were not chosen to be deliberately emotional in nature, it is possible that 

some scenes nonetheless elicited affective responses (e.g., aesthetically pleasing 

landscape pictures), triggering amygdala-dependent encoding processes. In our 

previous study, which used a mixture of emotionally salient and neutral images, 

amygdala activity during recognition was correlated with the fidelity of cortical 

reinstatement for emotional images (Ritchey et al., 2013). In general, amygdala 

interactions with occipitotemporal regions have been shown to support the visual 

specificity of affective memories (Kensinger et al., 2007), and thus, the involvement of 

this region at encoding or retrieval may result in perceptually vivid memories. The 

current results are therefore consistent with the well-established finding that the 

hippocampus facilitates relational and recollection-based memory as well as the idea 

that the amygdala supports visually specific memories. In both cases, it is the binding of 

item-specific details that gives rise to a visually rich retrieval experience. 
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The visual cortex finding was not predicted, but it is reasonable given that visual 

perception of the scene is a precondition for successful encoding and hence later 

retrieval. The posterior (early) location of the univariate encoding effect (BA 18, y = −101) 

contrasts with the more anterior location of the item-ERS effect (BA 37, y = −53) and 

could reflect a difference between the higher resolution of information during visual 

perception versus memory-based visual imagery. Interestingly, although the early visual 

cortex activation was correlated with standardized item-ERS in left OTC, which showed 

the strongest Memory × ERS level interaction, early visual activity did not vary with 

subsequent memory ratings (see Figure 4C). One possible explanation is that early visual 

cortex contributes to the formation of visually detailed representations but does not 

itself predict subsequent memory, which depends on the reinstatement of higher-level 

information in later OTC regions. At any rate, further research in understanding the role 

of early and late visual processing in memory-based imagery and reactivation is 

warranted. 

2.4.5 Conclusion 

In summary, we investigated reactivation at the item and set levels using 

representational similarity analysis in a novel scene recall design. The study yielded four 

main findings. First, in OTC, ERS at the item level predicted memory ratings. This result 

indicates that OTC is one of the cortical areas where memory for individual visual 

events are stored during encoding and reactivated during retrieval. Second, in VLPFC, 
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ERS in activation patterns predicted memory ratings but did not differ across scenes. 

This result suggests that one of the cognitive control processes mediated by this region 

benefits both the encoding and the retrieval of diverse scene stimuli. Third, activation 

patterns in RSC/PCC were sensitive to individual items but did not vary as a function of 

memory ratings. This finding aligns with past research linking the RSC to abstract 

representations of scenes known as context frames, which may be automatically 

activated during the two phases independently of episodic memory. Finally, 

hippocampal activity during encoding predicted item-level reactivation in the left OTC 

region showing the strongest interaction effect, consistent with neurobiological models 

that postulate that the hippocampus stores pointers to the location of cortical memory 

traces. 

Our findings demonstrate the ability to detect the reinstatement of individual 

items during covert recall by comparing distributed retrieval patterns specific for a 

given scene to those of many similarly remembered items. The link between level of 

detail at retrieval and item-specific cortical reinstatement underscores the importance of 

differentiating similar items from one another, even when behavioral memory measures 

do not differ across items. At a more general level, the present findings contribute to the 

wider effort of characterizing the structure of mnemonic information in the context of 

basic memory operations. Continued study of individual memory representations may 

help address both longstanding questions of memory function and allow for future 
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research to delve into the idiosyncrasies of remembering individual events from 

amongst a lifetime of memories.
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3. Differential Reinstatement of Item and Relational 
Memory Information 

3.1 Introduction 

Episodic memory connects past and present by allowing previously encoded 

information to be re-experienced. A central question in memory research is therefore to 

understand the relationship between how information is initially processed and how it 

is later retrieved. Evidence from  a growing body of neuroimaging work on reactivation 

or reinstatement indicates that successful retrieval is accompanied by neural signatures 

related to the content or context of encoded information (for a reviews, Danker & 

Anderson, 2010; Rugg et al., 2008). For example, differential activity in auditory vs. 

visual sensory regions has been reported during retrieval of items previously associated 

with sounds vs. pictures (Wheeler et al., 2000), while comparable effects have been 

found between categories of visual stimuli in content sensitive regions of the ventral 

visual stream (Kuhl et al., 2011; Polyn et al., 2005). 

Just as work on perceptual processing has focused on how highly similar 

exemplars are differentiated in the brain (Eger, Ashburner, Haynes, Dolan, & Rees, 2008; 

M. R. Johnson & Johnson, 2014; Kriegeskorte, Formisano, Sorger, & Goebel, 2007) recent 

memory studies have examined  the reinstatement of cortical patterns corresponding to 

individual stimuli, rather than broad categories (Ritchey et al., 2013; Staresina et al., 

2012; Wing et al., 2015). Analysis at this level of granularity is essential given that a core 

feature of memory is its capacity to access and discriminate between highly overlapping 
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events. Neurobiological models of memory posit that access to individual memory 

traces is contingent upon the medial temporal lobes, which provide a unique index to 

overlapping mnemonic representations (McClelland et al., 1995; O’Reilly & McClelland, 

1994). Consistent with such an account, memory for specific scene pictures has been 

linked to increases in encoding retrieval similarity (ERS) across occipitotemporal cortex 

(Ritchey et al., 2013; Wing et al., 2015) as well as parahippocampal gyrus (Staresina et al., 

2012). In each of these studies, hippocampal activation was found to track trial-by-trial 

fluctuations in ERS, although multivariate effects were not observed within the 

hippocampus itself.  

The current understanding of stimulus-specific reactivation comes from studies 

using both item and associative tests, as well as those assessing memory across varying 

degrees of subjective vividness. However, in previous research, the target of memory 

retrieval has always been individual items, rather than source or contextual information 

pertaining to a given item.  Comparisons between item and source retrieval provide a 

closely matched test, allowing for the identification of regions tracking both stimulus 

identity alone and conjunctive representations, which incorporate both identity and 

source information. In the present study, we examined the reinstatement of distributed 

patterns during successful memory for individual faces, as well as how these effects 

varied with the accuracy of source information attending item memory judgments.  
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Participants initially encoded a series of faces that varied in emotional expression 

(angry vs. happy). During a subsequent test, the neutral version of each previously-

encoded face was shown, along with novel faces, also neutral in expression. Participants 

attempted to retrieve the specific emotional expression of repeated faces while 

responding ‘new’ for unfamiliar face identities. Analyses focused on encoding-retrieval 

patterns that were specific to individual face identities, first for item memory regardless 

of source accuracy and then for responses that differed only in source accuracy. 

3.2 Methods 

3.2.1 Participants and experimental design 

Twenty-four healthy, right-handed young adults participated in the study. All 

subjects provided written informed consent for the study, which was approved by the 

Duke University Institutional Review Board. The experiment took place in a single fMRI 

session divided into three sections. The first section consisted of two runs of incidental 

face encoding, during which subjects saw a total of 120 unfamiliar faces drawn from 

several emotional face stimulus sets (Radboud Face Database, NimStim, Karolinska 

Directed Emotional Faces (KDEF). In half of the trials, faces were presented with an 

angry expression and in the other half, a happy expression (the emotional expression of 

different face identities was counterbalanced across participants). On each trial (3s/trial, 

jittered fixation ITI with a mean of 3s), participants responded whether the face shown 

was female or male.  
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After the second section of the study (which contained a social judgment task not 

discussed here), subjects performed a retrieval test assessing both item and source 

memory for faces seen in the initial section (see Figure 5). This task consisted of a single 

run in which 90 faces were shown (3s/trial, jittered fixation ITI with a mean of 3s). All 

faces were presented with a neutral expression, with one third of faces in each of the 

previously happy, previously angry, and new conditions. The order in which trials of 

these conditions appeared was random. On each trial, participants decided whether the 

face had been previously angry, previously happy, or was new.  

 Behavioral measures of memory performance expressed as proportions 

were converted to arcsin values prior to statistical testing. Following analysis of 

accuracy and reaction time (see Behavioral Results), responses on the memory task were 

divided into three trial types according to level of memory. Trials during which the 

previous emotional expression of an individual was accurately identified were 

considered source correct (SC) whereas trials in which the wrong emotional source was 

selected were classified as source incorrect (SI). Both of these responses were taken to 

reflect some level of item memory (i.e. that the face identity had been seen before). In 

contrast, repeated faces called “new” were classified as miss (M) trials, and responses 

novel faces were also divided into correct rejection and false alarm conditions. The 

analyses described here focus on memory for repeated items (SC/SI/M responses) both 

at encoding—conditionalized by subsequent response—and at retrieval.  
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Figure 5: Design overview.  During the incidental encoding phase, participants 

made judgments corresponding to the gender of various unfamiliar faces that were 

shown with either an angry or happy expression. At retrieval, faces from encoding 

were re-presented in a neutral format along with novel face identities. Participants 

attempted to recall the original emotional expression of faces deemed old (Angry or 

Happy response) or responded New to unfamiliar faces. 

3.2.2 Imaging parameters  

MRI data were collected using a 3T GE scanner. Functional images were 

acquired across 5 runs using a SENSE spiral-in sequence (TR=2000 msec, echo time = 30 

msec, field of view = 24 cm, 34 oblique slices with a voxel dimensions of 3.75 x 3.75 x 3.8 

mm). The task was presented in E-Prime 2.0 and stimuli were projected onto a mirror at 

the back of the scanner bore while responses were recorded with two 4-button fiber-

optic response boxes. Scanner noise was reduced with ear plugs, and foam pads were 

used to minimize head movement. A high resolution structural volume (96 slices) was 

acquired following the task. Preprocessing of functional data in SPM5 included 
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corrections for slice time acquisition and motion (realignment), after which images were 

normalized to MNI via a group structural template created with the ANTS toolbox 

(Avants et al., 2011). Unsmoothed normalized data was used for RSA, while univariate 

analyses were run on images smoothed with an 8mm kernel.  

3.2.2.1 First level models and univariate analyses 

First-level general linear models (GLMs) contained regressors corresponding to 

the three memory conditions of interest (SC/SI/M) specified separately at encoding and 

retrieval, along with regressor for correct rejections and false alarms (retrieval only) and 

for ‘no response’ trials, all of which were modeled as 0-duration events and convolved 

with the canonical HDR. Regressors for head motion and run mean were also included. 

In one model, a linear parametric weighting was used to examine activity rising across 

the three levels of memory (SC>SI>M) at each phase, while in a separate model, each 

memory level was modeled separately in order to produce parameter estimates that 

could be examined in regions showing parametric effects. 

Multivariate analyses were run on output from a single-trial model (based on the 

LS-S approach; Mumford, Turner, Ashby, & Poldrack, 2012), which yielded individual 

beta images for every trial at encoding and retrieval. 

Parametric contrast images for encoding and retrieval were entered into one 

sample t-tests in order to identify univariate activity associated with memory success at 
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each phase. The mean parameter estimate within each level of memory was extracted 

from regions showing parametric effects.  

Unless otherwise noted, reported effects (both univariate and multivariate) were 

based on a cluster corrected threshold of p<.05, with a voxelwise height threshold of 

p<.001 and cluster extent of 18 voxels, calculated via 10,000 monte-carlo simulations 

(Slotnick, Moo, Segal, & Hart, 2003). 

3.2.2.2 Multivariate analysis     

Multivariate searchlight analyses (Kriegeskorte et al., 2006, 2008) focused on 

assessing the similarity in spatial patterns between matched encoding and retrieval trials 

(encoding-retrieval similarity, ERS). At each voxel within a given retrieval trial, a 

representational dissimilarity matrix (RDM) was generated, expressing the correlation 

between patterns of nearby voxels (3x3x3 voxel searchlight box) for that trial and every 

other trial at encoding. To isolate cross-phase similarity values that were specific to 

individual face identities, ERS for identically matched encoding-retrieval pairs (i.e. same 

face identity) was z-scored within the distribution of all possible pairs between a given 

encoding face and other retrieval trials sharing the same memory outcome (e.g. SC). 

These z-scored identity ERS volumes were created for each face pair and then averaged 

within a memory condition to produce an identity ERS contrast images, which were 

smoothed with a 6mm FWHM kernel prior to random effects testing. 
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A 1x3 repeated measures anova was created to examine how identity ERS was 

related to memory performance. Item memory was interrogated by taking the 

conjunction of SC>M and SI>M (each at an uncorrected threshold of 0.01 for a conjoint 

voxelwise threshold of 0.001). For source memory, the contrast of SC>SI was used.  

Due to the potential influences of univariate activity on multivariate calculations, 

separate logistic regressions were run for each region emerging from searchlight-based 

contrasts. In the regression for each ROI, the mean trial-by-trial values for identity ERS 

were entered along with the mean trial-by-trial values of univariate activation at each 

phase. The dependent variable corresponded to memory outcome, which, for the two 

item memory regressions (occipital and aIT ROIs), had a value of 1 for old responses (SC 

or SI) and 0 for misses. In the source memory regression (L hippocampus), only SC and 

SI trials were considered, with dependent measure values of 1 and 0 respectively. To 

examine the relationship between ERS and memory after accounting for univariate 

activity, each subject’s parameter estimate for the ERS regressor was entered into a one 

sample t-test, resulting in three separate t-tests for each ROI/regression. 

3.3 Results 

3.3.1 Behavioral results 

Performance on the retrieval test was first assessed with respect to item memory, 

which entailed treating responses for either emotional source (“previously angry” or 

“previously happy”) as old. The effective hit rate for repeated faces from either 
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condition was 0.64 (SEM 0.033), while the effective false alarm rate to novel faces was 

0.21 (SEM 0.03), yielding an overall d’ rate of 1.40 (SEM0.14). Source memory was 

analyzed by computing ACSIM (average conditional source identification measure) 

scores, calculated as the number of correct source responses for a given condition 

divided by the total number of correct and incorrect source responses for that condition 

(e.g. P(“angry”)/(“angry”+”happy”) ) (Murnane & Bayen, 1996). Excluding one outlier 

subject (ACSIM more than 2 sd from mean), the average group ACSIM was 0.53 (SEM 

0.08), indicating low but trend-level source memory (t(22) = 1.81, p=0.09), with no 

difference in source memory between previously Angry and previously Happy faces as 

confirmed by a paired t-test of condition-specific ACSIM scores (t(22)=1.37, p=0.18). 

Given the absence of memory differences between the previously Angry and 

Happy conditions, source memory responses for repeated trials were collapsed into 

Source Correct (SC), Source Incorrect (SI), and Miss (M) conditions (see methods), which 

were the focus of the neuroimaging analyses. 

3.3.2 Memory success results – univariate 

An initial test of univariate activity was run to identify regions where activity 

increased across the three levels of memory (SC, SI, and M). At encoding, no regions 

appeared at our cluster-corrected extent, with only two regions—right extrastriate cortex 

(BA19) and right amygdala—appearing at a relaxed threshold of p<.005, k=10.  By 

contrast, the corresponding test at retrieval identified left-lateralized fronto-parietal 
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regions in which activity was strongly related to memory success. In ventrolateral 

prefrontal cortex (VLPFC), retrieval success activity was evident in a substantial portion 

of inferior frontal gyrus (from MNI y=42 to y=2; peak MNI: -45 30 19) (see Figure 6A). 

The other area showing retrieval success effects was a dorsal parietal region near the 

intraparietal sulcus (IPS).  

In these retrieval success regions, parameter estimates were examined within 

each of the three levels of memory separately. Both frontal and parietal regions showed 

elevated activity for SC and SI responses in contrast to M trials, with little separation 

between SC and SI (Figure 6B). The overall profile of activity in these areas therefore 

suggests the retrieval of item information rather than more fine-grained memory for 

emotional source. 

 

Figure 6: Retrieval success effects. Two regions, left ventrolateral prefrontal 

cortex (L VLPFC) and Intra-parietal sulcus (IPS), showed retrieval success effects 

(parametric effect, SC>SI>M) (A). In both regions, the biggest differences were 

observed between Miss trials and trials correctly judged as old (SC and SI), regardless 

of source accuracy (B). 
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3.3.3 Encoding-retrieval similarity (ERS) 

While univariate findings at retrieval appeared to reflect item memory regardless 

of source, our primary focus was whether a more sensitive measure might indicate the 

recovery of source information distinct form overall old/new memory. Using a 

multivariate searchlight procedure (see methods) we estimated the similarity between 

distributed patterns associated with encoding and retrieval trials. Measures of encoding-

retrieval similarity were adjusted to ensure that they reflected values that were specific 

to individual face identities. These identity-specific ERS values were computed 

separately within subjects for each of the three memory levels, and mean identity ERS 

volumes were entered into a 1x3 anova. 

To determine whether any regions showed effects for item memory (i.e. any old 

response—SC or SI— vs M), we tested the conjunction of SC>M and SI>M. Two regions 

appeared in this contrast—early visual cortex and right anterior inferotemporal cortex 

(aIT) (see Figure 7A). The visual cortex region was left lateralized and primarily 

restricted to occipital pole while the anterior temporal effect spanned fusiform and 

inferior temporal gyri, with a peak in right occipitotemporal sulcus. The extracted 

identity ERS values within both regions showed similar levels across SC and SI with a 

substantial reduction in similarity for M trials. The reverse contrast showed opposite 

effects in somatosensory cortices.  
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Figure 7: Item memory ERS. Regions where identity ERS was found for both 

SC vs. M and for SI vs. Miss. This type of item-memory effect was seen in early visual 

cotex (occipital pole) and right anterior inferotemporal (aIT) cortex (A). The profile of 

effects in these regions shows increased ERS for both SC/SI with reductions for M 

(B). 

The comparison of source memory was between the two “old” response options 

(SC/SI), with some degree of familiarity presumably present in both conditions. For this 

contrast, identity ERS was found to be higher during accurate vs. inaccurate source 

memory in a single region of left anterior hippocampus (see Figure 8A). This 

hippocampal effect (peak MNI: -23, -8, -15) also extended rostrally within the 

hippocampal formation to the boundary between hippocampus and amygdala (y=-3). 

Post hoc one sample t-tests against zero were run on extracted identity ERS values from 

this region. These tests indicated a significant effect in both conditions, with a much 

more pronounced effect in the SC condition (SC: t(22)=4.64,p<0.001; SI: t(22)=-2.14, 

p<0.05). Although not part of the contrast, an analogous t-test on similarity values from 

this region for the M condition was not significant (t(22)=0.47, p>0.5). Finally, the 
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opposite contrast (SI>SC) did not identify any regions in which similarity was greater for 

incorrect vs. correct source memory. 

 

Figure 8: Source memory ERS. Considering only old responses, the only region 

where identity ERS was greater for SC than SI trials was left hippocampus (A). In this 

region, a pronounced increase in ERS was seen for SC, with a less marked decrease 

seen for SI trials. While not part of the contrast (denoted by dashed box), ERS values 

were also extracted for the M condition within the hippocampal ROI (B). 

3.3.4 ROI Regressions 

To compare the results from the ERS searchlight alongside univariate measures, 

we ran separate logistic regressions for each searchlight-based ROI which included 

regressors pertaining to trial-by-trial identity ERS and univariate activity at each phase. 

Memory response was the dependent variable, which was coded to reflect either the 

difference between hit (SC/SI) and miss (M) trials for the item-memory regions (occipital 
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and aIT) or the difference between the two hit responses (SC vs. SI) for the source 

memory ROI (L Hippocampus). 

One sample t-tests were run on the ERS regression parameter for each item-

memory ROI. For each region in the item-memory contrast, group level effects were 

significant, with a more robust effect seen in the anterior temporal region (aIT: t(22)= 

4.75, p<0.001; occipital: t(22)= 2.48, p<0.05). ERS was also found to significantly predict 

source memory in the regression for the left hippocampus ROI (t(22)= 3.04, p=0.006). 

These tests suggest that multivariate pattern measures relate to both item and source 

memory outcomes even after accounting for the influence of univariate activity. 

3.4 Discussion 

The present study examined neural signatures accompanying item and source 

(emotional expression) memory at the level of individual face identity. Univariate 

memory success effects were strongest at retrieval, with frontoparietal regions reflecting 

mainly item but not source memory differences. A multivariate searchlight analysis was 

run to isolate regions where similarity between encoding and retrieval patterns reflected 

both individual face identity and memory performance. Identity ERS in right aIT and 

occipital cortex was greater for recognized faces regardless of source response whereas 

stimulus-specific patterns in the left hippocampus differentiated correct and incorrect 

source memory.  
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3.4.1 Encoding and retrieval success 

Initial univariate contrasts were meant to identify regions where activity 

increased across the three levels of memory. At encoding, activity tracked subsequent 

memory in occipital cortex and the amygdala. Although consistent with an extensive 

literature on the importance of the amygdala in emotional memory encoding (LaBar & 

Cabeza, 2006; Murty, Ritchey, Adcock, & LaBar, 2010), these encoding effects only 

appeared at a reduced threshold, indicating a limited ability of univariate activity to 

detect encoding processes supporting later memory for facial identity and expression.  

Whereas memory success effects at encoding were relatively weak, accurate 

retrieval was strongly associated with left frontoparietal areas, which showed increased 

activity for both source response options in contrast to misses. While the profile of 

activity in dorsal parietal cortex/IPS is broadly consistent with increased attention 

during successful recognition, regardless of source, left VLPFC has been more frequently 

associated with recovery of contextual information (Dobbins et al., 2002; Dobbins & Han, 

2006). At first glance, the present results might appear inconsistent with a role for the 

VLPFC in source memory, given that little difference was seen between SC and SI 

responses in this region. However, findings from a study varying the type of stimuli 

used at test suggest that the semantic dimensions of memoranda may be particularly 

important. Specifically, VLPFC was found to support successful context memory only 

for meaningful items (S. Han et al., 2012), while showing no increase for context retrieval 
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for more abstract stimuli. While the current stimuli were not abstract, it is likely that 

both the visuosemantic homogeneity of faces (in contrast to object or scene pictures, for 

example) and the subtle nature of the relevant source information were not conducive to 

the type of semantic elaboration that the subregions of VLPFC are thought to support 

during retrieval (Badre, Poldrack, Paré-Blagoev, Insler, & Wagner, 2005; Wagner, Paré-

Blagoev, Clark, & Poldrack, 2001).  

3.4.2 Identity encoding-retrieval similarity – item memory 

From a certain perspective, the relatively low level of semantic information 

contained in the stimuli along with a high degree of overlap between the source feature 

probed (emotional expression) may make isolating memory success processes difficult. 

However, given the ability to quantify stimulus-specific information, these aspects 

provide a basis through which to explore fine-grained memory discrimination across 

stimuli that requiring a high degree of orthogonalization.  Effects at the level of 

individual items were assessed by calculating patterns of encoding-retrieval similarity 

corresponding to individual face identities, and then determining how identity ERS 

levels related to accuracy of item and source memory. 

The initial searchlight contrast targeted regions where successful recognition, 

regardless of source memory, corresponded to cross-phase pattern overlap specific to 

individual face identities. The two regions showing such an effect were early visual 

cortex and right anterior inferotemporal cortex (aIT). The present occipital effects follow 



 

104 

an initial study showing that stimulus-level pattern overlaps in occipital cortex are 

increased for successfully recognized scene pictures (Ritchey et al., 2013). In comparison 

to the current occipital finding, the effects obtained during the scene recognition study 

were much more extensive, covering multiple occipital ROIs. This difference in degree is 

likely due in large part to stimulus type, given that scenes can be substantially more 

visually complex than faces. Nonetheless, the current results suggest that some degree of 

stimulus level information in earlier sensory regions may relate to recognition success, 

even for less visually diverse stimuli.  

Successful face recognition was also associated with face identity patterns in 

anterior inferotemporal temporal cortex. The anterior temporal cortex has been 

consistently implicated in face processing in both human and non-human primate 

research (for a review, Collins & Olson, 2014), particularly as concerns face identity and 

memory (Von Der Heide, Skipper, & Olson, 2013). Several multivariate neuroimaging 

studies have found that individual faces reliably elicited distinct patterns of distributed 

activity in aIT (Kriegeskorte et al., 2007; Nestor, Plaut, & Behrmann, 2011), while 

sensitivity to identity has also been observed in homologous regions of monkey cortex 

(Leopold, Bondar, & Giese, 2006; Meyers, Borzello, Freiwald, & Tsao, 2015). 

Furthermore, neuropsychological studies have shown that the anterior temporal cortex 

may be particularly critical to face memory, with recognition deficits arising after 
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damage or atrophy (Evans, Heggs, Antoun, & Hodges, 1995; Gainotti, Barbier, & Marra, 

2003).  

The present finding extends this past research to the domain of episodic 

memory, where it appears that successful face recognition is accompanied by identity 

specific cortical patterns, even when emotional expression changes across phase and is 

not explicitly recovered. In addition to increased ERS for SC and SI trials, aIT (and to a 

lesser extent occipital cortex) also showed identity ERS reductions for miss trials. This 

reduction may be due to the perception that miss faces are perceived to be novel, in 

which case they may have higher similarity to a set of other faces also perceived to be 

novel than to the individual face counterpart that failed to produce a recognition signal 

sufficient to generate an old response. 

3.4.3 Identity encoding-retrieval similarity – source memory 

In contrast to the item-memory analysis, the examination of source memory 

targeted differences within faces judged as old. The only region where source accuracy 

corresponded with differential levels of identity ERS was the left hippocampus. This 

finding is broadly consistent with assumptions about the role of the hippocampus in 

storing unique indices for overlapping mnemonic representations (McClelland et al., 

1995; Norman & O’Reilly, 2003). The ability of the hippocampus to support detailed 

memory is consistent with recent empirical findings that relate exemplar-level stimulus 

differentiation to distributed pattern information in the hippocampus. For example, 
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hippocampal patterns appear to code information about individual scenes at perception 

(Bonnici et al., 2012) and also about gradations in the contextual features of spatial 

environments (Stokes, Kyle, & Ekstrom, 2015). A recent study examining hippocampal 

patterns across a set of visual objects found that greater dissimilarity in hippocampal 

patterns was associated with higher levels of subsequent memory (LaRocque et al., 

2013). The current findings suggest that in addition to facilitating stimulus 

differentiation at encoding, successful recovery of both identity and source information 

may be contingent upon the cross-phase overlap of distributed information in the 

anterior hippocampus. 

Results from several previous fMRI studies that assessed stimulus-specific 

memory representations found effects in parahippocampal (Staresina et al., 2012) and 

occipitotemporal (Buchsbaum et al., 2012; Ritchey et al., 2013; Wing et al., 2015) rather 

than hippocampus, although hippocampal patterns have been used to successfully 

decode mnemonic representations via MVPA (Chadwick, Hassabis, Weiskopf, & 

Maguire, 2010). Aside from differential effects produced by stimulus type, some 

discrepancy in the spatial distribution of item-specific reactivation may be attributable to 

the role of the hippocampus linking information about objects and associated features 

(Davachi, 2006; Diana, Yonelinas, & Ranganath, 2007)—in this case, face identity and 

face expression. Supporting this notion, a recent study found that hippocampal patterns 
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tracked not item identity per se but a combination of item identity and temporal context 

(Hsieh, Gruber, Jenkins, & Ranganath, 2014).  

While the present analysis showed increased overlap between hippocampal 

patterns when facial expression was correctly identified, incorrect source responses were 

instead associated with a slight reduction in identity ERS. Although this reduction in 

source incorrect trials was only marginally significant from the ERS level observed for 

misses, it is possible that in regions exhibiting conjunctive feature representations, 

overlap at the level of identity but not context might still generate a unique response. 

Related to this notion, the previously referenced study of identity-specific temporal 

context found a numerical reduction in stimulus-specific hippocampal patterns for items 

that were in ambiguous temporal sequences, in contrast to increased pattern similarity 

for item repetitions where context was known (Hsieh et al., 2014). In any case, further 

study of the similarity between identity-specific representations that vary in contextual 

information is warranted. 

A notable feature of the current source memory findings is the anterior 

distribution of pattern similarity effects in the left hippocampus. This localization raises 

the possibility that the ERS overlaps may also reflect mnemonic signals from the 

amygdala. Several past studies of reactivation have found the amygdala to be 

responsive during memory for neutral items initially paired with affective information 

(Fenker et al., 2005; Maratos et al., 2001; Smith et al., 2005). Interestingly, recent 
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electrophysiology studies in monkeys (Gothard, Battaglia, Erickson, Spitler, & Amaral, 

2007; Kuraoka & Nakamura, 2012) have demonstrated that certain nuclei within the 

amygdala track information about both emotional valence and individual face identity, 

rather than merely coding for categorical distinctions between categories (monkey faces 

vs. human faces). Given these findings, future studies specifically targeting the region 

may help determine whether similarity in the pattern of amygdala engagement relates 

to explicit memory for emotional source features.  

3.4.4 Conclusion 

The current findings connect work on perceptual differention of stimulus 

identity to memory function at the level of item and source.  Taken together, the current 

findings suggest that examining stimulus specific representations across phase may 

reveal fine-grained information attending successful memory that is not present in more 

general contrasts of activity. Critically, while item memory was related to the 

reinstatement of face identity information in anterior temporal regions, recovery of 

specific source information was associated with encoding-retrieval overlap of stimulus-

specific hippocampal patterns.
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4. Neural Correlates of Retrieval-related Memory 
Enhancement 

4.1 Introduction 

In the learning literature, there is abundant evidence that practice involving 

retrieval is more effective than practice involving passive review (Karpicke & Roediger, 

2008; Roediger & Butler, 2011). In a typical memory experiment demonstrating this 

effect, to-be-learned items are first studied under uniform encoding conditions (Study 

trials) and are then practiced either through additional study (Restudy trials) or through 

retrieval from memory (Test trials). The reliable finding of this paradigm is that when 

memory is later assessed on a final memory test, items practiced in Test trials are 

remembered better than those practiced in Restudy trials (Roediger & Karpicke, 2006b; 

Toppino & Cohen, 2009). The mnemonic advantage of the Test condition over the 

Restudy condition—known as the testing effect—illustrates the powerful role that 

retrieval can play during the course of learning. Research on the testing effect has 

demonstrated this difference across a wide range of stimuli from foreign-language 

vocabulary (Carrier & Pashler, 1992)to visuospatial information (Carpenter & Kelly, 

2012; Carpenter & Pashler, 2007), and is increasingly directed towards improving 

learning in real-world settings (Larsen, Butler, & Roediger, 2009; McDaniel, Roediger, & 

McDermott, 2007). 

Behavioral evidence suggests that the testing effect is mediated by the 

enhancement of cognitive processes typically associated with encoding and/or retrieval. 
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As an example of a process associated with encoding, there is evidence that the testing 

effect is mediated by semantic elaboration. For instance, in word pair learning, the 

testing effect is larger for weakly rather than strongly related word pairs, as would be 

expected if pairs with lower intrinsic relatedness benefited to a greater extent by 

semantic binding during testing (Carpenter, 2009). Consistent with this idea, testing 

enhances subsequent memory not only for cue and target words, but also for semantic 

mediators linking cues and targets (Carpenter, 2011; Pyc & Rawson, 2010). As an 

example of a process associated with retrieval, there is evidence that the testing effect is 

enhanced by memory search during Test trials. For instance, there is substantial 

evidence that the testing effect is larger when Test trials involve recall rather than 

recognition (Carpenter, Pashler, & Vul, 2006; Glover, 1989; Kang, McDermott, & 

Roediger, 2007). This advantage holds even when the final test uses a different format 

(e.g. recognition, Carpenter and DeLosh, 2006 and Glover, 1989), suggesting that recall-

related processes like memory search may help explain the testing advantage, rather 

than the mere congruence between initial and final tests (Morris et al., 1977). 

Despite a wealth of information from behavioral research, little work has been 

done to directly link the benefits of testing memory to brain function. This is particularly 

surprising given that functional neuroimaging techniques, such as functional MRI 

(fMRI), have successfully identified neural mechanisms associated with memory success 

at encoding and retrieval. A particularly powerful event-related fMRI method for 
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investigating encoding is the subsequent memory paradigm (for a review see Paller & 

Wagner, 2002), which identifies greater encoding-phase activity for items that were 

remembered rather than forgotten on a later memory test. This difference in activity is 

known as the subsequent memory effect (SME) and is assumed to reflect successful 

encoding processes. A recent meta-analysis described a consistent set of regions that 

exhibit SMEs, including the medial temporal lobes (MTL), left prefrontal cortex (PFC), 

and superior parietal cortex (Kim, 2011). Within the MTL, SMEs in the hippocampus 

have been attributed to the storage of new contextual or semantic associations, which 

allow later recollection (Davachi, 2006; Eichenbaum, 2004; Norman & O’Reilly, 2003). 

Within left PFC, SMEs in ventrolateral regions are assumed to reflect processing and 

evaluation of semantic features (Otten, Henson, & Rugg, 2001; Wagner et al., 1998). 

Event-related fMRI can also be used to identify brain regions involved in 

successful retrieval operations by comparing activity for remembered and forgotten 

items during the test. Across numerous studies (Spaniol et al., 2009), retrieval success 

has been associated with activations in the hippocampus, left PFC, ventral parietal 

cortex, and posterior midline regions (e.g. posterior cingulate). Thus, MTL and left PFC 

regions are associated with both encoding and retrieval success. A study that directly 

compared word pair encoding vs. retrieval (Prince et al., 2005) found that SMEs were 

stronger in anterior MTL regions, and retrieval success in posterior MTL regions, 

consistent with other reports in the literature (Lepage, Habib, & Tulving, 1998; Saykin et 
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al., 1999; Strange, Fletcher, Henson, Friston, & Dolan, 1999). Within left PFC, encoding 

success was associated with ventrolateral regions, and retrieval success with dorsolateral 

regions (Prince et al., 2005). In contrast to the MTL and left PFC, ventral parietal cortex 

and posterior midline cortex are regions very rarely associated with encoding success. In 

fact, these regions often show “negative SMEs” by displaying greater activity for 

subsequently forgotten than remembered items (Daselaar et al., 2009; Huijbers et al., 

2012; Uncapher & Wagner, 2009). 

A few fMRI studies have investigated encoding processes occurring during 

retrieval by applying the subsequent memory paradigm to new (distractor) items 

presented during old/new recognition tasks. This method involves testing memory for 

the distractors through a surprise memory test after scanning and using performance on 

this second test to backsort the distractors in the first test as subsequently remembered 

or forgotten. In these studies, SMEs for the distractors were found in typical encoding 

regions including MTL (Stark & Okado, 2003) and left ventrolateral PFC (Buckner, 

Wheeler, & Sheridan, 2001; Huijbers, Pennartz, Cabeza, & Daselaar, 2009). Given that 

these regions facilitate incidental encoding during retrieval, they may also be important 

candidate regions involved in strengthening retrieved representations during testing. 

Nonetheless, these findings have only limited applicability to the testing effect, which 

necessitates a direct comparison of items from the Test and Restudy conditions. Unlike 

contrasts using a set of new items during recognition, an ideal testing comparison would 
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examine a single Restudy or Test exposure for a set of items that have been initially 

exposed under uniform conditions (Study). This format would minimize potential 

novelty signals elicited by recognition lures and would help ensure that subsequent 

memory success could more easily be attributed to the single Test or Restudy exposure. 

Research on other aspects of memory also offers some insight into questions 

surrounding the testing effect, including how repeated exposure to an item influences 

retention. Repeatedly presented items typically produce a reduced neural response in 

sensory cortex, as compared with their initial presentation (for a review, see Grill-

Spector, Henson, & Martin, 2006; Henson & Rugg, 2003), and the extent of reductions 

has been tied to subsequent memory success or failure in a number of studies (Turk-

Browne, Yi, & Chun, 2006; Wagner, Maril, & Schacter, 2000; Xue et al., 2011). This 

pattern has also been found in the hippocampus (Vannini, Hedden, Sullivan, & Sperling, 

2012), which exhibits activity reductions corresponding to subsequent gist-based 

memory rather than recollection (Manelis, Paynter, Wheeler, & Reder, 2013). Related 

findings have been described in continuous recognition tasks, where activity in the 

hippocampus decreases across successive presentations but increases during successful 

recollection (Suzuki, Johnson, & Rugg, 2011a, 2011b), with potential significance for the 

long-term retention of recollected items. 

Neuroimaging studies of retrieval induced forgetting (e.g. Kuhl, Dudukovic, 

Kahn, & Wagner, 2007) also provide information about repeated processing of a 
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stimulus in differing contexts. In one study, experimental blocks containing selective 

retrieval of word pair associates were compared against blocks in which items were 

passively rehearsed (Wimber, Rutschmann, Greenlee, & Bäuml, 2009). The resulting 

contrast showed increased activity for retrieval blocks in several areas including the 

hippocampus, ventrolateral PFC, and lateral parietal cortex, even though a final test 

showed no condition-related memory differences. However, activity in such block-

related contrasts may reflect broad differences in task demands between retrieval and 

restudy conditions that do not relate to the enhancement of later memory—a question 

better suited to trial-specific subsequent memory analyses. Another recent study directly 

examined the influence of retrieval on subsequent memory, finding that activity in 

dorsal anterior cingulate cortex (ACC) increased with the success of previous retrieval 

attempts, and also predicted across-subject memory performance on a later test 

(Eriksson, Kalpouzos, & Nyberg, 2011). While this finding suggests the importance of 

the ACC in test-related memory retention, the absence of a Restudy comparison 

complicates the attempt to connect this result with retrieval-specific processes 

underlying the testing effect. The presence of repeated retrieval practice prior to testing 

in the scanner also means that memory enhancements cannot be as easily linked to 

neural activity within the specific test trials that were examined. 

The current experiment was designed to address such issues by directly 

comparing the processes through which retrieval benefits subsequent memory in 
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contrast to simple restudy (see Figure 9). We used pairs of weakly related English words 

that were both conducive to a cued-recall format and enabled testing over a large 

number of items after a substantial delay. Each fMRI run consisted of alternating Study 

and Practice blocks. During Study blocks, participants intentionally encoded a set of 

word pairs and also rated the relatedness between the left word (cue) and right word 

(target) in each pair. Study blocks were followed by Practice blocks, in which the 

previously-shown pairs were evenly split into Restudy and Test trials. In Restudy trials, 

word pairs were presented intact, and participants intentionally re-encoded the entire 

pair. In Test trials, only cue words were presented, and participants covertly retrieved 

the associated targets. Retrieval accuracy was gauged by requiring participants to select 

the last letter of the recalled target word from several possible options that appeared in 

the final half of Test trials (Figure 9). In order to equate visual and motor components, 

this procedure was also included in the final half of Restudy trials, following intentional 

re-encoding. Unlike testing effect studies in which the same items are practiced several 

times (e.g Karpicke & Roediger, 2007), in our study each item was practiced only once 

(as Restudy or Test) in order to better isolate testing effects within a single learning trial. 

One day after the fMRI session, participants were given a final cued-recall test outside 

the scanner. Performance during this final cued-recall phase was used to backsort both 

Restudy and Test trials as either subsequently remembered or subsequently forgotten. 
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The resulting 2×2 factorial design allowed us to compare the size of SMEs (subsequently 

remembered vs. forgotten) for word pairs presented in Test trials vs. Restudy trials. 

In the context of this approach, the mnemonic processes contributing to the 

testing effect advantage should be reflected in areas showing greater SMEs 

(subsequently remembered vs. forgotten) for Test than Restudy trials (i.e., a subsequent 

memory×condition interaction). We investigated this question by measuring not only 

activation levels but also differences in functional connectivity. Given that the 

hippocampus has been associated with successful relational memory during both 

encoding and retrieval (Davachi & Wagner, 2002; Giovanello et al., 2004; Hannula & 

Ranganath, 2008; Prince et al., 2005), we reasoned that this region might be particularly 

involved in strengthening word pair associations during Test trials. We also expected 

that Test-related memory enhancement might involve areas of left ventrolateral PFC, 

particularly if semantic elaboration during Test trials contributes to subsequent memory 

as suggested by behavioral research. Additionally, we were interested in whether 

regions more uniquely associated with retrieval than encoding success, such as ventral 

parietal and posterior midline regions, would contribute to encoding success in the 

special context of Test trials 
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4.2 Methods 

4.2.1 Experimental Design 

The scan session consisted of six identically-structured runs (Figure 9), each with 

four blocks (Study, Practice, Study, Practice). Both types of blocks started with an 

instruction screen (4 s) and consisted of 16 trials (4 s each) separated by jittered fixation 

periods with a mean of 3 s. During each Study block, participants intentionally encoded 

16 new word pairs, while rating the relatedness between the words in each pair 

(1=moderately related, 4=highly related). In the next Practice block, half of the 16 pairs 

were practiced in Test trials, and half in Restudy trials. Separate background colors were 

used for each of the Study, Test, and Restudy trial types. In each Test trial, only cue 

words were displayed, while a blank space appeared in place of the target. During the 

first 2 s of Test trials, participants were instructed to covertly recall the target word, and 

during the last 2 s, they had to indicate the last letter of the invisible recalled word from 

three letter options at the bottom of the screen. In each Restudy trial, word pairs were 

displayed again in full. During the first 2 s, participants were instructed to use these 

trials as an additional opportunity to re-encode the pairs, and during the last 2 s they 

had to press a key corresponding to the last letter of the visible target word. Thus, the 

response component of Test and Restudy trials was identical, and hence, it was 

subtracted out in direct contrast between these two types of trials. In both Restudy and 

Test trials, response options appeared during the final half of the trial to ensure 
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participants focused on either restudying or recalling during the first half of the trial. 

Last letters were used instead of first letters to discourage a strategy in which letter 

options could be used as retrieval cues, and a post-scan questionnaire confirmed that 

participants did not rely on such a strategy to successfully recall targets. If participants 

could not recall the target, or the final letter for the word they retrieved was not among 

the three letter options provided in the trial, they selected a question mark option. No 

feedback was given to avoid confounding activity related to recall with activity related 

to feedback processing. In both Test and Restudy trials, the last letter response options 

changed across trials. To reduce working memory contributions, pairs presented in the 

first and second halves of a Study block were re-presented in the first and second halves 

of the Practice block, respectively (order randomized within each half). Thus, the 

minimum lag was between the Study and Practice trials for a pair was eight trials. 

Participants returned 24 h after the scan for a surprise cued-recall test that 

assessed memory for all 192 word pairs. During this session, which took place in a 

computer laboratory, each cue word from the scan session was presented for 7 s on a 

white background while participants attempted to recall the previously-associated target 

word. Verbal responses – captured via microphone – were scored as either correct or 

incorrect, and then used to backsort both Test and Restudy trials from the fMRI session 

as either subsequently remembered or forgotten. Following the final cued-recall test, 

participants completed a short reading span task after which they were compensated 
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and debriefed. Even though the correspondence in format between initial and final test 

is not thought to contribute substantially to the testing effect (Carpenter, 2009; Glover, 

1989), we note several elements of the final test that help distinguish it from the initial 

Test trials, including response format, trial duration, background color, and physical 

location/context. Nonetheless, it is difficult to completely rule out the potential influence 

of cued-recall format similarity across the initial and final tests. 

 

Figure 9: Schematic of one run from the fMRI portion of experiment. Each 

Study and Practice block contained 16 trials. Twenty-four hours after the scan session, 

memory for all initial word pairs was assessed in a final cued-recall test (not shown). 

Performance on this final test was used to backsort Practice (i.e., Test/Restudy) trials 

as either subsequently remembered or forgotten. 

4.2.2 Participants 

Twenty-four right-handed, college-aged participants took part in the study. 

Participants were healthy, native English speakers with no reported history of 
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neurological or psychiatric episodes. All participants gave written informed consent in 

accordance with a protocol approved by the Duke University Institutional Review 

Board. One participant was excluded from analysis due to high final cued-recall 

performance that yielded an insufficient number of miss trials (<10) for the key hit vs. 

miss contrast, and another participant was excluded after failing to follow instructions 

during the final cued-recall portion of the experiment. All behavioral and fMRI analyses 

were conducted on the remaining 22 participants. 

4.2.3 fMRI Acquisition and Preprocessing 

All MRI data acquisition was conducted with a 3-T GE scanner. Scanner noise 

was reduced with ear plugs, and head motion was minimized with foam pads. 

Behavioral responses were recorded with a 4-key fiber-optic response box (Resonance 

Technology, Inc.), and when necessary, vision was corrected using MRI-compatible 

lenses that matched the distance prescription used by the participant. High-resolution 

structural images were collected using a 3D, T1-weighted FSPGR sequence (256×256 

matrix, 166 slices, 1 mm slice thickness). Functional images were acquired using a 

SENSE spiral sequence (64×64 matrix, TR=2000 ms, TE=27 ms, FOV=24 cm, flip 

angle=60). Thirty-four contiguous slices were acquired in an interleaved fashion. Slice 

thickness was 3.8 mm, resulting in 3.75×3.75×3.8 mm voxels. 

Preprocessing was performed using SPM8 software implemented in MATLAB 

(www.fil.ion.uck.ac.uk/spm/). Segmented tissue probability maps were generated from 
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anatomical volumes, and the VBM8 toolbox was then used to generate deformation 

fields for each participant based on the DARTEL template brain. After discarding the 

first six volumes of each run, functional images were corrected for slice time acquisition 

and motion. The corrected images were then coregistered to native space grey-matter 

tissue maps and normalized to MNI space using the deformations generated during 

normalization of the anatomical images. 

4.3.4 fMRI Data Analysis 

Statistical fMRI analysis at both the subject and group level was performed in 

SPM5. Data were high-pass filtered using a cutoff of 128 s. For each subject, evoked 

hemodynamic responses to event types were modeled with a delta (stick) function 

corresponding to the onset of stimulus presentation convolved with a canonical 

hemodynamic response function and temporal derivative in the context of the general 

linear model (GLM). Separate trial type regressors were defined for subsequently 

remembered and forgotten Test and Restudy trials, with additional regressors 

corresponding to the initial Study trials, instructional screens, and trials with no 

response. Regressors for session means and motion parameters were also included in the 

model. 

Separate contrasts for subsequently remembered and forgotten Test and Restudy 

trials were generated for each subject and then submitted to a random effects analysis. 

For group analyses, a 2×2 repeated measures ANOVA was performed, with factors of 
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practice condition (Test vs. Restudy) and subsequent memory (Remembered vs. 

Forgotten). The main effects of condition and memory were evaluated, along with the 

testing effect interaction that identified regions associated with memory success for the 

Test condition in contrast to Restudy (all contrasts were evaluated at p<.001, extent 

threshold=5 voxels). 

An additional functional connectivity analysis was conducted to explore 

functional coupling between the hippocampus – identified in the initial memory by 

condition interaction above – and other regions of the brain. For this analysis, a separate 

model was constructed in which each trial was entered as a separate regressor, yielding 

estimates for each individual trial within each participant (for details of this method, see 

Daselaar, Fleck, & Cabeza, 2006; Daselaar, Fleck, Prince, & Cabeza, 2006; Rissman et al., 

2004). Within each trial type, the mean activity from the hippocampal ROI 

(suprathreshold voxels from the above interaction contrast within an anatomical mask of 

the hippocampus) was correlated with every other voxel to produce separate correlation 

volumes. The single subject correlation volumes for subsequently remembered and 

forgotten Test and Restudy were then entered into a 2×2 repeated measures ANOVA, 

allowing for group level comparisons of hippocampal coupling across conditions. A 

connectivity interaction contrast was then generated to detect regions that covaried with 

the hippocampus during successful Test more than Restudy trials (p<.001, k=5, as with 

the corresponding activity ANOVA, the interaction effect was further inclusively 
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masked with the Test subsequent memory contrast (p<.01) to ensure effects were not 

merely attributable to a reverse memory effect within Restudy trials). 

4.3 Results 

4.3.1 Behavioral Results 

Confirming that participants were able to successfully recall target words during 

Test trials, the last letter option was correctly selected at a rate of 91.3%, while Restudy 

trials showed a predictable ceiling effect of 99.6%. Final cued-recall demonstrated a clear 

testing effect. Memory was higher for words that had been practiced in the Test 

condition (M=0.63, SD=0.14) than those that had been shown again in the Restudy 

condition (M=0.51, SD=0.14; t(21)=9.25, p<.0001). As illustrated by Figure 10, this testing 

effect difference (M=0.12, SD=0.06) was evident in all but one participant, with a range of 

0.00 to 0.23. 
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Figure 10: Behavioral testing effect. Single subject behavioral performance 

showing proportion correct recall during final cued-recall test as a function of scan-

session practice condition (Test/Restudy). 

4.3.2 fMRI Results: Univariate  

To investigate the brain activity associated with retrieval-based memory 

enhancement, we conducted a 2 (subsequent memory: remembered vs. forgotten)×2 

(condition: Test vs. Restudy) ANOVA. As noted before, the critical comparison 

regarding the testing effect is the interaction between subsequent memory and 

condition, which reveals areas where SMEs are greater for Test than Restudy trials. The 

main effects of condition are not directly related to the testing effect because they reflect 

the particular features of the Test and Restudy conditions that may not play a role in 
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promoting later memory. Regions showing a main effect of condition are listed in in 

Table 3. Compared to Test trials, Restudy trials were associated with greater activity in 

inferior parietal, lateral temporal, and dorsal PFC. Conversely, stronger activations for 

Test than Restudy trials were found in dorsal ACC, bilateral ventrolateral PFC extending 

into anterior insula, and midbrain. A main effect of subsequent memory was found in a 

single area in dorsomedial PFC (MNI: 8, 45, 42), which was more active for subsequently 

remembered than forgotten trials in both Test and Restudy conditions. The relative lack 

of SMEs shared by Test and Restudy trials is consistent with previous evidence that 

SMEs are task dependent (Fletcher, Stephenson, Carpenter, Donovan, & Bullmorel, 2003; 

Otten & Rugg, 2001a), as well as with substantial SME differences between Test and 

Restudy conditions, as revealed by the interaction findings below. 

The main focus of the study was to identify regions showing greater SMEs for 

Test than Restudy conditions, which were isolated by memory×condition interactions. 

As listed in Table 4, interaction effects were found in the bilateral hippocampus, lateral 

temporal cortex, medial prefrontal cortex, and left striatum. The hippocampal 

interaction occurred in the anterior hippocampus, with somewhat stronger differences 

evident in left hemisphere (Figure 11B, C). The effects in lateral temporal cortex were 

also stronger in the left hemisphere, where they were localized to middle and inferior 

temporal gyri in contrast to superior temporal gyrus in the right hemisphere (Figure 

11A). In addition to showing higher activity for subsequently remembered vs. forgotten 
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Test trials, some regions from the interaction also showed an inverted pattern on 

Restudy trials, with higher activity for subsequently forgotten than remembered trials. 

No significant SMEs were found for the reversed contrast (Restudy>Test). 

Table 3: Main Effect of Condition 

Region Hem BA x y z Z vox 

Test > Restudy        

Inferior frontal gyrus R 47 34 19 -8 > 8 1442 

 

L 47 -30 23 -8 > 8 
 

 

L 45 -53 34 4 6.18 
 

Globus pallidus R - 11 8 -8 5.90 
 

Anterior cingulate gyrus - 32/24 0 23 34 7.59 756 

Inferior temporal gyrus L 37 -49 -49 -11 3.76 7 

Parahippocmapal gyrus L - -23 -41 0 3.50 6 

Precuneus L 7 -26 -68 38 4.55 58 

Posterior cingulate gyrus - 23 0 -26 19 4.19 37 

Middle occipital gyrus L 19 -34 -83 15 3.44 9 

Cerebellum - - 0 -60 -34 4.28 26 

Cerebellum - - 15 -41 -46 3.81 5 

Restudy > Test        

Middle/medial frontal gyrus R 8 23 19 42 6.45 756 

Middle/superior frontal gyrus L 9 -30 23 38 5.05 125 

Medial frontal gyrus R 10 11 60 8 4.02 37 

Middle temporal gyrus R 21 64 -49 -4 4.64 37 

 

R 21 56 -19 -23 5.49 112 

 

L 20 -56 -4 -30 3.61 37 

 

L 21 -45 4 -34 3.55 14 

Superior temporal/Postcentral gyrus L 22/40 -49 -11 -4 4.94 161 

IPL/Angular gyrus  R 39/40/7 49 -68 30 6.81 329 

Supramarginal gyrus  L 40 -56 -56 27 6.28 172 

Angular gyrus  L 39 -49 -71 34 4.92 172 

Precuneus  R 31 8 -53 34 3.68 15 

Postcentral gyrus  R 40 53 -30 19 3.96 39 

  R 40 23 -41 57 3.51 5 

Lingual gyrus L 18 -23 -83 -8 5.77 264 

Cuneus L/R 18/19 8 -83 19 5.19 96 

Lingual gyrus R 18 11 -71 -8 5.24 111 
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Note: Up to five local maxima set 16 mm apart are reported for each cluster. BA, 

Brodmann area; Hem, hemisphere. Coordinates are in MNI space. 

 

 

Figure 11: Testing effect interaction. Brain regions showing a condition 

(Test/Restudy) by memory (subsequently remembered/subsequently forgotten) 

interaction. Interaction effects are evident in left middle/inferior temporal gyri (A) 

and bilateral anterior hippocampus (B, C). Bars reflect SME (difference in activity 

between subsequently remembered and forgotten). Error bars denote standard error. 

4.3.3 fMRI Results: Functional Connectivity 

Motivated by the pattern of findings from the interaction contrast, a functional 

connectivity analysis was performed to examine the potential for differential coupling 

between the hippocampus and other brain regions. This analysis addressed the 

possibility that regions insensitive to condition differences might nonetheless show 

different patterns in coactivity with a region directly identified as important to later 

memory. Consequently, a second 2×2 repeated measures ANOVA with factors of 

condition and memory success was constructed using individual subject maps reflecting 

condition-specific hippocampal correlation instead of activity. The corresponding 
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interaction revealed regions where differential coactivation with the hippocampus 

predicted subsequent memory success to a greater extent for Test than Restudy trails 

(Figure 12, Table 4). This pattern was found in the posterior cingulate cortex (Figure 

12A), medial PFC (Figure 12B), and left ventrolateral PFC (Figure 12C). 

Table 4: Condition x Memory Interaction 

Region Hem BA x y z Z vox 

Test > Restudy         

Anterior cingulate gyrus L 32 -15 30 0 3.99 13 

 

L 32 -15 41 -4 3.60 13 

Inferior temporal gyrus L 20 -49 -8 -23 4.41 18 

Superior temporal gyrus R 22 53 -8 -11 4.29 23 

Hippocampus R - 30 -8 -23 4.1 11 

Hippocampus/Parahippocampal gyrus L - -30 -11 -27 3.67 12 

Insula R 13 38 -23 15 4.03 23 

 

R 13 45 -30 19 3.65 9 

Insula/claustrum L - -34 -4 4 4.02 50 

Note: Up to three local maxima set 8 mm apart are reported for each cluster. BA, 

Brodmann area; Hem, hemisphere. Coordinates are in MNI space. 
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Figure 12: Hippocampal connectivity interaction. Brain regions showing 

hippocampal connectivity differences by condition and subsequent memory. Regions 

in both posterior (posterior cingulate/precuneus,A) and anterior (medial PFC,B) 

midline showed this effect, along with left ventrolateral PFC (C). Bars reflect 

difference in hippocampal connectivity between subsequently remembered and 

forgotten. Error bars denote standard error. 

4.4 Discussion 

The current study explored the neural correlates of the testing effect. The 

capacity of retrieval to promote subsequent memory was examined, as well as the how 

mnemonic differences during testing differ from simple restudy. On a final memory test 

one day after the scan, target words that had been practiced through retrieval were 

remembered at a higher rate than those practiced via restudy, confirming a behavioral 
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testing effect. The critical interaction between practice condition and subsequent 

memory showed that testing enhanced subsequent memory effects (SMEs) in the 

hippocampus, left temporal cortex, and medial PFC. Functional connectivity analyses 

identified regions whose interactions with the hippocampus predicted subsequent 

memory primarily for the Test condition, including left ventrolateral PFC, medial PFC, 

and posterior cingulate. Below we discuss these findings in the context of relational 

encoding processes, which may allow for relevant semantic information to be 

incorporated into coherent representations through testing. We also discuss the potential 

contribution of retrieval processes like memory search, and connect the present findings 

to related research on how the integration of information during retrieval influences 

memory consolidation. 

4.1.1 Hippocampus 

In contrast to Restudy trials, bilateral anterior hippocampus activity was greater 

for Test trials that were subsequently remembered than those that were forgotten on the 

final test. While the hippocampus figures centrally in many mnemonic operations, it is 

thought to play a particularly important role in binding disparate information into 

coherent representations at encoding (Eichenbaum et al., 2007; Yassa & Stark, 2011). At 

retrieval, the hippocampus may coordinate reinstatement of initially formed associations 

through pattern completion processes that operate in response to partially overlapping 

cues (Norman & O’Reilly, 2003). Differential engagement of relational memory 
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processes suggests one way in which retrieval practice may enhance memory over 

traditional restudy. In the present study, Test trials might be expected to induce 

processing of previously formed cue-target associations more often than Restudy trials, 

wherein such associations are of less strategic importance. The element of memory 

search during target retrieval may also produce novel associations between word pairs 

and related information (e.g. retrieval candidates). When incorporated into an updated 

representation, such related information – whether formed during initial encoding or 

during the process of retrieval – may provide additional cues during final retrieval, 

improving retention and facilitating recollection-based memory. 

Support for such an account of the present hippocampal findings is evident in 

both the neuroimaging literature on relational memory and in testing effects research. 

Consistent with the localization of observed SME effects, several studies of relational 

encoding have found activity in the anterior hippocampus that tracks subsequent 

memory success (Jackson & Schacter, 2004; Prince et al., 2005; R. A. Sperling et al., 2003). 

Attempts to link brain function with recollective experience have also emphasized the 

critical role of the hippocampus. Numerous studies using verbal material have reported 

hippocampal activity for encoding that led to subsequent source or relational memory 

(Davachi, Mitchell, & Wagner, 2003; Ranganath et al., 2004; Uncapher, Otten, & Rugg, 

2006), with a similar pattern evident for analogous comparisons during the retrieval 

phase (Giovanello et al., 2004; Yonelinas, Otten, Shaw, & Rugg, 2005). Hippocampal 
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activity has also been observed during successful encoding (Fernández et al., 1998; 

Habib & Nyberg, 2008; Staresina & Davachi, 2008) and retrieval (Meltzer & Constable, 

2005) of information during cued or free recall tests, which are thought to diminish the 

opportunity for familiarity-based memory responses. 

Recent behavioral findings also implicate relational processing in retrieval 

practice effects. In comparison to traditional restudy, testing has been shown to increase 

memory for semantic mediators (words that link cue-target pairs). This is the case both 

for mediators that are explicitly generated to aid retrieval, (Pyc & Rawson, 2010) and for 

mediators that are never explicitly produced but that contain a strong semantic 

connection between cues and targets (Carpenter, 2011). Carpenter (2011) found that 

when word pairs (e.g. mother–child) were practiced through testing as opposed to 

restudy, participants were later more likely to false alarm to related semantic mediators 

(e.g. father). Initial testing also made these mediators more effective substitute cues from 

which to retrieve targets on a modified final test. The availability of mediating 

information to serve as additional memory cues may also help explain why retrieval 

practice also promotes subsequent recollection, as observed in studies exploring the 

testing effect in a dual process framework (Chan & McDermott, 2007; Verkoeijen, 

Tabbers, & Verhage, 2011). Although multiple factors likely contribute to the testing 

effect, the pattern of hippocampal findings observed in the present study provides 

further support for the involvement of relational processing, which should be 
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particularly beneficial when centered on stimulus-related semantic associations, as 

detailed in the above behavioral studies. 

4.1.2 Lateral temporal cortex 

The integration of related stimulus associations requires not only a binding 

mechanism, but also access to pre-existing knowledge. Such knowledge is necessary for 

assessing the relatedness of word pairs during the initial Study trials and may be tapped 

to varying degrees during Restudy and Test trials. Whereas Restudy trials contain both 

components of the to-be-remembered pair, Test trials require retrieval of previously 

stored information that may be facilitated by initially formed associations. Semantic 

knowledge would also be necessary during the process of memory search, as 

semantically relevant concepts are brought to mind and evaluated in the attempt to 

produce the specific target. 

Findings from the interaction of condition and memory success provide some 

indication that retrieval practice may benefit from differential processing of semantic 

information. Most notably, activity in left middle temporal cortex was associated with 

stronger SMEs during Test than during Restudy trials. Left lateral temporal cortex has 

been linked to both semantic and episodic memory systems, which are thought to 

interact closely (Tulving, 1972, 2002). Neuroimaging studies of semantic memory 

retrieval often report activity in left lateral and anterior temporal cortices (Simmons & 

Martin, 2009; Thompson-Schill, 2003), and degeneration of the left temporal lobe 
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contributes to memory deficits in semantic dementia (Hodges & Patterson, 2007; 

Snowden, Griffiths, & Neary, 1996). In episodic memory studies, lateral temporal cortex 

has been associated with successful memory during both encoding and retrieval 

(Spaniol et al., 2009). Exploring the relationship between semantic and episodic memory, 

Menon et al. (2002) found that activity in left lateral temporal cortex (BA 21/22) 

corresponded to successful retrieval both for the semantic properties of words, and for 

their mnemonic status in an episodic memory test (Menon, Boyett-Anderson, 

Schatzberg, & Reiss, 2002). The authors suggest that this finding reflects the use of 

previously encoded semantic information during episodic retrieval. Such an account fits 

well with the pattern of current lateral temporal SMEs for the Test condition. 

Presumably, not all relational information active during Test helps enhance subsequent 

memory. Associations that contain more specific or detailed connections to target 

concepts are likely to serve as better subsequent cues. Accordingly, processes mediating 

selection and controlled retrieval of unique associations should also be important in 

producing coherent and memorable representations. 

4.1.3. Left ventrolateral PFC 

Left ventrolateral PFC effects were observed in an analysis performed to help 

clarify how hippocampal connectivity during retrieval practice contributes to 

subsequent memory. Differences in hippocampal connectivity were examined across 

Test and Restudy trials that varied in final test memory outcome. This comparison 
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produced an expanded and spatially distinct set of regions from those observed in the 

standard testing effect contrast. Stronger connectivity with ventrolateral PFC was found 

for Test trials that were effective in producing successful memory on the final recall test. 

This result indicates that the beneficial aspects of retrieval practice may arise through 

differential coupling between the hippocampus and other cortical regions that do not 

differ in overall activity. 

The involvement of left ventrolateral PFC in the memory-related cognitive 

control operations (e.g., see Badre & Wagner, 2007) is particularly relevant to test-

enhanced learning in the current design. This region has been linked to retrieval of 

knowledge-based representations in a number of studies comparing semantic vs. non-

semantic conditions (e.g. Devlin, Matthews, & Rushworth, 2003; McDermott, Petersen, 

Watson, & Ojemann, 2003). Damage to ventrolateral PFC has also been shown to impair 

performance on semantic tasks (Martin & Cheng, 2006; Thompson-Schill, D’Esposito, 

Aguirre, & Farah, 1997). The nature of current findings in the ventrolateral PFC indicates 

a more complex relationship when considering how Restudy or Test trials influence 

subsequent memory. While this region may operate in a similar capacity to facilitate 

immediate cued recall during initial Test trials (i.e., a main effect of Test>Restudy), it 

may not invariably strengthen retrieved items such that they are better remembered in 

the future. Instead, information selected by the ventrolateral PFC may enhance later 

memory only when it can be effectively integrated into active representations via the 
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hippocampus. In this scenario, the present connectivity findings would reflect a 

hippocampally-mediated elaboration effect in which the behavioral advantages of Test 

draw on the increased likelihood of collaboration between frontal regions, involved in 

controlled semantic processing, and the hippocampus, which integrates associated 

content into a more durable representation. 

4.1.4 Medial PFC 

The medial PFC was another region where hippocampal connectivity predicted 

subsequent memory for Test more than Restudy trials. The medial PFC contains 

considerable anatomical connections with limbic regions including the hippocampal 

formation (Cavada, Compañy, Tejedor, Cruz-Rizzolo, & Reinoso-Suárez, 2000), and 

memory studies have also reported functional associations between these regions. 

Functional connectivity between anterior midline and hippocampus has been found 

during episodic encoding in the context of working memory (Ranganath, Heller, Cohen, 

Brozinsky, & Rissman, 2005) and schema formation (van Kesteren, Fernández, Norris, & 

Hermans, 2010). Related areas of memory research have explored how retrieval affects 

pre-existing mnemonic associations. For example, during retrieval-mediated associative 

learning, newly acquired memories are integrated with (or influenced by) distinct but 

overlapping representations that have already been encoded (Zeithamova, Dominick, & 

Preston, 2012). Studies in both humans and rodents have emphasized the importance of 
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the hippocampus and medial PFC during this process, which may enhance 

consolidation of newly encoded memories (Tse et al., 2007, 2011). 

Consolidation processes may also contribute to retrieval practice advantages, as 

the magnitude of the testing effect typically increases with the temporal separation 

between retrieval practice and final test (i.e., the retention interval) (Roediger & Butler, 

2011; Toppino & Cohen, 2009). Research on the testing effect has only recently begun to 

consider the role of consolidation, (Eriksson et al., 2011; Finn & Roediger, 2011). While 

not directly assessing Test/Restudy differences, a recent study found Test-related 

activity in a more dorsal ACC region that tracked the success of previous retrieval 

attempts while predicting retention across subjects (Eriksson et al., 2011). In the present 

study, medial PFC activity was evident in the key testing effect interaction, but this 

region also demonstrated differential connectivity with the hippocampus during Test 

and Restudy trials. This behaviorally-selective functional relationship provides a further 

connection to the research on retrieval-mediated learning for distinct but related 

material, and supports the notion that testing may strengthen memory through the 

retrieval and elaboration of initially encoded associative information. 

4.1.5 Posterior cingulate cortex 

The functional connectivity difference in posterior midline is interesting because 

this region in known to play a very different role during retrieval than at encoding 

(Spaniol et al., 2009). Whereas this region is associated with retrieval success, it is rarely 



 

138 

associated with encoding success. Examination of encoding effects in posterior midline 

and other default mode network (DMN) regions including ventral parietal cortex have 

even shown an inverted success pattern, with higher activity for subsequently forgotten 

than remembered items (Daselaar, Prince, & Cabeza, 2004; Otten & Rugg, 2001b; Wagner 

& Davachi, 2001). In posterior midline, reverse SMEs have been shown to overlap with 

retrieval success activations both within subjects and across a variety of memory studies, 

underscoring the reliability and pervasiveness of these phase-related differences 

(Daselaar et al., 2009; Huijbers, Pennartz, Cabeza, & Daselaar, 2011). Furthermore, a 

study comparing task-related hippocampal activation with resting state default mode 

activity found greater coupling between the hippocampus and DMN during retrieval, 

but divergent activity profiles during encoding (Huijbers et al., 2011). These findings 

illustrate the complex relationship between activity and connectivity in the present 

results, where the hippocampus appears to act in concert with traditional retrieval 

regions during Test trials that promote later memory. While many of the present activity 

findings for Test/Restudy interactions appear to reflect the enhancement of traditional 

encoding regions (hippocampus, left temporal cortex, left PFC, etc.), patterns of 

hippocampal connectivity suggest that the testing effect is also associated with 

recruitment of regions consistently tied to retrieval operations (e.g. posterior cingulate). 

Further research is necessary to disentangle these two possible mechanisms. 
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4.1.6 Conclusion 

Following the extensive behavioral research on the testing effect, we used event-

related fMRI to investigate the processes through which retrieval promotes subsequent 

memory in contrast to traditional restudy. Consistent with past findings, final test 

memory performance was higher for items that had been previously retrieved vs. 

restudied during scanning. The critical interaction between practice condition (Test or 

Restudy) and final memory outcome showed that increased activity in the hippocampus 

and lateral temporal cortex predicted later memory during testing but not restudy. 

Additionally, a connectivity analysis revealed increased coupling between the 

hippocampus and ventrolateral PFC, medial PFC, and posterior cingulate cortex when 

retrieval practice was effective at producing subsequent memory. These results suggest 

that the power of retrieval to promote memory stems in part from relational memory 

processes that operate on selected semantic associations during testing. The 

hippocampus may be involved in integrating relevant information into updated 

representations, supporting memory search, and interfacing with other regions involved 

in consolidation processes to produce more durable memories.
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5. Conclusion 

5.1 Review of Findings 

The research reported in Chapters 2-4 attempts to understand how remembering 

past events both re-evokes and modifies neural signatures relating to an initial 

experience.  

In Chapter 2 the specificity of representations associated with vivid memory for 

scene pictures is examined. Even when no pictorial information is present during 

retrieval, detailed visual memory for scenes was accompanied by the reinstatement of 

scene-specific cortical patterns in occipitotemporal cortex. The magnitude of this event 

specific reinstatement was further predicted by encoding activity in the hippocampus, 

consistent with neurobiological models of memory that ascribe a central role to this 

region in binding distributed memory traces. Although most studies of episodic 

reinstatement have focused on activity corresponding to broad categories, this work 

shows that event-specific brain signatures are detectable in later visual association 

regions during detailed visual memory.  

In Chapter 3 the nature of event-specific memory representations is explored in 

the context of items and relational memory. When neutral face pictures are presented 

during retrieval, successful recognition of individual faces is associated with increased 

encoding-retrieval similarity in ventral anterior temporal cortex, a region known to code 

face identity information during active perception. This finding corresponds with 
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successful face recognition regardless of memory accuracy for an individual’s previous 

facial expression. Within recognized faces, accurate recovery of facial expression is 

accompanied by reinstatement of event-specific patterns in the hippocampus. These 

findings reveal how memory can modulate face-identity processing in select cortical 

regions and further suggest specific hippocampal involvement in supporting memory 

for conjunctive representations.  

In Chapter 4 the question of how retrieval can also operate to modify previously-

encoded information is addressed. A substantial behavioral literature points to the 

power of retrieval to alter or strengthen memories, and recent non-human animal 

research has identified hippocampally-based reconsolidation mechanisms that may 

enable modification of existing memories via reactivation. However, relatively little is 

known about the processes that might underlie retrieval-based memory enhancements 

in humans. In a study based on the cognitive retrieval practice literature, brain function 

was measured as encoded information was either restudied or retrieved from memory. 

Consistent with previous studies, a final memory test showed that previous retrieval 

enhanced memory more than previous restudy. Contrasts during the initial test/restudy 

phase further revealed that this advantage was mediated by the hippocampus, along 

with left-lateralized temporal cortical regions linked to semantic processing.  

 



 

142 

5.2 Methodological Considerations 

The current research provides important insights into the how retrieval reflects 

and strengthens previously encoded information. The analysis and results from these 

studies also raise new considerations with regard to experimental methodology that will 

help inform follow-up studies and research on encoding-retrieval relationships in 

general.  

With respect to the granularity of perceptual memory representations, the study 

described in Chapter 2 examined memory for a used a set of detailed scene pictures. 

While use of these scenes provided a naturalistic stimulus set in which many features 

overlapped between images, future work might explore mnemonic processes associated 

with discriminating memory between items sharing the same item-level concepts. 

Behavioral measures of such discrimination were obtained in the post-scan forced choice 

recognition test, where participants identified which of four highly-similar exemplars 

(e.g. four pictures of a beach) was shown during the initial encoding session. 

Behaviorally, this measure of discrimination was correlated with in-scan subjective 

ratings, indicating that that the scanned retrieval measure did in fact reflect detailed 

memory for the specific images shown at encoding. However, an even more sensitive 

test of memory might be provided by having subjects encode different exemplars of the 

same concept (e.g. the four beach pictures) and recall a specific one.  
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An increasingly fine-grained measure of memory was obtained in the study 

reported in Chapter 3. This is the case in two respects. The first is that unfamiliar face 

stimuli are highly overlapping in comparisons to scenes. The second pertains to the 

different levels of item (face identity) or relational (facial expression) memory that were 

assessed. Part of the disadvantage of using such highly overlapping stimuli however is 

that memory tends to be poor overall. For this reason, a modified recognition paradigm 

was used, which necessitated presenting visually complex retrieval cues. Although 

reactivation effects can be dissociated from perception during recognition (Ritchey et al., 

2013), it is often ideal to minimize perceptual processing related to cues. Future studies 

focusing on the representational detail of individual stimuli that are difficult to 

remember across long periods (due to interference) might instead use working memory 

designs. Some work has been done in this direction, although studies have typically 

focused on lower-level visual features (e.g. Emrich, Riggall, Larocque, & Postle, 2013; 

Harrison & Tong, 2009).  

Chapter 4 brings a critically important perspective to the study of encoding-

retrieval relationships, particularly as implemented in human neuroimaging studies. 

Namely, episodic retrieval is associated with the reinstatement of past information, but 

it also can change the nature of that information rather than simply providing a partial 

readout. One simple methodological implication of such studies is that testing memory 

at some later point after an initial retrieval session can yield additional information that 
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is not evident during initial retrieval. Adding a short behavioral post-test to imaging 

studies investigating initial retrieval would therefore be a relatively easy way to gain 

additional information about how retrieval operates in a forward oriented direction, 

rather than the more common backward orientation (i.e. how is past information 

reflected) that typically underpin retrieval studies.  

The retrieval practice study conducted in Chapter 4 was able to examine retrieval 

with respect to its impact on subsequent memory. However, the study was not designed 

to look both at memory success differences both within the initial retrieval and within 

the final retrieval phase. Given that initially forgotten trials are rarely remembered on a 

later test, the study prioritized processes during mostly successful initial retrieval that 

produced differences subsequent memory. However, it is possible to examine how the 

similarity between the initial encoding and subsequent Test or Restudy trials relate to 

subsequent memory. Ongoing analyses using the same ERS methodology applied in 

Chapters 2 and 3 indicate that in certain regions associated with conceptual processing, 

ERS between encoding and initial test trials is increased for items that are subsequently 

remembered on the final test.  

Despite the potential challenges with respect to design and analysis, studies 

exploring how memory representations are influenced across multiple study or retrieval 

events are particularly important for understanding the ongoing influence of mnemonic 

processes. Some of the most fruitful studies of reactivation have explored how retrieval-
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related information relates to later measures of behavioral interferences (Kuhl et al., 

2011) or how representations change across repeated encoding (Xue et al., 2010) or 

retrieval (Karlsson Wirebring et al., 2015). Such designs, however, remain an exception. 

Future neuroimaging studies of memory would therefore benefit from moving beyond 

assessing memory success at either encoding and/or retrieval to multistage 

investigations targeting the changing nature of repeatedly reactivated memories.  

5.3 Theoretical Considerations 

5.3.1 Role of the Hippocampus 

The role of the hippocampus (and particularly the anterior hippocampus) in 

supporting diverse memory functions is evident across all three studies reported in 

Chapters 2-4. In Chapter 2, hippocampal activity at encoding was found to relate to the 

level of event-specific cortical reinstatement in occipitotemporal cortex, while activity in 

an overlapping area of hippocampus was associated with further strengthening items 

during retrieval (Chapter 4). In Chapter 3, patterns of hippocampal ERS dissociated item 

and relational memory. In addition to past work showing hippocampal involvement in 

relational memory (Giovanello et al., 2004; Prince et al., 2005), this last result suggests 

that conjunctive memory signals may be evident in the representational structure of 

hippocampal activity. Although some studies have found relationships between 

distributed hippocampal patterns and memory for events (Chadwick et al., 2010) or 

objects in particular temporal contexts (Hsieh et al., 2014), other studies have found 
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univariate but not multivariate memory signals in the hippocampus (Ritchey et al., 2013; 

Staresina et al., 2012; Wing et al., 2015).  

The differences in multivariate findings may be partly attributable to differences 

between studies on numerous dimensions including design, stimuli, imaging 

parameters, etc. Nonetheless, they raise broader questions about the nature of 

hippocampal involvement in memory representations. Certain accounts hold that the 

hippocampus stores a unique index to cortically-based memory representations, but that 

no content is stored in the hippocampus itself (Teyler & DiScenna, 1986; Teyler & Rudy, 

2007). In support of this content-free account of hippocampal memory function, 

proponents argue that the hippocampus has “neither the computing power nor 

functional organization to accomplish the analytical processing done by neocortex – so it 

contains no content” (Teyler & Rudy, 2007, p. 1163). While the difference in processing 

capacity and specialization between the hippocampus and neocortex are undeniable, 

recent work increasingly points to a subtle role for the hippocampus in processing of 

perceptual content (Aly, Ranganath, & Yonelinas, 2013; Bonnici et al., 2012; A. C. H. Lee, 

Yeung, & Barense, 2012), calling into question the content-independent nature of 

hippocampal representations.  

Additional reason to believe that hippocampal involvement in memory 

representations is not completely content free is provided by intracranial recording 

studies in humans patients with epilepsy (reviewed in Suthana & Fried, 2012). A 
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number of separate experiments suggest that the neuronal response of individual cells in 

the hippocampus is highly selective, with a given neuron responding to a particular 

stimulus category or, more critically, to an individual exemplar (Kreiman, Koch, & 

Fried, 2000; Quiroga, Kreiman, Koch, & Fried, 2008; Quiroga, Reddy, Kreiman, Koch, & 

Fried, 2005; Viskontas, Quiroga, & Fried, 2009). For example, Quiroga and colleagues 

reported cells in left posterior hippocampus that responded exclusively to the face of a 

specific individual celebrity (Quiroga et al., 2005), and the format invariant nature of 

responses has also been seen across pictures and corresponding words (Quian Quiroga, 

Kraskov, Koch, & Fried, 2009; Quiroga, 2012). Modeling work has even been done to 

estimate the sparsity of representations across the entire human medial temporal lobe 

(Waydo, Kraskov, Quian Quiroga, Fried, & Koch, 2006). Critically for memory, this type 

of item-sensitivity has also been found in tasks relating perception to internal mental 

imagery (Cerf et al., 2010) and episodic retrieval (Gelbard-Sagiv, Mukamel, Harel, 

Malach, & Fried, 2008). 

Findings of hippocampal responsivity to specific perceptual and conceptual 

inputs should not necessarily be taken as evidence that the hippocampus is critical for 

representing individual features. However, these results are consistent with the location 

of the hippocampus at the top of a multimodal processing hierarchy, receiving inputs 

from numerous upstream regions that are known to code information about perceptual 

characteristics, spatial layout, and conceptual properties (e.g Lavenex & Amaral, 2000; 
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Larry R. Squire, Stark, & Clark, 2004). In this view, converging inputs become 

increasingly specific and ultimately are associated with a relatively sparse set of 

hippocampal neurons. While the hippocampus would therefore not contain “content” 

insofar as lower-level features represented in neocortex, hippocampal ensembles would 

still be content-specific. At a theoretical level, we would therefore expect individual 

mnemonic representations to be reflected in correlated patterns of activity across the 

hippocampus. In fact, the sparseness of hippocampal coding for individual memory 

representations suggest that multivariate representational similarity analyses should be 

particularly sensitive to event-specific memory signals that may not detectable produce 

univariate signals in the MTL. The obvious caveat here is that even the highest-

resolution functional MRI protocols provide only an extremely coarse spatial sampling 

with respect to neuronal populations. Accordingly, future research should be 

particularly mindful of the literature linking the MTL to perception, and explore various 

options with respect to stimulus features and feature conjunctions that might provide 

the best chance for finding distributed effects within the MTL.  

5.3.2 Concept of the Encoding-retrieval Match  

The match between encoding and retrieval is an overarching theme in the studies 

described in the preceding chapters. Conceptually, emphasis on the correspondence 

between encoding and retrieval is evident at two separable but related levels. In the 

literature focused on specific neural responses, the notion of a match between patterns 



 

149 

of cortical activity at retrieval and encoding might seem inherent to the specificity of 

recovered experience. For example, in studies where direct manipulation of cell 

assemblies is possible, disrupting function for specific populations of neurons known to 

be involved in the formation of memory for a given episode selectively impairs retrieval 

(J.-H. Han et al., 2009; Zhou et al., 2009). Furthermore, optogenetically reactivating 

hippocampal “engram cells” can produce a form of exogenous retrieval, in which 

rodents express memory-related behavior in the absence of a conditioned stimulus (Liu 

et al., 2012). In broad terms, analogous functions are presumed to underpin episodic 

memory in humans, where retrieval of memories is associated with the partial 

reinstatement of distributed representations formed during initial encoding. In addition 

to the type of neuroimaging studies discussed in the introduction, supporting evidence 

is also found in the intracranial recording studies of MTL neurons described above.  

Despite the intuitive nature of theoretical accounts that greater similarity 

between encoding and retrieval should correspond with better memory, there may be 

instances when this relationship does not hold. For example, in cases of gist-based false 

memory, greater reinstatement of encoding-related semantic context may accompany 

inaccurate memory responses (i.e. false alarms) in contrast to accurate ones (correct 

rejections). Here, brain measures of encoding-retrieval similarity in regions tracking 

broad conceptual relationships might show a reversal from the typical pattern, in which 

higher ERS is related to accurate memory detail. Such a case would highlight 
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relationship between encoding-retrieval match and the subjective experience of memory. 

Consistent with this idea, a study examining memory responses based on objective and 

subjective accuracy found that distributed cortical activity strongly tracked the 

subjective memory decisions but did not reveal the objective mnemonic history of items 

(Rissman, Greely, & Wagner, 2010). In an earlier study, activity corresponding to false 

alarms also matched that of correctly remembered items (Kahn et al., 2004). Future work 

will be needed to explore cases in which the reinstatement of previously experienced 

information leads to disparate memory outcomes, depending on factors like the type of 

information being probed at retrieval or the relationships between items at encoding.   

Correspondence between encoding and retrieval is also emphasized in the 

literature on cognitive memory function. Much of this emphasis stems from the 

principle of transfer appropriate processing (discussed in the Introduction), wherein 

successful retrieval is thought to be contingent upon recapitulation of encoding-related 

processes. Some researchers have questioned the usefulness of the presumed “encoding-

retrieval match” however, arguing that the functional similarity between cues and 

targets can relate positively or negatively with memory, depending on other factors 

(Nairne, 2002). Nairne stresses that instead of treating the overlap between encoding and 

retrieval as a critical factor for memory success, we should instead focus on how well a 

retrieval cue uniquely specifies an encoding item with respect to other potential 

candidates. Thus, a high overlap between encoding and retrieval may benefit memory in 
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some instances, but the relationship is not guaranteed. What matters instead is the 

match relative to other possible items. For example, in instances in which a cue is 

associated with many other items (i.e. cue-overload), even a high degree of overlap may 

not facilitate memory (M. J. Watkins, Watkins, Watkins, & Watkins, 1976; O. C. Watkins 

& Watkins, 1974). Accordingly, Nairne lays out a model focused on the diagnostic value 

of cues in uniquely specifying encoding items in relationship to an entire set of items. 

An explicit test of this model recently found that memory performance was better 

predicted by such a diagnostic value than by absolute encoding-retrieval match (Goh & 

Lu, 2012). 

What implications does Nairne’s critique have for the studies reported herein, or 

for the neuroscience of encoding-retrieval relationships more broadly? From a design 

standpoint, in most recognition or cued-recall studies where stimuli are selected with no 

deliberate interdependence, retrieval cues will specify their corresponding encoding 

counterparts better than any other retrieval cue. For example, the word ‘Island’ specifies 

the corresponding Island picture better than any other cue (Chapter 2) and a neutral face 

specifies its emotional counterpart from encoding better than any other face (Chapter 3). 

In the retrieval practice study (Chapter 4), efforts were taken to ensure that a given cue 

(e.g. Shark) was more related to its counterpart (e.g. Fin) than other cues, but this 

consideration is merely based on pre-existing association strength. Given that “Shark” 



 

152 

and “Fin” are actually presented together at encoding, it is even more likely that Shark 

specifies Fin better than other items (as would be the case for pairs of abstract stimuli).   

However, the fact that a given retrieval cue specifies its encoding counterpart 

better than other cues is hardly a reason to disregard the variability with which various 

cues uniquely specify their encoding counterparts. To capture this often neglected 

source of variance, future studies focusing on the similarity between encoding and 

retrieval would benefit from examining measure like encoding-retrieval similarity (ERS) 

not only with respect to event-specific pairings but also with respect to the similarity 

amongst encoding items.  

Using methods like representational similarity analysis (RSA), it should be 

possible to produce a metric of how similar the evoked response for a given stimulus is 

with respect to the response of other items at encoding. Both this measure and a 

continuous measure of how well the corresponding cue matches that encoding item (vs. 

other items) might help shed light on explaining variability in ERS that exists even 

among items sharing the same behavioral memory response. For example, ERS in face 

processing regions might be particularly high in instances where the remembered face 

produced a distinctive representation at encoding, in which case the corresponding 

(recognition based) retrieval cue would likely better specify that particular encoding 

item. Ultimately, relating measures like ERS to memory performances is not inconsistent 

with the nature of Nairne’s critique, but accounting for distinctiveness and the 
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diagnostic nature of retrieval cues are important to bear in mind when assessing cross-

phase similarity. Future studies of reinstatement would benefit from expanding a view 

of encoding-retrieval overlap to account for the additional relationships between stimuli 

both within encoding and between encoding and retrieval. 

5.3.3 Reactivation across Memory Systems: The Need for an 
Integrated Understanding 

The present studies mainly address reactivation from the perspective of episodic 

memory. Retrieval in these studies is characterized by the conscious attempt to 

remember recently presented and unique information. While relating to known concepts 

(e.g. participants have a general sense what a beach scene looks like, or about the 

relationship between two words), memory tests targeted the unique format of 

information presented during encoding, rather than pre-existing knowledge. However, 

prior knowledge clearly plays a role in how information is processed, as illustrated in 

the behavioral (Alba & Hasher, 1983; Bransford & Johnson, 1972) and neuroscientific 

(van Kesteren, Rijpkema, Ruiter, Morris, & Fernández, 2014; van Kesteren, Ruiter, 

Fernández, & Henson, 2012) literature on schemas. Given this influence, we should 

expect that the reinstatement of episodic information is also shaped factors at encoding 

and retrieval that relate to prior knowledge. The influence of prior knowledge in 

episodic reactivation studies has received relatively scan attention, which is surprising 

given that many studies of mental imagery (which, as noted in the Introduction, often 
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qualify as a type of semantic retrieval) show results similar to those found for episodic 

reactivation.  

Much of the neuroimaging literature focusing on the influence of prior 

knowledge vis-à-vis episodic memory has focused on encoding, postulating that 

different brain networks may contribute to the processing of information that is either 

congruent or incongruent with semantic expectations (van Kesteren et al., 2013, 2012). In 

this work, regions like the medial prefrontal cortex (mPFC) are thought to support the 

integration of information into existing knowledge structures, whereas encoding of 

novel or unexpected associations is thought to be more contingent on hippocampally-

based memory processes. Less work has been done to understand how information 

encoded via these differing networks might be later produced during retrieval. To the 

extent that encoding-related differences are robust, one might expect to see such 

encoding-related differences reflected during subsequent retrieval (van Kesteren, 

Rijpkema, Ruiter, & Fernández, 2010).  

Other questions relate to the representational structure of information that varies 

in schema congruence. One possibility is that the fidelity of retrieved representations 

would be higher for incongruent information, given the potential increase in attention 

that incongruent items might garner at encoding. By contrast, while schema congruent 

information might be better retained by most behavioral measures, it is possible that the 

representations corresponding to retrieval of this information would be more gist-like 
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and contain less detail (possibly corresponding with lower ERS) than incongruent items. 

This hypothetical scenario is just one of the many ways in which prior knowledge might 

influence episodic memory. Even in the absence of such explicit manipulations, it seems 

clear that future work on the relationship between encoding and retrieval would benefit 

from closer attention to the role that prior knowledge plays at both phases.  

In addition to considering the influence of different sources of declarative 

information, there are also important connections between reactivation in explicit and 

implicit contexts. It is worth stressing that, at the most basic level, the concept of 

memory reactivation applies equally well across different forms of memory, despite 

differences in underlying mechanisms. While the expression of memory in explicit and 

implicit contexts has often been studied in separate literatures, researchers have 

cautioned that, in practice, divisions between different forms of memory are often far 

from clear (Dew & Cabeza, 2011; Henke, 2010; Jacoby, 1991; Voss, Lucas, & Paller, 2012).  

Given these differential influences, it is particularly important to address the 

concurrent operation of implicit and explicit memory processes within the same task, 

where interactions can be quite complex. For instance, studies have found low-level 

signatures of encoding context that are stronger during explicitly recognized items, even 

though memory for the corresponding contextual information was at chance (Wimber et 

al., 2012). Other studies have also shown evidence of context reinstatement during 

explicit tests where item but not context memory is above chance (Gratton, Corballis, & 
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Jain, 1997; Packard, Rodríguez-fornells, Milnitsky, & Nicolás, 2014). These studies 

suggest that certain brain signals may be related to explicit memory performance while 

not necessarily reflecting elements of the encoding episode that can be consciously 

recalled.  

Aside from seeking further clarity about how various neural signatures of 

reinstatement relate to subjective memory experience at a more detailed level, it may 

also be fruitful to directly compare the explicit and implicit recovery of information in 

designs constructed specifically to address this question. Findings of very early 

electrophysiology signatures of encoding context (Morel et al., 2012; Wimber et al., 2012) 

suggest that implicit reactivation may occur more rapidly than explicit reactivation. 

However, as indicated earlier, the causal association between early reinstatement effects 

and later signatures associated with conscious recovery of information remains an open 

question.  

Another possibility is that reactivation of explicit memory representations is 

more hippocampally-dependent. While empirical evidence firmly supports 

hippocampal involvement in episodic reactivation, it is also possible that the MTL could 

play an important role in implicit reactivation, depending on the context. A recent 

account argues that the relationship brain regions and memory function is primarily 

based on the nature of information processed rather than on whether memory is 

conscious or not (Henke, 2010). This idea is supported by various studies showing 
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hippocampal involvement in the encoding of associative information, even when these 

associations are only evident in later implicit memory (Henke et al., 2003; Züst et al., 

2015). The extent of MTL involvement in implicit memory for such associations is less 

clear, but future work along these lines would provide an interesting comparison to the 

episodic reactivation literature in either case. Just as comparisons between explicit and 

implicit memory processes have been pursued for other memory-related questions, 

much promise lies in future work exploring the relationship between reactivated 

information and conscious awareness.  

5.4 Concluding Thoughts 

To conclude, the work reported here addresses the question of how retrieving 

past experiences relates to the reactivation of initially-encoded information, and how 

this retrieval can in turn further modify mnemonic representations. These questions are 

vital to the understanding of memory function. While ongoing research in non-human 

animals advances our understanding of circumscribed cellular ensembles associated 

with basic memory responses, cognitive neuroscience methods offer a way to delve into 

the complexity of human episodic memory.  

The results reported here approach episodic reinstatement at the level of 

individual memory events rather than general categories and also elucidate how 

retrieval processes strengthened previously-encoded information. Using an event-

specific approach, Chapter 2 addresses the specificity of mnemonic representations, 
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demonstrating that detailed visual memory for scene pictures corresponds with 

increased reinstatement of event-specific cortical patterns (ERS) in later visual 

processing regions, an effect related to hippocampal activity at encoding. This result 

confirms that the reactivation of relatively fine-grained item information is detectable in 

some of the same sensory regions that supported initial perceptual representation.  

A similar event-level approach was applied to longstanding memory questions 

surrounding item and relational memory in Chapter 3. Specifically at issue was how the 

nature of retrieved representations differed depending on the level of relational 

information recalled. In this study, regions of anterior temporal cortex previously 

associated with face identity revealed item memory effects at the level of individual 

faces—ERS was higher for successfully recognized faces (regardless of source retrieval) 

than forgotten faces. In contrast, memory for both face identity and expression was 

reflected in distributed hippocampal patterns. While building further support for event-

specific memory effects in higher level processing regions, these results also suggest a 

potential role for the hippocampus in supporting memory that encompasses both item 

identity and relational attributes.  

Finally, the neural mechanisms associated with the extensively-studied 

phenomenon of retrieval practice were investigated in Chapter 4. This exploration places 

the study of encoding-retrieval relationships in a wider context, emphasizing the 

capacity of retrieval to alter as well as reflect previously-encoded information. The 
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anterior hippocampus was found to play a particularly important role in retrieval events 

that further strengthened memory. 

Taken together, the research reported here makes new contributions to our 

understanding of how episodic encoding and retrieval are related. With respect to future 

work, it provides evidence for the importance of studying mnemonic representations at 

the level of individual events, and also emphasizes the need to study the fate of 

mnemonic representations beyond a single retrieval event.  
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