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ABSTRACT 

 Why are some memories easy to retrieve, while others are more difficult to 

access? Here, we tested whether we could bias memory replay, a process whereby newly 

learned information is reinforced by reinstating the neuronal patterns of activation that 

were present during learning, towards particular memory traces. The goal of this biasing 

is to strengthen some memory traces, making them more easily retrieved. To test this, 

participants were scanned during interleaved periods of encoding and rest. Throughout 

the encoding runs, participants learned triplets of images that were paired with 

semantically related sound cues. During two of the three rest periods, novel, irrelevant 

sounds were played. During one critical rest period, however, the sound cues learned in 

the preceding encoding period were played in an effort to preferentially increase 

reactivation of the associated visual images, a manipulation known as targeted memory 

reactivation.  

Representational similarity analyses were used to compare multi-voxel patterns of 

hippocampal activation across encoding and rest periods. Our index of reactivation was 

selectively enhanced for memory traces that were targeted for preferential reactivation 

during offline rest, both compared to information that was not targeted for preferential 

reactivation and compared to a baseline rest period. Importantly, this neural effect of 

targeted reactivation was related to the difference in delayed order memory for 

information that was cued versus uncued, suggesting that preferential replay may be a 

mechanism by which specific memory traces can be selectively strengthened for 

enhanced subsequent memory retrieval. 
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We also found partial evidence of discrimination of unique temporal sequences 

within the hippocampus. Over time, multi-voxel patterns associated with a given triplet 

sequence became more dissimilar to the patterns associated with the other sequences. 

Furthermore, this neural marker of sequence preservation was correlated with the 

difference in delayed order memory for cued versus uncued triplets, signifying that the 

ability to reactivate particular temporal sequences within the hippocampus may be related 

to enhanced temporal order memory for the cued information.  

Taken together, these findings support the claim that awake replay can be biased 

towards preferential reactivation of particular memory traces and also suggest that this 

preferential reactivation, as well as representations of reactivated temporal sequences, can 

be detected within patterns of hippocampal activation. 
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CHAPTER 1 

INTRODUCTION 

The ability to learn, store, and later retrieve information is critical for everyday 

functioning. In fact, intact memory function is required for much of our day-to-day 

routines; just think of how frustrating it is when you cannot remember where you put 

your keys, what items are on your to-do list, or when your spouse’s birthday is. So why is 

it that some memories are easy to retrieve, like the lyrics to ’90s pop songs that you have 

tried so hard to forget, while others seem much more difficult to access? Can we 

manipulate the ease of retrieval by finding ways to strengthen (or weaken) memories 

after encoding?  

Memory Replay 

One key process that has emerged as a candidate for potential manipulation is 

memory replay, or reactivation, a process that occurs during the phase of memory termed 

consolidation. In 1994, Wilson and McNaughton trained rodents to navigate a maze and 

demonstrated that during a period of post-learning sleep, the neuronal firing patterns 

within hippocampal place cells mimicked the firing patterns present during the awake 

learning phase. In other words, these place cells “replayed” the spatio-temporal sequence 

of neuronal firing that had previously occurred during learning, thereby reinforcing or 

consolidating the memory traces. Early studies examined replay during sleep (Ji & 

Wilson, 2007; Lee & Wilson, 2002; Nádasdy, Hirase, Czurkó, Csicsvari, & Buzsáki, 

1999; Skaggs & McNaughton, 1996; Wilson & McNaughton, 1994). However, more 

recent studies have also found evidence of replay during periods of wakeful rest in 

rodents (Carr, Jadhav, & Frank, 2011; Davidson, Kloosterman, & Wilson, 2009; Diba & 
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Buzsáki, 2007; Foster & Wilson, 2006; Jadhav, Kemere, German, & Frank, 2012; 

Karlsson & Frank, 2009).  

Only a handful of studies have used fMRI methods to investigate awake replay in 

humans (Deuker et al., 2013; Gruber, Ritchey, Wang, Doss, & Ranganath, 2016; 

Schlichting & Preston, 2014; Staresina, Alink, Kriegeskorte, & Henson, 2013; Tambini & 

Davachi, 2013; Tambini, Ketz, & Davachi, 2010; Tompary, Duncan, & Davachi, 2015; 

Vilberg & Davachi, 2013). Two of these studies used changes in hippocampal functional 

connectivity before and after encoding as a marker of reactivation. For instance, while 

undergoing an MRI, participants encoded object-face pairs and then rested for a short 

amount of time. Enhanced resting state connectivity (compared to a baseline rest period) 

was found between the hippocampus and the lateral occipital complex (LO), a region 

sensitive to visual objects. Furthermore, the change in connectivity correlated with 

subsequent memory for object-face pairs (Tambini et al., 2010). In another study, similar 

changes in connectivity were found between the CA1 subfield of the hippocampus and 

the ventral tegmental area, even in the presence of an active distractor task during the 

post-encoding rest period (Tompary et al., 2015), suggesting that the rest period activity 

reflects something different than overt (or covert) rehearsal. These patterns of functional 

connectivity may reflect neural signatures of memory replay, since in both studies, they 

were related to subsequent memory performance, implying that perhaps the increased 

connectivity during rest facilitated the initial stages of memory consolidation.  

The remaining studies of human replay have used multi-voxel pattern analysis 

(MVPA) to investigate how specific patterns of neural activation may be reinstated 
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during offline rest periods. One method for analyzing MVPA data is called 

representational similarity analysis (RSA; Kriegeskorte, 2008) and allows for the 

identification of periods of replay by correlating the similarity between multi-voxel 

patterns of hippocampal activation during initial learning and post-learning rest periods. 

Higher pattern similarity reflects stronger evidence of replay. Using this method, Tambini 

and Davachi (2013) showed increased pattern similarity between encoding and post-

encoding rest periods compared to the similarity between encoding and a baseline rest 

period. In addition, the change in pattern similarity from baseline rest to post-encoding 

rest was related to subsequent associative memory, such that higher levels of replay were 

associated with better memory performance. These findings provide evidence for offline 

reactivation during wakeful rest, and importantly, suggest that such reactivation is related 

to subsequent memory for the encoded information. 

Evidence of replay has also been found in regions outside of the hippocampus. 

Schlichting and Preston (2014), for instance, took a more standard MVPA approach and 

trained a pattern classifier on data from a functional localizer task to distinguish between 

faces, objects, and scrambled objects. Then, they tested the classifier on data from a rest 

scan that occurred after participants encoded face-object pairs. Within the fusiform face 

area (FFA), a region that responds selectively to faces, they found a significant positive 

correlation between a reactivation index, defined as the mean classifier evidence for 

faces, and subsequent memory performance. Using similar classification techniques, 

Gruber et al. (2016) demonstrated that replay can be biased towards certain types of 

information. Specifically, they manipulated the reward value associated with encoded 
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items and found preferential reactivation of high-reward contexts during post-encoding 

rest. Such enhanced reactivation of the high-reward contexts was also associated with a 

greater subsequent memory bias towards high-reward items, implying that the heightened 

reactivation may reflect stronger initial consolidation, and may therefore facilitate 

memory for the associated items.  

To our knowledge, only two studies have attempted to isolate recapitulation of 

specific memory traces. In the first, Deuker et al. (2013) once again adopted the MVPA 

classifier approach by training the classifier on patterns of activation during the encoding 

of object-location associations and testing on later periods of offline rest and sleep. The 

classifier was trained to discriminate specific stimuli during encoding and then used to 

predict item-specific instances of reactivation during rest. Interestingly, when the analysis 

was broken down into the different periods of rest (i.e. awake rest, stage 1 sleep, stage 2 

sleep, REM sleep, etc.), only awake rest periods achieved significant levels of item-

specific reactivation. Furthermore, the amount of replay evidence detected for a particular 

item was significantly related to reduced error during cued recall of the associated spatial 

location. Second, Staresina and colleagues (2013) showed similar evidence of item-

specific reactivation, even during a short delay period filled with an odd/even judgment 

distractor task. Here, they used RSA to compute a reactivation index for each specific 

encoding event by correlating activation patterns during encoding with patterns across 

every time point during a distractor-filled delay period. Within the entorhinal cortex, 

there was greater evidence of reactivation during the delay for associations that were 

subsequently remembered, compared to those that were forgotten. Results also revealed a 
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greater number of discrete reactivation events detected during the delay for remembered 

versus forgotten associations. Thus, in both studies, evidence of awake replay was found 

for specific events, and this replay was related to subsequent memory for the events.       

Although the human replay literature is quite small, there is remarkable 

consistency in the finding that offline memory reactivation is related to the ability to later 

retrieve memories. Replay may, therefore, be a period of time during which malleable 

memories could be strengthened. In fact, the findings of Gruber and colleagues (2016) 

intimate that it is possible to bias replay, and therefore subsequent memory, towards 

particular memories.    

Targeted Memory Reactivation (TMR) 

The prior findings suggest that by some random event, certain memories are 

replayed after encoding, which gives them a selective advantage in being successfully 

recalled. This raises the question of whether you can bias replay such that some 

memories are preferentially replayed, compared to others. A growing body of literature 

has utilized sensory cues as a means to target specific memories for enhancement. In 

these studies of targeted memory reactivation (TMR), associations are learned between 

to-be-remembered items and sensory cues. Then, during post-learning periods of rest or 

sleep, a subset of the cues are presented in an effort to systematically bias reactivation 

towards the items associated with those cues. Such manipulations of replay have 

employed various types of cues, including sounds (e.g. Oudiette, Antony, Creery, & 

Paller, 2013; Rudoy, Voss, Westerberg, & Paller, 2009), spoken words (e.g. Schreiner & 
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Rasch, 2015; Tilley, 1979), and odors (e.g. Diekelmann, Büchel, Born, & Rasch, 2011; 

Rasch, Buchel, Gais, & Born, 2007).  

Paller and colleagues (e.g. Rudoy, Voss, Westerberg, & Paller, 2009) have had 

particular success using semantically related sound cues to bias reactivation. In their 

paradigm, participants learn object-location associations that are presented with a 

concurrent object-related sound (e.g. an image of a cat is presented while a “meow” 

sound plays). After learning, participants take a nap in the laboratory while stages of 

sleep are recorded using EEG. During slow-wave sleep (a sleep phase presumed to be a 

crucial period for replay; see Diekelmann & Born, 2010), some of the sound cues from 

the learning phase are played, which could hypothetically trigger replay. Through several 

iterations of this paradigm (for a review, see Oudiette & Paller, 2013), Paller and 

colleagues have shown that post-nap memory for objects cued during slow-wave sleep is 

enhanced compared to memory for objects that were not cued. Therefore, it is possible 

that the sound cues trigger preferential replay of certain memories, which in turn leads to 

better subsequent memory for those items.  

Although most of these studies have focused on TMR during slow-wave sleep, 

one experiment within a larger sleep study did examine reactivation during awake rest. 

Oudiette and colleagues (2013) used reward as a way to bias memory towards particular 

stimuli during learning. Results revealed that cueing half of the low-value items during 

either a post-encoding nap, or an awake period with an intervening working memory 

task, rescued the low-value items from forgetting. Moreover, a specific analysis of the 

cued and uncued low-value items revealed a significant cueing benefit in the awake 
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group, but not in the sleep group, suggesting that post-encoding periods of wakefulness 

may, indeed, reflect crucial periods of replay. Although this study only cued low-value 

items during targeted memory reactivation, these findings provide support, albeit not 

independently replicated, for the feasibility of applying TMR techniques during periods 

of awake replay. To our knowledge, no study has utilized fMRI to examine targeted 

memory reactivation. 

Temporal Sequences of Memory Replay 

 Across the rodent replay literature, there is consistent evidence indicating that the 

recapitulation of memories occurs in a reliable temporal sequence. That is, the neurons 

fire in a predictable order that mimics either the forward or backward order in which they 

fired during initial learning. Yet, to our knowledge, no studies have examined this 

phenomenon in fMRI studies of human replay. 

There is, however, a related body of literature implicating the hippocampus in the 

encoding and preservation of the temporal order of experienced events (for a review, see 

Davachi & DuBrow, 2015). One particular paradigm (Kalm, Davis, & Norris, 2013) has 

emerged from this literature that may have useful applications to fMRI studies of replay. 

It was designed to identify hippocampal patterns that differentiate specific temporal 

sequence identities. Over time, hippocampal patterns of activation related to a particular 

8-letter sequence became more similar across repetitions of the sequence, while the 

patterns became less similar to patterns associated with other sequences. The authors 

argue that this interaction is crucial for providing evidence of specific sequence identity 

encoding, since the interaction of increasing same-sequence similarity with decreasing 
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across-sequence similarity is a measure of how distinguishable one sequence is from 

another. The same type of analysis could be applied to replay data to examine whether 

the sequence representation interactions follow the same trajectory during reactivation of 

a particular sequence of events. In other words, can instances of replay distinguish the 

temporal sequence of a studied event?  

The Current Study 

Memory replay in humans remains relatively unexplored, and an essential 

element of the rodent findings – replay of memories in the sequence that they were 

experienced – has yet to be demonstrated. Moreover, there is a clear conceptual link 

between the literatures on memory replay and targeted memory reactivation; yet, no 

study has made this explicit. It is possible that the content of replay can be biased by 

providing post-encoding cues associated with prior specific episodes. Therefore, we 

designed a novel paradigm to bridge these literatures.  

In this paradigm, participants encoded sequences of stimuli (three images 

presented sequentially, referred to as triplets) paired with semantically associated sound 

cues. Later, we attempted to bias reactivation towards specific triplet sequences by 

playing the associated sound cues during a period of post-encoding rest. Multi-voxel 

patterns of activation within the hippocampus were then extracted for specific triplet 

sequences during the encoding and rest periods, and pattern similarity was computed to 

serve as a measure of reactivation. In order to specifically index targeted reactivation, 

participants also encoded a set of triplets that were not targeted for preferential 

reactivation during a period of post-encoding rest. Instead, novel, irrelevant sounds were 
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played during the rest period so that no triplet sequence was specifically targeted for 

reactivation. Pattern similarity was then computed in the same manner for triplets 

occurring during these encoding and rest periods and compared to the reactivation index 

calculated for the cued stimuli set.  

This design allowed us to investigate temporal sequencing effects during targeted 

memory reactivation. To achieve this, we examined changes in pattern similarity 

associated with specific triplet sequences over the cued encoding and subsequent cued 

rest period. Each triplet sequence was presented six times – four presentations during 

encoding and two presentations of the associated sound cue during rest. 

With this design, we tested the following hypotheses: 

(1) That a neural signature of TMR will be increased pattern similarity in the 

hippocampus between the cued encoding and rest set, relative to the uncued encoding and 

rest set, as well as relative to a baseline rest period;  

(2) That the neural signatures of TMR will correlate with behavioral performance 

outside of the scanner;  

(3) That the neural signature of TMR will be category specific, showing enhanced 

similarity between the hippocampus and the FFA or PPA, depending on what type of 

stimulus was cued; 

 (4) That when temporally ordered sequences are repeated, pattern similarity in 

the hippocampus will increase across repetitions of the same sequence, while between-

sequence pattern similarity will decrease. Such a finding would suggest preservation of 

temporal sequence representations within the hippocampus, since increasing within-
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triplet similarity accompanied by decreasing between-triplet similarity would indicate 

discrete neural representations of unique temporal sequences;  

(5) That the neural signature of temporal order in the hippocampus will correlate 

with memory for the order in which items in a triplet were presented, signifying 

reactivation of temporal sequences within the hippocampus.  
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CHAPTER 2 

METHODS 

Participants 

A total of 30 healthy young adults (17 female, 13 male) between the ages of 18 

and 32 (M = 21.53, SD = 3.13) participated in the present study. Participants were 

recruited from the Temple University community. All participants were right-handed 

with normal to corrected-to-normal vision. Participants had no history of psychological or 

neurological disorders and no MRI contraindications, as ascertained by self-report. 

Informed consent was obtained according to the guidelines of the Institutional Review 

Board of Temple University, and participants were compensated for participation.  

Overview of Experimental Design 

The study was comprised of two separate experimental sessions separated by 24 

hours. The fMRI scan took place during the first session, and the primary experimental 

task consisted of five total blocks (split across seven fMRI runs). First, a baseline rest 

scan was acquired, followed by two runs of one study set, a post-encoding rest scan, two 

runs of a second study set, and a final post-encoding rest scan. A schematic of the 

experimental design is depicted in Figure 1. After the main task, two runs of functional 

localizer scans were acquired in order to localize brain regions sensitive to faces and 

scenes. Once participants were removed from the scanner, they completed a surprise 

memory test. During the second experimental session, participants completed a set of 

delayed memory tasks, as well as a survey regarding the sounds played in the scanner.  
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Figure 1. Experimental design. A schematic of the experimental task is presented above. 
MRI scanning occurred during the tasks within the shaded grey box. Order of the study 
sets (Study Set A vs. Study Set B) and rest sound types (cued vs. novel sounds) were 
counterbalanced across participants. Each encoding trial began with a fixation cross, 
followed by serial presentation of the three items in a triplet with a concurrent sound cue, 
followed by an odd/even judgment task. Example test trials for the serial position test and 
recognition test are presented on the right. For the serial position test, participants used 
the grey response window to enter the order in which the items were studied. For the 
recognition test, participants made yes/no judgments via key-press in response to two 
possible questions.  
 

 

Session 1: fMRI Scan and Immediate Memory Test 

Encoding Task 

Stimuli for the encoding task consisted of a total of 36 scene and 36 face (half 

female, half male) images. The images were grouped into triplets, each comprised of 
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either three unique faces or three unique scenes. There were a total of 24 triplets divided 

into two study sets (Study Set A and Study Set B), each containing 12 non-overlapping 

triplets. There were an equal number of face and scene triplets in each study set. All 

encoding took place in the scanner.  

 Triplets were presented according to a slow event-related design (see Figure 1). 

Participants were instructed to learn the three items within a triplet, as well as the order in 

which they were presented. Each trial began with a fixation cross, presented in the center 

of the screen, for 2 seconds. Next, each item in a given triplet was presented sequentially 

in the center of the screen for 2 seconds (stimulus presentation = 6 seconds total). A 

semantically associated sound (e.g. an image of an open road presented with the sound of 

an engine revving) was presented with the first image in each triplet and played 

throughout the 6-second duration of the stimulus presentation period. Participants were 

instructed to try to use the sound cues in order to help them remember the triplets. 

Following each triplet presentation, a baseline task was presented for 10 seconds in order 

to allow the BOLD signal to return to baseline. During the baseline task, a series of 

integers was presented in succession, and participants were required to respond to 

whether each integer was even or odd. After the baseline task, the next trial began. 

During each study set, triplets were presented in a randomized order, with 4 repetitions of 

each triplet. The order of study set presentation (Study Set A vs. Study Set B) was 

counterbalanced across participants. 
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Rest Periods 

Each rest period began with a black fixation cross in the center of the screen. A 

simple task, orthogonal to the encoding task, was used during the rest periods in order to 

ensure that participants maintained their alertness during these scans. Periodically, the 

fixation cross changed color from black to red, and participants were required to respond 

any time a color changed occurred. Additionally, during the rest periods, a set of 12 

sounds was presented in a randomized order throughout the run, with two repetitions of 

each sound. Each sound was presented for 6 seconds, followed by a jittered inter-stimulus 

interval (ISI) of either 10, 12, or 14 seconds. The color change detection task occurred 

pseudorandomly after either 2, 3, or 4 sound presentations, yielding a total of 8 color 

change detections per rest period.    

During one of the post-encoding rest periods (cued sound rest), the sound cues 

associated with the triplets encoded in the preceding study set were presented. During the 

other rest periods (baseline rest and uncued rest), 12 novel sounds, unrelated to the 

studied triplets, were presented. A different set of novel sounds was presented during 

baseline rest and uncued rest. All other aspects of these rest periods were identical to the 

cued sound rest. The presentation order of the post-encoding rest periods (cued sounds 

vs. novel sounds), as well as the novel sound set used for the baseline and uncued rest 

periods (novel sounds 1 vs. novel sounds 2), were counterbalanced across participants. 

Functional Localizer Task 

Two runs of a functional localizer task were acquired after the experimental runs. 

This allowed us to localize the fusiform face area (FFA), a region sensitive to faces, as 



 

 15 

well as the parahippocampal place area (PPA), a region sensitive to scenes. The localizer 

task was a modified version of the task created by Troiani and colleagues (2016), and 

consisted of a block design with 3 types of stimuli: faces, scenes, and scrambled images. 

There was an equal number of male and female faces, famous and non-famous faces, and 

famous and non-famous places. The stimuli were randomly selected from lists of 64 

images per stimulus category. Importantly, the images were drawn from a different image 

pool than the studied triplet items. Images were presented sequentially for 750 ms each, 

with 250 ms ISIs. For each stimulus category, 7 images were randomly presented with 

one stimulus repeat (i.e. the same image appeared twice in a row), yielding 8 total trials. 

A run was broken into 4 “superblocks”, each comprised of two repetitions of each 

stimulus category block presented in a randomized order, interspersed with two 10-

second fixation blocks. Participants were instructed to make a response any time the same 

image appeared twice in a row.  

Immediate Memory Test 

After participants were removed from the scanner, they completed a surprise 

serial position test. On each trial, the three items from a given triplet were presented on 

the screen side-by-side, with the labels a, b, and c displayed above them (see Figure 1). 

Participants were required to indicate the correct order in which the items were originally 

presented by typing the letters corresponding to the labels for the first, second, and third 

item into a response window. One of the six possible order permutations was randomly 

chosen to display for each test trial. Study sets were tested separately, consistent with the 

order in which they were encoded. The functional localizer was placed after the second 
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post-encoding rest period in order to add a delay between encoding and test of the second 

study set. Pilot testing did not reveal any differences in memory performance for triplets 

encoded during the first versus second study set, even when the memory test immediately 

followed encoding of the second study set.  

Timing of this test was self-paced. Two dependent measures were assessed: (1) 

episodic memory recall, which is the percentage of trials answered correctly for the cued 

and uncued study sets, and (2) a cueing benefit index, which represents the direction and 

magnitude of potential targeted memory reactivation by subtracting accuracy on the 

uncued study set from accuracy on the cued study set. Positive values reflect enhanced 

memory for the triplets that were cued during post-encoding rest, a score of zero reflects 

no difference in performance across conditions, and negative values reflect that uncued 

triplets were better remembered than cued triplets.  

Session 2: Behavioral Tasks 

 Participants came to the laboratory 24 hours after the fMRI scan to complete a 

series of behavioral tasks.  

Delayed Memory Tests 

 Participants completed two delayed memory tests. First, they completed a 

recognition task to test long-term memory of the items within each triplet. On this task, 

participants made a series of yes/no judgments in response to intact, rearranged, or novel 

triplet configurations. Twelve of the studied triplets were presented as intact triplet trials, 

12 were triplets presented in a rearranged order, and 24 trials consisted of images that 

were presented during intial encoding but were never presented clustered together as a 
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triplet (novel trials). Participants first judged whether the three items presented on a given 

test trial had been clustered together and studied as a triplet during initial encoding. On 

trials in which participants indicated that the items on the screen had been studied as a 

triplet, they were prompted with a follow-up judgment asking them to decide whether the 

items were presented in the order that they were originally studied. Timing was self-

paced. 

For the intial recognition judgment (“Were these items studied together as a 

triplet?”), a measure of discrimination sensitivity, d’ (normalized hit rate – normalized 

false alarm rate), was used to index recognition performance. For the order judgments 

(“Are these items presented in the same order in which they were studied?”), the 

percentage of correct responses was used to assess order memory performance. This 

measure was chosen over d’ since the order judgments were secondary to the triplet 

recognition judgments, meaning that participants only made a decision about the triplet’s 

order if they endorsed the items as being studied together as a triplet. Therefore, it is 

possible that false alarms may have also arisen on trials where participants first endorsed 

recognizing a false lure triplet, complicating the calculation of false alarm rate. Thus, we 

instead assessed percent correct.  

 After the recognition test, participants once again completed the serial position 

test. The procedure was identical to the immediate memory test from Session 1.  

Sound Cue Survey 

 Finally, participants were given a survey to assess their levels of awareness 

regarding the sounds played during the rest periods. They were asked to answer questions 
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about whether they paid attention to the sounds during the rest periods, whether they 

noticed anything about how the sounds during the rest periods related to other sounds 

during the scanner tasks, and whether they thought the sounds impacted their memory. 

This survey was administered to 22 of the 30 participants. 

Image Acquisition and Preprocessing 

 MRI scanning was conducted at Thomas Jefferson University Hospital on a 3T 

Philips scanner with a 32-channel phased-array head coil. High-resolution T1-weighted 

anatomical images were collected using a three-dimensional magnetization prepared 

rapid acquisition gradient-echo pulse sequence (3D-MPRAGE). Salient imaging 

parameters were as follows: TR = 7.02 ms, TE = 3.19 ms, FOV = 256 mm2, flip angle = 

9o, 1 mm slice thickness. Functional T2*-weighted images were collected using a 

gradient-echo planar pulse sequence with the following parameters: TR = 2000 ms, TE = 

25 ms, FOV = 240 mm2, flip angle = 90o, 3 mm slice thickness. Each study set was 

presented across 2 runs, with each run consisting of 2 repetitions of the study list. This 

yielded encoding runs lasting 7.3 minutes (219 volumes per run). Each rest run lasted 8.5 

minutes (255 volumes per run). After the experimental task, two 4.7-minute runs (142 

volumes per run) of functional localizer data were acquired using the same T2*-weighted 

imaging parameters. Total scan time was approximately 70 minutes.   

 Imaging data was preprocessed using FSL. First, the data was corrected for 

differences in slice timing acquisition and subject motion. Next, participants’ functional 

data was co-registered to their respective T1-weighted anatomical images. No spatial 

smoothing was applied for the pattern similarity analyses; however, the group level 
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contrasts for the functional localizer data were smoothed using a 5 mm FWHM isotropic 

Gaussian kernel. 

Regions of Interest Definition 

 The primary region of interest (ROI) for this study was the hippocampus. 

Bilateral hippocampal ROIs were defined individually for each participant using FSL’s 

FIRST segmentation algorithms. This process uses the high-resolution anatomical image 

registered in 1 mm standard MNI space in order to delineate the hippocampus based on 

known anatomical landmarks. Then, the hippocampal ROIs were transformed into 

subject-native space in order to extract patterns of activation during encoding and rest 

periods. 

 In addition, the FFA and PPA were defined bilaterally based on the functional 

localizer data. The FFA was defined by running a conjunction analysis to identify regions 

that show greater activation in response to faces, compared to scrambled images and 

showed greater activation to faces, relative to scenes (faces > scrambled images ∩ faces > 

scenes). Likewise, the PPA was identified by the conjunction of scenes > scrambled 

images and scenes > faces. To ensure identification of the ROIs in every participant, the 

ROIs were created from conjunction analyses at the group level, and then transformed 

into subject-native space. Furthermore, to ensure that we isolated the FFA, and not other 

face selective regions (e.g. the occipital face area), only activation that fell within the 

boundaries of the fusiform gyrus was included in the FFA ROI. Likewise, to ensure that 

we isolated the PPA, only activation that fell within the parahippocampal gyrus was 

included in the PPA ROI.  
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Pattern Similarity Analyses 

 A slow event-related design was chosen for our experimental paradigm to give us 

the ability to model each encoding trial separately. For every run, a separate GLM was 

constructed for each triplet (or sound cue) presentation to indivudally model activation 

associated with that specific triplet. Each triplet (or sound cue) presentation was modeled 

by convolving a 6-second boxcar function (representing stimulus presentation) with a 

canonical hemodynamic response function. The activation associated with all other 

stimulus presentations in that run was modeled in a single regressor by convolving the 6-

second presentations of each stimulus with the canonical hemodynamic response. This 

regressor, along with the six motion parameters derived from FSL’s motion correction 

were included in the model as nuisance regressors. This method has been used previously 

in an fMRI study of memory replay (see Staresina et al., 2013) to test for reactivation of 

specific memory traces. Finally, the z-scored parameter estimates for each individual 

triplet (or sound cue) presentation were extracted from the ROIs of interest, yielding a 

vector representing the pattern of activation in that particular ROI, where each row 

reflects activation in a different voxel within the ROI.  

Targeted Memory Reactivation Analysis 

In order to examine similarities in hippocampal patterns of activation across 

encoding and rest periods, RSA was performed on the z-scored vectors of hippocampal 

activation elicited by each individual triplet presentation. The encoding period that was 

followed by the cued sound rest period will be henceforth referred to as “cued encoding”, 

while the encoding period that was followed by the uncued rest period will be referred to 
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as “uncued encoding”. To examine presumed reactivation of a particular triplet during the 

cued sound rest period, the four presentations of the triplet that occurred within the cued 

study set were averaged together to form one cued encoding activation vector. Similarly, 

the two presentations of the triplet’s associated sound cue during the cued sound rest 

period were averaged together to yield a single cued rest vector. Then, a Pearson’s 

correlation was computed between the cued encoding and cued rest vectors to derive a 

measure of pattern similarity between the two patterns of activation. This procedure was 

repeated for each triplet, and then the pattern similarity measures were collapsed across 

triplets to yield one cued encoding – cued rest pattern similarity measure for each 

participant. The same procedure was repeated, correlating patterns from each study set 

with the baseline rest and uncued rest patterns. In order to compute pattern similarity 

measures between the activation vector associated with a studied triplet and the activation 

vector of an irrelevant novel sound cue vector (i.e. from either the baseline rest or uncued 

rest periods), the sound presentations in these rest periods were assigned numbers one 

through twelve, and since the sounds were presented in a randomized order, correlations 

were computed between corresponding number labels (i.e. encoding triplet 1 with novel 

sound 1, etc.).  

The same procedure was used within the ROIs of the FFA and PPA. Here, we 

were particularly interested in potential category-specific reactivation in these regions. 

This analysis was limited to the cued sound rest period. First, z-scored parameter 

estimates for each sound cue presentation were extracted from the FFA and PPA ROIs. 

Next, pattern similarity was computed between the FFA and hippocampus, and between 
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the PPA and hippocampus for each sound cue presentation. These similarity measures 

were then sorted based on category of the associated triplet (face or scene), and averaged 

to yield participant-specific pattern similarity scores, which were then averaged across 

participants. Differences in pattern similarity between the hippocampus and FFA and the 

hippocampus and PPA were examined separately for sound cues associated with face and 

scene triplets in order to investigate whether there was evidence of category-specific 

reactivation.  

It is important to note that in order to compute similarity between two different 

ROIs, the ROIs must be the same size. ROI size differences were examined separately 

between the hippocampus and FFA and the hippocampus and PPA, and separately for 

each participant. For the FFA-hippocampus correlations, the smaller ROI was used to 

determine the length of the activation vector, and voxels beyond that length in the larger 

ROI were excluded (e.g. if the hippocampal ROI had 400 voxels, but the FFA ROI had 

350, then the last 50 voxels were excluded from the hippocampal ROI). The same process 

was used for the PPA-hippocampus correlations. Due to the proximity of the PPA and 

hippocampus, ROIs for this analysis excluded any overlapping voxels between the 

regions. 

Finally, in addition to examining triplet-specific reactivation, we also investigated 

differences in the average amount of reactivation across conditions. For this analysis, 

GLMs were constructed to model activation across the entirety of each encoding and rest 

period. The motion parameters were again entered as nuisance regressors. Correlations 

were computed between each encoding and rest period and then averaged across 
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participants. This approach has been previously validated as a method for examining 

general levels of replay during rest (Tambini & Davachi, 2013).   

Temporal Sequencing Analysis 

To examine evidence of the preservation of temporal sequences across periods of 

replay, we applied methods used by Kalm and colleagues (2013) that have previously 

demonstrated the hippocampus’ role in the encoding of sequence identity. This analysis 

was restricted to triplets that were subsequently cued with their associated sounds during 

rest. First, we computed a measure of within-triplet similarity for each triplet by 

computing correlations between presentations 1 and 2, presentations 2 and 3, 

presentations 3 and 4, presentation 4 and rest presentation 1, and rest presentations 1 and 

2 (see Figure 2). These measures were then averaged across triplets to derive a single set 

of within-triplet similarity scores per participant. Change in pattern similarity across 

repetitions was computed by calculating the slope of the similarity measures averaged 

across participants using least-squares linear regression.  

We also computed between-triplet pattern similarity by correlating the activity 

patterns between the first presentation of every triplet, the second presentation of every 

triplet, and so on (e.g. triplet 1, presentation 1 – triplet 2, presentation 1; triplet 1, 

presentation 1 – triplet 3, presentation 1; yielding 66 total pairwise comparisons per 

presentation; see Figure 2). These measures were then averaged across presentations to 

derive a single set of between-triplet similarity scores per subject. The change in 

between-triplet similarity was calculated by fitting a slope over the similarity measures 

averaged across participants at each presentation time point.  
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Figure 2. Schematic of within- and between-triplet pattern similarity computations. 
Unique triplet sequences were encoded across repeated presentations (left). Measures of 
within- and between-triplet pattern similarity were computed for triplet presentations 
occurring across the cued encoding and cued rest periods. Within-triplet pattern similarity 
(top right) was computed by correlating hippocampal activation patterns associated with 
repeated presentations of the same triplet sequence, while between-triplet pattern 
similarity (bottom right) was measured by computing pairwise correlations between 
hippocampal activation patterns associated with each unique triplet sequence across a 
given presentation timepoint. 

 
 
 

 
Evidence of temporal sequence identity preservation would be characterized by an 

increase in within-triplet similarity, signifying that hippocampal patterns associated with 

an individual triplet became more similar over time, and a simultaneous decrease in 

Triplet(3(

Triplet(1(

Triplet(3(

Triplet(4(

Triplet(2(

.(.(.(

Triplet(2(

Triplet(1(

Triplet(3(

Triplet(4(

.(.(.(

Triplet(4(

Triplet(1(

Triplet(2(

.(.(.(

Pr
es
en

ta
2o

n(
1(

Pr
es
en

ta
2o

n(
2(

Pr
es
en

ta
2o

n(
3(

Within6Triplet(Similarity(

Between6Triplet(Similarity(

Presenta2on(1(

Presenta2on(2(

Triplet(1(

Triplet(1(

Presenta2on(2(

Presenta2on(3(

r(=(?((
Triplet(1(

Triplet(1(

r(=(?((

.(.(.(

Triplet(1(

Triplet(2(

r(=(?((

Triplet(1(

Triplet(3(

r(=(?((

Triplet(1(

Triplet(4(

r(=(?((

.(.(.(

Presenta2on(1(

Triplet(1(

Triplet(2(

r(=(?((

Triplet(1(

Triplet(3(

r(=(?((

Triplet(1(

Triplet(4(

r(=(?((

.(.(.(

Presenta2on(2(

Triplet(1(

Triplet(2(

r(=(?((

Triplet(1(

Triplet(3(

r(=(?((

Triplet(1(

Triplet(4(

r(=(?((

.(.(.(

Presenta2on(3(

Encoding(



 

 25 

between-triplet similarity, meaning that hippocampal patterns associated with any given 

triplet became less similar to the other triplets over time (see Kalm et al., 2013). 

Therefore, to quantify temporal sequence identity, the interaction between the slopes of 

within- and between-triplet similarity was computed.  

Additionally, in order to relate changes in within- and between-triplet similarity 

with memory performance, we fit slopes individually to each participant’s data. 

Statistical Analyses 

 Statistical analyses were performed using SPSS (Version 23). Paired-samples t-

tests were used to compare differences in behavioral performance for cued versus uncued 

triplets across memory tasks. Repeated-measures ANOVAs were employed to examine 

differences in evidence of targeted memory reactivation across encoding and rest 

conditions.  
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CHAPTER 3 

RESULTS 

Behavioral Results 

Average performance across the behavioral tasks is presented in Table 1. The 

range of individual participants’ scores on the various cueing benefit indices is presented 

in Table 2. Cueing benefit indices for each memory task are plotted in Figure 3.  

 

Table 1. Mean memory performance. Average performance for triplets that were 
subsequently cued with associated sounds during post-encoding rest compared to triplets 
that were subsequently uncued (i.e. novel sounds were played during post-encoding rest). 
Standard deviation is reported in parentheses.  
 

Task Cued 
Performance 

Uncued 
Performance 

t-test 

Immediate Serial Position Test 
(percent correct) 
 

53.61 (23.33) 50.28 (24.61) t(29) = 0.76, p = .46 

Delayed Serial Position Test 
(percent correct) 
 

43.61 (20.14) 42.22 (22.63) t(29) = 0.35, p = .73 

Delayed Recognition (d’) 
 
 

0.65 (0.76) 0.47 (0.83) t(29) = 1.02, p = .32 

Delayed Recognition Order 
Judgments (percent correct) 
 

44.44 (17.82) 42.50 (19.74) t(29) = 0.56, p = .58 

 

 

Immediate and Delayed Serial Position Tests 

 On the immediate serial position test, there were numerical differences, but no 

statistically significant differences, between performance on triplets that were 

subsequently cued with their associated sounds during post-encoding rest and triplets that 

were subsequently uncued (i.e. irrelevant, novel sounds were played during post-
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encoding rest). There was no difference between recalling the presentation order of cued 

versus uncued triplet items (t(29) = 0.76, p = .46). With respect to the cueing benefit 

index (which was defined as the difference in performance for cued versus uncued 

triplets), 12 out of 30 participants exhibited a numerical positive cueing effect (i.e. 

enhanced memory for cued versus uncued triplets), 4 participants showed no difference 

in performance across conditions, and the remaining 14 participants performed 

numerically better on uncued triplets.  

 

Table 2. Range in cueing benefit indices. Minimum and maximum cueing benefit scores 
across memory tasks. Cueing benefit indices were calculated by subtracting each 
participant’s performance in the uncued condition from performance in the cued 
condition. Positive values reflect enhanced memory for cued triplets, values of zero 
reflect no difference in performance across conditions, and negative values reflect better 
memory for uncued triplets.   
 

Task Minimum Cueing Benefit Maximum Cueing Benefit 
Immediate Serial Position 
Test (percent correct) 
 

-33.33 66.67 

Delayed Serial Position 
Test (percent correct) 
 

-33.33 50.00 

Delayed Recognition (d’) 
 
 

-1.43 2.18 

Delayed Recognition Order 
Judgments (percent correct) 
 

-41.67 41.67 

 

 

 We next tested whether immediate serial position memory differed based on the 

category of the stimuli. For both cued and uncued triplets, there was no significant 
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difference between memory for faces versus memory for scenes (t(29) = 0.32, p = .75 and 

t(29) = 0.31, p = .76 respectively).  

 Similar non-significant cueing effect results were obtained for the delayed serial 

position test (t(29) = 0.35, p = .73). Once again, we tested whether delayed serial position 

memory differed by stimulus category. There was no difference in memory for faces 

versus scenes for the cued triplets (t(29) = 0.11, p = .92); however, there was a significant 

difference for uncued triplets (t(29) = 3.62, p < .001). Specifically, an average of 

approximately one more scene triplet, relative to face triplets was remembered for the 

uncued condition.  

Delayed Recognition Tests 

Performance on the overall recognition task, as indexed by d’, was numerically 

better for cued triplets, compared to uncued triplets; however similar to the effects 

observed for serial order memory, differences did not reach statistical significance (t(29) 

= 1.02, p = .32). Fifteen of the 30 participants exhibited numerically enhanced 

discrimination sensitivity of triplets that were subsequently cued, compared to those that 

were uncued, 4 participants displayed no difference in discrimination ability, and 11 

performed numerically better on uncued triplets. For both cued and uncued triplets, there 

was no difference in the number of correct responses for faces compared to scenes (t(29) 

= 0.66, p = .51 and t(29) = 1.32, p = .20 respectively).  

 Performance with respect to the order memory judgments on the recognition task 

was also numerically higher for cued triplets, relative to uncued triplets. Yet, once again, 

this difference did not reach statistical significance (t(29) = 0.56, p = .58). Of the 30 
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participants, 12 demonstrated numerically better memory of the cued triplets, 9 exhibited 

no performance difference between the cued and uncued information, and 9 demonstrated 

numerically better memory of the uncued triplets. Performance did not differ as a 

function of stimulus category for either the cued (t(29) = 0.24, p = .82) or the uncued 

condition (t(29) = 0.94, p = .35).  

 In sum, sound cues did not significantly affect behavioral memory performance 

when examined at the group level. 

 

 

 
 

 
 
 

 
 
 

 

 
 
Figure 3. Cueing benefit indices across memory tests. The mean (black lines) and spread 
of the cueing benefit indices (performance on cued triplets – performance on uncued 
triplets) for each memory test are plotted above. Positive values reflect enhanced memory 
for cued triplets, while negative values reflect better memory for uncued triplets. The 
memory tests that were measured in terms of percent correct are plotted on the left. The 
recognition test that was measured in terms of d’ is plotted on the right.  
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Imaging Results 

Testing Hypothesis 1: Neural Signatures of TMR 

 We first tested the hypothesis that a neural signature of TMR will be increased 

pattern similarity in the hippocampus between the cued encoding and rest set, relative to 

the uncued encoding and rest set, as well as relative to a baseline rest period. RSA 

methods were used to search for evidence of targeted memory reactivation in the 

hippocampus by comparing patterns of hippocampal activation during episodic memory 

encoding and periods of post-encoding rest. We performed this analysis on the level of 

individual triplets. Pattern similarity scores were calculated between patterns of 

hippocampal activation associated with each triplet during the cued encoding period and 

the patterns representing the associated sound cue presentations during the cued rest 

period (cued encoding – cued rest similarity), between the cued encoding triplets and the 

patterns associated with the novel sounds presented during the baseline rest period (cued 

encoding – baseline rest similarity), between the triplet presentations during the uncued 

encoding period and the novel sounds subsequently played during uncued rest (uncued 

encoding – uncued rest similarity), and finally between the uncued encoding triplets and 

the baseline rest sounds (uncued encoding – baseline rest similarity).  

Results are presented in Figure 4. In the left hippocampus, the repeated-measures 

ANOVA revealed strong evidence of targeted memory reactivation (F(3,87) = 5.13, p = 

.003), such that enhanced pattern similarity was exhibited between triplet presentations 

during the cued encoding period and presentations of the associated sound cues during 

the cued rest period (cued encoding – cued rest pattern similarity; see Figure 4). Follow-
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up pairwise comparisons specifically revealed that cued encoding – cued rest similarity 

was significantly greater than cued encoding – baseline rest similarity (t(29) = 3.97, p < 

.001), uncued encoding – uncued rest similarity(t(29) = 2.61, p = .01), and uncued 

encoding – baseline rest similarity (t(29) = 2.51, p = .02). No other pairwise comparisons 

were significant (p’s > .22). Thus, our hypothesis was confirmed since we observed 

heightened similarity between hippocampal patterns of activation specifically between 

the cued encoding and cued rest periods, but not during any other condition. The 

selectivity of the finding demonstrates that presentations of learned sound cues during a 

period of post-encoding rest were, in fact, able to bias replay toward the associated 

memory traces. Such evidence of targeted reactivation was not present for the uncued 

study – rest set.  

 In the right hippocampus, the overall ANOVA was not significant (F(3,87) = 

1.71, p = .17; see Figure 4). To be consistent in our analyses, and given our a priori 

hypotheses, we still followed up with pairwise comparisons, despite a null result from the 

overall ANOVA. Pairwise comparisons only revealed marginally enhanced pattern 

similarity between cued encoding and cued rest, compared to cued encoding – baseline 

rest (t(29) = 1.86, p = .07). Therefore, in the right hippocampus, we cannot claim that 

evidence of targeted reactivation was selectively heightened for the cued rest period, 

compared to uncued rest.  
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Figure 4. Neural signatures of targeted memory reactivation. Pattern similarity scores 
computed between multi-voxel patterns of hippocampal activation associated with 
specific triplet presentations across the various encoding and rest periods. Top panel: left 
hippocampus. Bottom panel: right hippocampus. *** denotes p < .001, ** denotes p < 
.01,  * denotes p < .05, † denotes p < .07, n.s. denotes not significant. 
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Testing Hypothesis 2: Brain-Behavior Relationships of TMR 

 Our second hypothesis was that the neural signatures of TMR would correlate 

with behavioral performance outside of the scanner. To test this, we examined whether 

the cueing benefit index calculated for each of the memory measures was differentially 

related to presumed targeted memory reactivation (i.e. cued encoding – cued rest pattern 

similarity) versus no targeted memory reactivation (i.e. uncued encoding – uncued rest 

pattern similarity). In regards to the immediate tests of memory, there was a trending 

negative relationship between the cueing benefit index for the serial position test and 

cued encoding – cued rest similarity in the left hippocampus (r(28) = -0.34, p = .07). The 

same relationship was not present when examining uncued encoding – uncued rest 

similarity (r(28) = -0.05, p = .78; see Figure 5).  

Turning to the delayed tests of memory, a positive relationship was detected 

between the cueing benefit index for order memory judgments on the recognition task 

and cued encoding – cued rest similarity in the right hippocampus (r(27) = 0.43, p  = .02). 

No such relationship was found between the cueing benefit index and uncued encoding – 

uncued rest similarity in the right hippocampus (r(27) = -0.04, p = .83; see Figure 6). It 

should be noted that one multivariate outlier was excluded from this analysis (outlier 

exceeded critical cut-off for Mahalanobis distance; χ2(2) = 5.99). No other brain-behavior 

relationships emerged (all p’s > .14).  

Taken together, these correlations suggest that targeted hippocampal reactivation 

may have a moderately negative impact on immediate order memory, but has a positive 

impact on more long-term order memory, perhaps implying that the full benefits of 
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targeted reactivation are demonstrated after memory traces have undergone consolidation 

processes.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Relationships between left hippocampal reactivation indices and order memory 
cueing benefit. Scatterplots depicting the relationship between presumed targeted 
reactivation (cued encoding – cued rest similarity) and the cueing benefit index (memory 
for uncued triplets subtracted from memory for cued triplets) derived from performance 
on the immediate serial position test (top) and the relationship between the control 
reactivation index (uncued encoding – uncued rest similarity) and the immediate serial 
position test cueing benefit (bottom).  
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Figure 6. Relationships between right hippocampal reactivation indices and delayed order 
memory cueing benefit. Scatterplots depicting the relationship between presumed 
targeted reactivation (cued encoding – cued rest similarity) and the cueing benefit index 
(memory for uncued triplets subtracted from memory for cued triplets) derived from 
performance on delayed order memory recognition judgments (top) and the relationship 
between the control reactivation index (uncued encoding – uncued rest similarity) and the 
delayed order memory recognition judgments (bottom).  
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Testing Hypothesis 3: Category-Specific Reactivation during TMR 

 Our third hypothesis predicted that the neural signature of TMR would be 

category specific, showing enhanced similarity between the hippocampus and the FFA or 

PPA, depending on what type of stimulus was cued. This hypothesis directly follows 

from Hypothesis 1, but examines TMR with higher granularity. To examine this, 

hippocampal patterns of activation corresponding to the sound cue presentations during 

the cued rest period were sorted into patterns elicited in response to sounds associated 

with face triplets and sounds associated with scene triplets. Then, pattern similarity 

measures were computed between hippocampal activation and FFA/PPA activation for 

each category. Results are depicted in Figure 7. For sounds associated with face triplets, 

there was no difference between hippocampus-FFA pattern similarity and hippocampus-

PPA pattern similarity in either the left (t(29) = 1.48, p = .15) or right (t(29) = 1.21, p = 

.24) hemisphere. However, pattern similarity differences did emerge in response to sound 

cues associated with the scene triplets. Increased pattern similarity was found between 

the hippocampus and PPA, relative to hippocampus-FFA similarity (left hemisphere: 

t(29) = 3.90, p = .001 and right hemisphere: t(29) = 2.90, p = .007).  

These findings show that during the rest period, when a sound was played that 

had previously been associated with scenes, the hippocampus and PPA exhibited 

heightened similarity to one another in response to scene-associated information, 

implying specific targeted reactivation of scene triplets. These findings partially confirm 

our hypothesis regarding category-specific reactivation, since we found evidence of 

selective reactivation of scene information when comparing hippocampal patterns to 
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patterns in scene-selective regions, but not selective reactivation of face information 

when comparing hippocampal patterns to patterns in face-selective regions.  

 
 

Figure 7. Category-specific reactivation during cued sound rest. Pattern similarity 
between the hippocampus and FFA and between the hippocampus and PPA in response 
to sound cues associated with face and scene triplets. Top panel: left hemisphere. Bottom 
panel: right hemisphere. *** denotes p < .001, ** denotes p < .01.  
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Testing Hypothesis 4: Neural Signatures of Temporal Sequencing 

 Our fourth hypothesis was that when temporally ordered sequences were 

repeated, within-sequence pattern similarity in the hippocampus would increase, while 

between-sequence pattern similarity would decrease. Thus, we assessed changes in 

within- and between-triplet pattern similarity across the cued encoding and cued rest 

periods. Results are presented in Figure 8. In the left hippocampus, a significant decrease 

in pattern similarity was observed across presentations in both within- and between-

triplet similarity(t(29) = 7.17, p < .0001 and t(29) = 7.25, p < .0001, respectively). 

However, there was no significant interaction between the slopes (t(29) = 1.43, p = .17), 

suggesting both within- and between-triplet similarity decreased at similar rates across 

presentations. Similar results were obtained in the right hippocampus (significant 

decreasing within-triplet pattern similarity: t(29) = 5.26, p < .0001; significant decreasing 

between-triplet pattern similarity: t(29) = 7.52, p < .0001; no significant interaction: t(29) 

= 1.03, p = .31).  

 These findings provide partial support for evidence of preserved temporal 

sequences within the hippocampus. The similarity of each unique triplet sequence did, in 

fact, become less similar to the other triplets across presentations, signifying that the 

activation pattern associated with each triplet sequence became more unique over time. 

However, this between-similarity decrease was not accompanied by a within-similarity 

increase as we expected. This means that while an individual triplet sequence became 

more unique relative to other triplets over time, the activation patterns across 

presentations of the same triplet sequence did not increase in similarity over time. 
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Figure 8. Neural signatures of temporal sequencing. Within- and between-triplet pattern 
similarity measured across triplet presentations during the cued encoding and cued rest 
periods. Within-triplet similarity indexes representational similarity between repetitions 
of the same triplet, while between-triplet similarity indexes representational similarity 
between the different triplets at each repetition. Presentation numbers 1 – 4 represent the 
cued encoding presentations, while presentation numbers 5 and 6 represent the cued rest 
presentations. Each data point reflects a particular participant. Top panel: left 
hippocampus. Bottom panel: right hippocampus. 
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Testing Hypothesis 5: Brain-Behavior Relationships of Temporal Sequencing 

Given that there was no significant interaction of within- by between-triplet 

pattern similarity (i.e. both within- and between-triplet pattern similarity decreased over 

time), we chose to use the subject-specific within- and between-triplet similarity slopes, 

rather than interaction coefficients, to investigate individual differences. In other words, 

separate slopes for within- and between-triplet similarity were fit to each participant’s 

data individually, and these slopes were then correlated with the behavioral cueing 

benefit indices. One multivariate outlier was excluded for this analysis (outlier exceeded 

critical cut-off for Mahalanobis distance; χ2(2) = 5.99). The only brain-behavior 

relationship that emerged was between the cueing benefit derived from the delayed serial 

position test and between-triplet similarity in the right hippocampus (r(27) = -0.46, p = 

.01; see Figure 9). This suggests that participants that exhibited a greater memory boost 

for cued triplets also demonstrated stronger decreasing similarity between individual 

triplet sequences over time. Therefore, the more unique particular triplet sequences 

became over time, the more participants’ order memory benefitted, selectively for cued 

triplets.   
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Figure 9. Relationship between between-triplet similarity in the right hippocampus and 
the delayed order memory cueing benefit. Scatterplot depicting the relationship between 
the slopes fit to each participant’s between-triplet similarity data, reflecting the 
magnitude of decreasing between-triplet similarity across triplet presentations during the 
cued encoding and cued rest periods, and the cueing benefit index derived from the 
delayed serial position test.   
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 Three additional analyses were conducted. First, RSA methods were applied to z-

scored parameter estimates representing hippocampal activation across the entirety of 

each encoding and rest period. The purpose of this was to examine more general levels of 

replay during the rest periods, an analysis more comparable to the strategy used in prior 

publications using RSA to investigate memory replay (e.g. Tambini & Davachi, 2013). 
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encoding – baseline rest similarity. Interestingly, no evidence of targeted reactivation was 

found in either the left (F(3,87) = 0.26, p  = .85) or the right (F(3,87) = 0.07, p  = .98) 

hippocampus. Furthermore, no significant brain-behavior relationships emerged (p’s > 

.14). This suggests that the neuronal signatures of TMR are more item-specific, meaning 

that neural signatures associated with specific encoded triplets are being reinstated in 

response to the presentation of the corresponding learned sound cues during rest. This 

lends support to the claim that we were able to bias preferential reactivation of particular 

memory traces. Evidence of this preferential reactivation manifests when pattern 

similarity is examined for individual triplets, but not when more general levels of post-

encoding replay are assessed.  

 Second, we investigated potential sex differences in the neural representations of 

targeted reactivation for the triplet-specific analyses. We specifically examined 

hippocampal pattern similarity in the left hippocampus, since that is where we found the 

strongest evidence of targeted reactivation. The repeated-measures ANOVA revealed a 

significant sex difference. The main effect of targeted reactivation was still significant 

(F(3,84) = 4.78, p = .004), but there was also a significant main effect of sex (F(1,28) = 

4.10, p = .05), but no significant reactivation by sex interaction (F(3,84) = 0.16, p = .93). 

Follow-up analyses revealed that females exhibited strong evidence of targeted memory 

reactivation, such that cued encoding – cued rest pattern similarity was significantly 

increased compared to cued encoding – baseline rest similarity (t(16) = 3.40, p = .004), 

uncued encoding – uncued rest similarity (t(16) = 2.61, p = .02), and uncued encoding – 

baseline rest similarity (t(16) = 2.42, p = .03). Males, in contrast, only exhibited 
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heightened cued encoding – cued rest similarity relative to cued encoding – baseline rest 

similarity (t(12) = 2.16, p = .05). For males, cued encoding – cued rest similarity did not 

differ from the uncued conditions (p’s > .25). Together, these findings suggest that 

females displayed stronger evidence of targeted reactivation compared to males.  

 Last, we analyzed data from the sound cue survey, which was administered to 22 

out of the 30 participants. Survey responses were used to investigate whether memory 

performance differed based on participants’ knowledge of the sound cues presented 

during the rest periods. We first examined cueing benefit indices as a function of whether 

or not participants reported paying attention to the sounds presented during the rest 

periods. Fifteen participants reported that they paid little or no attention to the sounds 

during the rest tasks, and 7 participants reported that they paid a lot of attention to the 

sounds. Interestingly, participants who endorsed paying little to no attention to the sounds 

during rest exhibited significantly higher cueing benefit indices for the recognition order 

memory test than individuals who endorsed paying a lot of attention (t(20) = 2.45, p < 

.02). None of the other cueing benefit indices for the memory measures differed 

significantly based on whether or not participants paid attention to the rest sounds (p’s > 

.22).  

Next, differences were examined based on what the participants noticed (if 

anything) about the sounds played during the rest periods. On the survey, they were asked 

to endorse one of the following choices: “The sounds played during the color change 

tasks always matched the sounds I learned to associate with the triplets” , “The sounds 

played during the color change tasks sometimes matched the sounds I learned to associate 
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with the triplets”, “The sounds played during the color change tasks never matched the 

sounds I learned to associate with the triplets”, or “I didn’t notice anything about the 

sounds during the color change tasks”.   

No participants endorsed that the sounds always matched, 4 participants endorsed 

that the sounds sometimes matched (which is correct), 8 believed the sounds never 

matched, and 10 did not notice anything about the sounds. Therefore, only 4 participants 

were explicitly aware of the targeted reactivation manipulation. Within the order 

judgment task of delayed recognition, cueing benefit significantly differed as a function 

of this awareness (F(2,19) = 5.51, p = .01). Specifically, Hochberg’s GT2 post-hoc tests 

revealed significant cueing benefit differences between participants who believed the 

sounds during rest never matched the sounds during encoding and those that were aware 

that the sounds sometimes matched (p = .05). Similarly, there was a cueing benefit 

difference between participants who did not notice anything about the sounds and those 

that were aware that the sounds sometimes matched (p = .01). In both cases, the cueing 

benefit was higher for participants who were unaware of the targeted reactivation 

manipulation (i.e. believed the sounds never matched or did not notice anything about the 

rest sounds). There was no cueing benefit difference between the two groups unaware of 

the manipulation (p = .82). No other cueing benefit indices displayed this effect (p’s > 

.15). Taken together, these findings suggest that behavioral benefits of TMR, specifically 

with respect to discriminating correct and incorrect order configurations of the studied 

triplets, manifest without explicit knowledge of the preferential reactivation. 
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Finally, we assessed cueing benefit indices as a function of whether participants 

believed the sounds played during rest periods “helped”, “harmed” , or had no impact on 

their memory for the triplets. Eight participants reported that they believed the rest 

sounds helped their memory, 5 participants believed the sounds harmed their memory, 7 

did not think the sounds impacted their memory, and 2 responded “I don’t know” (these 

two were excluded from the following analysis). Once again, a difference was found 

specifically for the order judgments on the delayed recognition task (F(2,17) = 17.63, p < 

.0001). Hochberg’s GT2 post-hoc tests revealed that participants who thought the sounds 

had no impact on their memory differed significantly from both those who believed the 

sounds helped their memory (p < .0001), and from those who believed the sounds harmed 

there memory (p = .01). In both cases, participants who thought the sounds had no impact 

on their memory exhibited higher cueing effects. Therefore, the participants that believed 

the sounds played during rest periods had no impact on their memory performance were 

the participants who exhibited greater cueing benefits from the manipulation. Although 

we must be very cautious when interpreting these data, given the small number of 

participants that fall within each response category, these differences also seem to 

support the finding that enhanced cueing benefits for order memory on the recognition 

task were demonstrated when participants are unaware of the targeted reactivation 

manipulation. 
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CHAPTER 4 
 

DISCUSSION 

 Although there is a rich literature in animal research linking offline reactivation of 

learned information to the initial stages of memory consolidation, few fMRI studies have 

explored awake offline replay process in humans. Even fewer have attempted to identify 

instances of recapitulation of specific memory traces. Here, we were able to bias 

reactivation of particular memory traces through the use of associated sound cues. Within 

the hippocampus, we found evidence of targeted reactivation, such that our index of 

reactivation, computed using RSA techniques, was selectively enhanced for memory 

traces that were targeted for preferential reactivation during offline rest, both compared to 

information that was not targeted for preferential reactivation and compared to a baseline 

rest period. This result extends prior findings by demonstrating that replay processes can 

be manipulated to enhance reactivation of particular memory traces. 

    Evidence of TMR was particularly strong in the left hippocampus. This effect 

was specific to the encoded information that was subsequently targeted for reactivation, 

since there were no pairwise pattern similarity differences between any of the other 

conditions. Weaker evidence of targeted reactivation was found in the right hippocampus; 

however, the pattern of reactivation across the different encoding and rest conditions was 

very similar to the pattern displayed in the left hippocampus, suggesting that targeted 

reactivation occurs in both hemispheres, but is stronger in the left hippocampus.  

 We did not find a hippocampal effect of targeted reactivation when the patterns 

extracted represented activation across the entire encoding or rest period, which provides 
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support to our claim that we were able to preferentially bias offline recapitulation of 

specific memory traces. In other words, our manipulation of replay processes was only 

detected at the level of specific items, meaning that neuronal representations of targeted 

reactivation occurred when comparing patterns associated with particular triplets during 

cued encoding and rest, but not when more general levels of reactivation were assessed 

by collapsing across the encoding and rest periods.  

We note that most prior fMRI investigations of awake replay have used the entire 

period; thus, our results fail to replicate these findings. Possible reasons include different 

analysis techniques and different research questions of interest. First, many prior studies 

(e.g. Gruber et al., 2016; Schlichting & Preston, 2014; Tambini et al., 2010; Tompary et 

al., 2015; Vilberg & Davachi, 2013) have used resting state functional connectivity 

approaches, while we utilized a multivariate approach (i.e. RSA of multi-voxel 

hippocampal patterns). Crucially, these prior analyses typically used a change in 

connectivity from a baseline rest period to post-learning rest as their measure of interest. 

This analysis approach is much different from our efforts to compare patterns of activity 

during encoding to baseline and critical rest periods; therefore, it is unclear whether their 

findings would hold with an approach more similar to ours.  

 Of the studies that did employ multivariate techniques (Deuker et al., 2013; 

Schlichting & Preston, 2014; Staresina et al., 2013; Tambini & Davachi, 2013), we 

replicated findings from each, such as evidence for replay of specific memory traces 

(Deuker et al., 2013; Staresina et al., 2013) and a positive correlation between behavior 

and evidence of replay (Schlichting & Preston, 2014; Tambini & Davachi, 2013). What 
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we failed to replicate was the general reactivation effect exhibited by Tambini and 

Davachi (2013). This is most likely due to a combination of differing analysis techniques 

and main research questions. The nature of our paradigm was very specifically designed 

to test for preferential replay of targeted memory traces. Therefore, even when we 

attempted a post-hoc analysis to examine replay across rest more generally (as Tambini 

and Davachi (2013) did), the activation patterns we extracted were still intrinsically 

related to stimulus presentations occurring during encoding and rest. By contrast, there 

was no stimulus presentation of any kind during the rest periods in Tambini and 

Davachi’s (2013) study. Furthermore, Tambini and Davachi’s (2013) RSA analysis 

consisted of building a very large correlation matrix by computing pairwise comparisons 

between activation patterns extracted across the entire timecourse of encoding for every 

voxel in the hippocampus and compared that encoding matrix to a similar matrix 

representing rest. Again, due to our research questions, our primary RSA analyses 

extracted hippocampal activation patterns across specific 6-second time windows. Thus, 

it is possible that this technique did not give us sufficient statistical power to observe 

more general replay effects.          

    In the current investigation, behavioral effects of TMR (i.e. enhanced memory 

for cued versus uncued information) did not reach statistical significance, in part due to 

high levels of individual differences, which we investigated further by deriving a “cueing 

benefit” (i.e. memory for cued triplets minus memory for uncued triplets). This allowed 

us to examine the degree to which the cueing paradigm enhanced participants’ memory, 

instead of just examining a binary variable (i.e. did cueing improve memory, yes or no?). 
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We correlated cueing benefits with the cued encoding – cued rest similarity measure, 

which served as an index of targeted reactivation at the brain level.  

Two important relationships emerged, both involving the ability to remember the 

temporal order in which items within a triplet were presented during encoding. First, a 

trending negative relationship was found between targeted reactivation in the left 

hippocampus and better memory for the temporal order of triplet items immediately after 

encoding. This finding suggests that increased targeted reactivation may actually impair 

immediate memory, which is consistent with a hypothesis put forth by Diekelmann and 

colleauges (2011) proposing that awake reactivation of recently stored memory traces 

may actually make them more labile and at risk for interference.  

However, a positive relationship emerged between targeted reactivation in the 

right hippocampus and enhanced ability to judge intact temporal order of cued triplets on 

a delayed recognition task, corroborating previous findings in which increased replay was 

related to better memory performance (e.g. Deuker et al., 2013; Gruber et al., 2016; 

Schlichting & Preston, 2014; Staresina, Alink, Kriegeskorte, & Henson, 2013; Tambini & 

Davachi, 2013; Tambini, Ketz, & Davachi, 2010; Tompary, Duncan, & Davachi, 2015). 

Taken together, these findings signify that targeted hippocampal reactivation has a 

moderate negative impact on immediate order memory, but a positive effect on more 

long-term order memory. Therefore, it seems that the full benefits of enhanced targeted 

reactivation are not present until after a 24 hour delay, supporting claims that awake 

replay of newly learned information may be an important initial stage of memory 

consolidation.  
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We further hypothesized that we would find neuronal evidence of category-

specific targeted memory reactivation. This hypothesis was driven by prior studies that 

have found reactivation in brain regions outside of the hippocampus based on the type of 

information encoded (e.g. Polyn, Natu, Cohen, & Norman, 2005; Schlichting & Preston, 

2014; Tambini et al., 2010; Wimmer & Shohamy, 2012). Therefore, we employed a 

novel technique in which multi-voxel patterns of hippocampal activation were compared 

to multi-voxel patterns of activation in face- and place-selective regions during presumed 

reactivation of either face or scene information. Our findings provide partial support for 

our hypothesis. Specifically, we found evidence of scene-specific reactivation during 

cued rest, but no evidence for face-selective reactivation. We speculate that the lack of 

face-selective reactivation may be due to the variability in the strength and location of 

FFA activation across participants. Furthermore, given the strength of hippocampus-PPA 

similarity across both stimulus categories, it is possible that the strength of this signal is 

overshadowing the more variable signal in the FFA, thus blunting evidence of face-

selective reactivation.  

Finally, we examined potential effects of temporal sequencing and expected to see 

preservation of unique temporal sequences within the multi-voxel patterns of 

hippocampal activation. Once again, we found partial support for this hypothesis. As 

predicted, over time, the patterns associated with a given triplet sequence did become 

more dissimilar to the patterns associated with the other sequences, implying that each 

particular sequence exhibited an increasingly unique hippocampal representation over 

time. However, the study this technique was adapted from (Kalm, Davis, & Norris, 2013) 
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argued that this decrease in between-triplet similarity must interact with an increase in 

within-triplet similarity in order to claim that any specific sequence representation can be 

distinguished from another. This means that a particular sequence must become more 

dissimilar to the other sequences, but more similar to itself across repeated presentations 

of the same sequence. The decrease we observed in between-triplet similarity was not 

accompanied by an increase in within-triplet similarity. Instead, the similarity between 

different presentations of the same triplet also decreased over time, albeit the decrease 

was not monotonic in either case. 

One possible explanation for these findings is that in both instances, we observed 

repetition suppression/fMRI adaptation (more commonly observed than repetition 

enhancement), which is thought to reflect a decrease in prediction error (Auksztulewicz 

& Friston, 2016; Suzuki, Johnson, & Rugg, 2011). There were several differences 

between our study and that of Kalm and colleagues (2013) which may have led to general 

repetition suppression rather than repetition enhancement. The most notable is that our 

study did not have filler sequences that never repeated, while their study did. Perhaps 

their filler sequences dampened repetition suppression effects by making the repetitions 

of the same sequence less obvious. This, in turn, may have led to a better ability to 

observe increasing within-triplet similarity. The repetitions of triplets in our study were 

fairly obvious, given that the primary goal of the task was for participants to encode and 

store the triplet information. Thus, it is difficult to disentangle our within-triplet similarity 

findings from repeated exposure effects. Similarly, our analysis was limited to six 

repetitions of each triplet sequence, only two of which occurred during the critical cued 
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rest period. It is possible that in Kalm and colleagues’ (2013) study, a combination of 

extra repetitions and filler sequences elicited a better opportunity for the repeating 

sequences to become more similar over time.  

One finding that provides a bit more support for our temporal sequencing 

hypothesis is the inverse relationship found between the magnitude of each participant’s 

decreasing between-triplet similarity in the right hippocampus and an enhanced ability in 

recognizing the correct temporal order of cued triplets. Higher cueing benefit indices, 

indicating more enhanced order memory for cued versus uncued triplets, were associated 

with steeper decreases in between-triplet similarity. Thus, the more unique triplet 

sequence representations were within the hippocampus, the more accurately participants 

were able to recall the temporal order of the triplets. Additionally, both of the behavioral 

measures that were significantly related to the targeted reactivation index were measures 

of order memory, rather than general recognition that the items had been grouped 

together. This hints that at least some level of temporal sequence reactivation was 

occurring during the targeted reactivation. Together, these findings lend support to the 

claims that reactivation of specific temporal sequences occurs in the hippocampus during 

offline rest periods, and the ability to reactivate particular sequences is positively related 

to sequence memory.   

Limitations and Future Directions 

 One limitation of the present investigation is its within-subjects design. This 

design was chosen so that we could investigate behavioral differences of the cueing 

paradigm within individual participants, but it is possible that this design decreased our 
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power and may explain some of the null results. For example, the increase in statistical 

power we would have achieved in a between-subjects design may have elicited 

significant behavioral effects of targeted memory reactivation. A between-subjects design 

would have also cut down scanning time and would have allowed for more repetitions of 

each stimulus, which may have yielded a significant hippocampal targeted reactivation 

effect in the right hippocampus. Similarly, more sound cue repetitions could have been 

presented during the rest period, which may have helped to elicit increasing within-triplet 

similarity across repetitions. However, such a design would not permit examination of 

memory changes as a function of the cueing paradigm within a particular subject, which 

we believed was a critical empirical question. As we have seen, there is a wide range of 

variability in participants’ susceptibility to this targeted reactivation paradigm. Therefore, 

it is important to test within-subjects effects to know who will benefit from the cueing.  

 There was a previous study (van Dongen, Takashima, Barth, & Fernández, 2011) 

investigating evidence of replay during sleep that also found no enhancement in memory 

for associations learned before a nap, compared to those learned after the nap period. In 

fact, during a final retrieval test, memory for information learned prior to the nap was 

actually significantly worse than memory for information learned after the nap. Yet, 

when an individual differences measure was created quantifying the memory 

performance as a ratio of retention across the rest period (memory at final retrieval 

test/memory after initial acquisition), a positive relationship emerged between this 

measure and functional connectivity during the nap. Thus, it is possible that behavioral 

effects at the group level are simply more tenuous in this type of paradigm.   
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 Alternatively, the lack of behavioral cueing effects may also be due to the type of 

memory assessed in this study. Each of the other studies of human replay (Deuker et al., 

2013; Gruber et al., 2016; Schlichting & Preston, 2014; Staresina, Alink, Kriegeskorte, & 

Henson, 2013; Tambini & Davachi, 2013; Tambini, Ketz, & Davachi, 2010), as well as 

Paller’s TMR studies (e.g. Oudiette et al., 2013; Rudoy et al., 2009), used an associative 

memory paradigm, while our task consisted of a more complex temporal order memory 

paradigm with an added associative component (i.e. the associated sound cues). Feasibly, 

the nature of the memory task could be contributing to detection of (or lack thereof) 

behavioral effects. Perhaps a more simple memory paradigm (e.g. single object-sound 

associations) would have increased our ability to detect memory differences across cued 

and uncued triplets. This may have also allowed us to detect more consistent brain-

behavior relationships across the various memory tests, considering that all of the 

previous studies that boasted a relationship between replay and subsequent memory 

utilized an associative memory paradigm. However, given that one of our goals was to 

investigate temporal sequencing effects, a simpler design was not conceivable for this 

particular study. Interestingly, most of the studies reporting positive replay-memory 

relationships also employed “old/new” recognition tests to index memory performance. 

The positive relationship found in the present investigation was, in fact, from an 

“old/new” recognition test of order memory. It is possible that the serial position tests 

were either too complex or too difficult to yield such an effect.  

Additionally, many of the previous studies to report these correlations used very 

nuanced indices of recognition performance. For instance, Tambini & Davachi (2013) 
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credited participants with a hit in response to intact pairs, as well as any time participants 

endorsed a rearranged or novel pair that had one of the originally studied items in it. 

Similarly, Oudiette and colleagues (2013) used a very specific error measure indexing the 

distance, in centimeters, between the original location of an item on a grid and the 

location where a participant places the item during the subsequent memory test. Thus, 

perhaps this is a delicate effect that is not always captured when using more “gross” 

measures of episodic memory. Future studies should carefully manipulate varying 

paradigms and tests of episodic memory to directly test whether the effects of targeted 

reactivation heavily depend on the type of memory paradigm or memory test chosen. 

It should also be noted that presentation of the sound cues during rest may have 

triggered active memory rehearsal by participants, weakening an argument in the 

literature that offline reactivation occurs spontaneously. However, based on our survey 

data, the majority of the participants surveyed regarding their awareness of the sound 

cues reported that they paid little or no attention to the sounds presented during rest. 

Furthermore, these participants who reported paying little or no attention to the sounds 

during rest actually exhibited significantly higher cueing benefits with respect to the 

delayed recognition order memory test than individuals who paid “a lot” of attention to 

the sounds (who, on average, exhibited worse performance on the cued versus uncued 

triplets). Similarly, the majority of participants surveyed reported that they either did not 

notice anything about the sounds presented during rest or that the sounds played during 

rest never matched the sounds played during encoding (which is, in fact, incorrect), and 

these individuals exhibited higher cueing benefits on recognition order memory than 
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those who were aware of the cueing manipulation. Thus, since participants were typically 

not paying much attention to the sound cues, and since those with a higher likelihood to 

rehearse (i.e. those who were paying attention to and/or aware of the cueing 

manipulation) actually exhibited worse memory for the cued information than for the 

uncued information, it is unlikely that the targeted reactivation effects were due solely to 

rehearsal.   

Another issue in the present study concerns the fact that strong evidence of 

targeted reactivation was exhibited in the left hippocampus; however, the brain-behavior 

correlations emerged in the right hippocampus. There was a wider range of cued 

encoding – cued rest pattern similarity in the right hippocampus, relative to the left, and 

we suspect that this is the most likely explanation for this hemispheric difference. Due to 

the increased range in pattern similarity, the right hippocampus was likely able to capture 

more variability, which better facilitates the ability to detect relationships between 

individual difference measures. Yet, there may still be important hemispheric differences 

with respect to manifestations of targeted reactivation; thus, future studies should 

continue to examine differential contributions of the left and right hippocampus to replay 

processes. 

Similarly, in the left hippocampus, stronger evidence of targeted reactivation was 

found for females compared to males. This sex difference fits with a body of literature 

which demonstrates that females outperform males on a number of episodic memory 

tasks (for a review, see Herlitz & Rehnman, 2008). However, the difference in the present 

investigation should be interpreted with caution, given that no sex differences emerged at 



 

 57 

the behavioral level. Future studies should further probe potential sex differences in 

TMR. 

 Another important question for future research is whether the effects of TMR 

depend on the number of cue repetitions presented during the rest phase preferentially 

targeted for reactivation. Researchers should parametrically manipulate the number of 

repetitions presented in order to test whether more repetitions increase the effect, and 

whether this enhancement plateaus after a certain point. Similar manipulations could be 

tested with respect to the study set size. It would also be interesting to test the efficacy of 

different types of cues. Our paradigm utilized sound cues (1) in order to follow the 

paradigm created by Rudoy et al. (2009) and (2) in order to use cues presented in a 

different modality than the primary stimuli. However, it is quite possible that the scanner 

noise interfered with the efficacy of this cue, and a different type may be better suited for 

fMRI adaptations of the targeted memory reactivation paradigm. 

   Most importantly, moving forward, it will be important to investigate why some 

participants benefit more from this cueing paradigm than others. This is a critical 

question to address before this paradigm is examined in clinical populations. For 

example, the implications of this type of research in aging populations are quite obvious 

and exciting. If TMR manipulations can influence subsequent memory enhancements in 

healthy young adults, there is a very promising potential to improve memory in aging 

adults, or even populations with memory disorders. In fact, given that sleep architecture  

and sleep-dependent memory consolidation are known to be disrupted during aging 

(Bombois, Derambure, Pasquier, & Monaca, 2010; Diekelmann, Wilhelm, & Born, 2009; 
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Harand et al., 2012; Neikrug & Ancoli-Israel, 2010), TMR manipulations during periods 

of awake rest may be particularly beneficial for aging populations. However, it is crucial 

to first uncover what type of participant will benefit most from this manipulation.   

Conclusions 

 To our knowledge, this is the first study to find fMRI evidence of targeted 

memory reactivation. We found neural evidence for TMR in the form of enhanced 

reactivation in the hippocampus for information that was cued during an offline period of 

rest. We also found that this enhanced reactivation was related to the difference in 

subsequent memory for information that was cued versus uncued. These findings support 

the claim that offline reactivation of newly learned information represents the initial 

stages of memory consolidation. They also extend prior research by demonstrating that 

replay of newly learned information can be biased towards preferential reactivation of 

particular memory traces, and this preferential reactivation can be detected within 

patterns of hippocampal activation.   
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