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Abstract 

To better understand the world, humans scan the information contents of our experiences 

for patterns, corresponding to the extraction of gist, or essential meaning (Brainerd & Reyna, 

1990). Research suggests that some forms of gist extraction require several hours, and even sleep 

for further processing (Ellenbogen et al., 2007; Payne et al., 2009), perhaps becoming 

subsequently reactivated in the hippocampus (Marshall & Born, 2007). Interestingly, the 

hippocampus may itself be functionally specialized for gist extraction in its anterior segment 

(Poppenk et al., 2013). The current study investigated the role of the anterior/posterior 

hippocampus and sleep stages in predicting patterns of change in gist memory over the course of 

a week. To assess this link, I identified four types of gist (inferential, statistical, multi-item, and 

single-item) that were described in recent reviews (Landmann et al., 2014; Stickgold & Walker, 

2013). 104 participants were recruited, 67 of whom passed eligibility criteria and completed 

three behavioural sessions (evening before sleep, 12 hours later in the morning after sleep, and 

one week after the first session) and an MRI several weeks later as part of a broader battery of 

tasks. I found evidence that inferential gist in a transitive inference task increased over time, 

suggesting that new information is being formed. I also found that REM, rather than slow-wave 

sleep, predicted gist extraction in a number of different tasks. Lastly, hippocampal volumes 

predicted immediate rather than delayed gist extraction.  

Keywords: sleep, memory, gist extraction, memory reorganization  
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 Chapter 1 

Introduction 

 

To better understand the world, humans scan the information contents of our experiences 

for patterns, corresponding to the extraction of gist or essential meaning (Brainerd & Reyna, 

1990). Gist extraction is the process of finding commonalities across items, extracting rules, or 

abstracting themes from information. A large body of work has investigated the role of 

immediate gist extraction on reasoning and decision-making (Reyna, 2012; Rivers, Reyna, & 

Mills, 2008). However, some forms of gist, such as making inferences and statistical learning, 

are further extracted over several hours and even during sleep. Throughout this process, 

memories may become reactivated in the hippocampus (Marshall & Born, 2007). Interestingly, 

the hippocampus may itself be functionally specialized for gist extraction in its anterior segment 

(Poppenk et al., 2013).  However, research on the anterior hippocampus has focused on 

immediate rather than delayed gist extraction. Therefore, it is unknown whether gist extraction in 

the anterior hippocampus is both immediate and delayed, and how gist extraction during sleep 

relates to gist extraction in the anterior hippocampus. To address these topics, I took an 

individual differences approach and investigated whether individual differences in sleep stages 

and hippocampal volumes predict gist extraction at immediate test and over time. I first discuss 

theoretical models of gist and detail representations. 

1.1 What is gist? 

To my knowledge, only two cognitive theories describe gist memory and its counterpart, 

detail memory, which consists of highly specific representations. The first, fuzzy-trace theory, is 
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a general cognitive theory that has been applied to a variety of research areas, including false 

memories and extraction of narrative gist (Reyna, Corbin, Weldon, & Brainerd, 2016). The 

second, scene gist recognition, concerns the ability to semantically categorize a scene very 

quickly, often within a single eye fixation (Larson, Freeman, Ringer, & Locschky, 2014). 

Interestingly, several of the predictions about gist memory traces from the two theories overlap, 

such as the prediction that gist is encoded automatically (Brainerd, Reyna, & Mojardin, 1999 for 

fuzzy-trace theory; Friedman, 1979 for scene gist). Several different kinds of gist have been 

connected to both the anterior hippocampus and sleep (Abe et al., 2008; Collin, Milivojevic, & 

Doeller, 2015; Ellenbogen, Hu, Payne, Titone, & Walker, 2007; Payne et al., 2009). In this 

study, I was interested in measuring gist extraction in a variety of forms in the same individuals, 

so I have concentrated on fuzzy-trace theory in my discussion.  

Fuzzy-trace theory (FTT) is the proposal that memories can be stored at various levels of 

abstraction, from fine-grained detail representations to coarse-grained gist representations 

(Brainerd & Reyna, 1990). Gist representations are semantic. Detail representations are precise, 

episodic, and store the exact surface form of information (Reyna, 2008). Proponents of FTT have 

suggested that gist-based processing can be more accurate than processing based on precise 

computations and used to make complex decisions. Brainerd et al. (1999) also proposed that 

whereas detail is consciously controlled, gist is an automatic process. FTT includes a number of 

other interesting claims about the behaviour of gist and detail traces:  

1) In many situations, information can be processed at various levels of abstraction, 

forming a hierarchy of gist. 

2) Gist and detail traces are encoded in parallel (Reyna & Brainerd, 1995). 
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3) Gist traces are more resistant to forgetting than detail traces (Brainerd and Reyna, 

2005). 

A limitation of FTT is that it describes only gist representations that are available directly 

following encoding, or immediate gist extraction. However, gist extraction sometimes can be a 

delayed process, taking several hours and even sleep for further processing (Ellenbogen et al., 

2007; Payne et al., 2009). Because some gist traces are available at encoding, the emergence of 

delayed traces does not undermine fuzzy-trace theory. However, the theory does not make any 

specific predictions about how gist and detail traces may change over time and sleep.  

1.2 What is gist extraction? 

Several recent review papers have characterized different forms of memory 

reorganization, including gist extraction, during sleep (Landmann et al., 2014; Stickgold & 

Walker, 2013). Stickgold and Walker (2013) describe a process they term multi-item 

generalization, which involves combining items into new schema. Multi-item generalization 

includes extracting statistical regularities across items, extracting rules (e.g., inferences), as well 

as the emergence of gist-based false memories.  

Landmann and colleagues (2014) describe a process of schema formation, which they 

liken to Stickgold and Walker’s (2013) multi-item generalization. However, Landmann and 

colleagues classify qualitatively new forms of memories (i.e., inferential and false memories) 

under schema integration, a process of integrating new knowledge into existing schemas. For the 

purposes of this thesis, the important observation from these papers is the existence of multiple 

types of gist memories, including but not limited to statistical regularities, inferences, and false 

memories. Briefly, statistical gist or the acquisition of statistical regularities refers to extracting 

patterns, in the form of repeated tones or shapes, from a sequence. Inferential gist refers to 
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extracting higher-order relationships (e.g., A > C) from directional relationships between 

individual pairs (e.g., A > B and B > C). Lastly, false memories refer to extracting the gist or 

theme word from a list of related words. My approach to these different types of gist is discussed 

in more detail in the next section.  

 As evidenced by the review above, schemas and gist are conceptually intertwined. In this 

thesis, I use the distinction put forth by Robin and Moscovitch (2017) that a gist representation is 

specific to a single episode, whereas a schema is a more abstract representation from multiple 

similar episodes. For example, ‘my tenth birthday party’ is a gist representation, whereas 

‘birthday parties in general’ is a schema (Robin & Moscovitch, 2017, p. 144). Notably, this 

definition may not be shared by Landmann and colleagues (2014), who discuss examples of 

schema formation in a single episode before sleep. Thus there is no comprehensive classification 

system for these concepts.  Furthermore, Robin and Moscovitch (2017) argue that schemas, gist, 

and detailed representations are not mutually exclusive and can be differentially retrieved based 

on the nature of a task. Participants in my study only learn information only once, so I refer to all 

of the memory types as gist. However, I acknowledge that gist and schemas are closely related. 

In the following section, I summarize evidence that sleep, compared to wake, facilitates gist 

extraction. 

1.3. Gist Extraction during Sleep 

1.3.1 Comparing Sleep and Wake Groups 

 There is considerable evidence that sleep is involved in memory consolidation (for  

review, see Stickgold, 2005). As briefly summarized in Stickgold and Walker (2013) evidence 

from nap studies (Korman et al., 2007; Lahl, Wispel, Willigens, & Pietrowsky, 2008), sleep 

deprivation studies (Chee & Chuah, 2008), correlational studies of memory improvement with 
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sleep stages (Yordanova et al., 2009), and cellular firing patterns during sleep in rodents (Skaggs 

& McNaugton, 1996) provide converging evidence that sleep is involved in memory 

consolidation. However, some researchers argue against this interpretation. I explored their 

arguments in more depth in the Discussion section. 

Many studies have looked at the relationships between sleep, time, and gist extraction. 

Often, sleep groups are compared to wake groups after equivalent delays in order to assess sleep-

specific effects. For instance, in a "transitive inference" task that measures inferential gist, 

participants learned rules for five pairs of associates by trial-and-error (e.g., A>B, B>C, C>D), 

without knowing that they formed a hierarchy. Participants were divided into 12-hour sleep and 

12-hour wake conditions. During a subsequent test, participants in the sleep condition performed 

better on memory for second-order inferences (e.g., A>D), but not for memory on first-order 

inferences (e.g., A>C). Thus inferences with the greatest associative distance (second-order vs 

first-order inferences) were selectively consolidated during sleep (Ellenbogen et al., 2007). 

Memory for individual pairs, a measure of detail memory, did not change after sleep or wake 

intervals. Likewise, in a “statistical learning” task that measures statistical gist, participants 

listened to a probabilistically-determined sequence of tones. In a later test phase, participants 

were asked which sequences were more familiar: sequences frequently presented during study or 

randomly generated sequences. Participants in the sleep condition, as compared to participants in 

the wake condition, had higher accuracy scores (Durrant et al., 2011), suggesting that patterns 

within the sequence were further consolidated overnight. Furthermore, in a probabilistic category 

learning task that measures a different kind of statistical gist, participants were asked to observe 

the ‘outcome’ of three cards that predicted either sunshine or rainy weather. Although the same 

set of cards predicted both outcomes, one outcome was always more frequent than the other and 
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was considered the correct response in the testing phase. Participants in the sleep condition had a 

significantly greater overnight increase in accuracy than participants in the wake condition 

(Djonlagic et al., 2009), suggesting that the statistical gist was further extracted overnight.  

Finally, the Deese-Roediger-McDermott (DRM) paradigm has been used to study memory for 

the theme of a list of words (multi-item gist). Participants were asked to remember lists of words 

(e.g., hospital, dentist, physician) that were all associated with a critical gist word (e.g., doctor), 

which was never presented. Participants ‘remembered’ this unpresented gist word more 

frequently after a period of sleep (Payne et al., 2009), suggesting that the further gist extraction 

of the word lists occured overnight. Memory for individual words, a detail measure, decreased 

over both sleep and wake intervals (Payne et al., 2009). 

In the studies above, the wake condition often also showed evidence of gist extraction; 

however, the sleep condition had more gist extraction than wake. Hence, a sleep-based 

mechanism for further gist extraction exists. Landmann and colleagues (2014) suggest that gist 

extraction during sleep is the result of new memory content being formed that was never learned 

directly. Some evidence suggests that new memories may be formed during sleep. For instance, 

in the category learning task mentioned above, both sleep and wake groups improved over time 

(Djonlagic et al., 2009). However, the sleep group improved significantly more than the wake 

group. An increase in both groups suggests that new information was formed with time and 

sleep. Conversely, FTT does not predict an increase in gist over time, but suggests that gist traces 

are more resistant to forgetting than detail traces. In the next section, I discuss theoretical 

frameworks for how sleep stages might be related to gist extraction, as well as supporting 

evidence. 

1.3.2 Sleep Stages and Gist Extraction  
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Slow-wave sleep and gist extraction. Slow-wave sleep (SWS) is a period of sleep 

characterized by large-amplitude, low-frequency delta waves (0.5 – 4 Hz) and synchronized 

neural activity (Dang-Vu et al., 2008). During SWS, slow oscillation field potentials (< 1 Hz) are 

temporally synchronized with thalamo-cortical spindles (7 – 15 Hz) and hippocampal ripples 

(140-220 Hz) at low cholinergic activity (Diekelmann & Born, 2010; Rasch & Born, 2013). This 

process is thought to reactivate memories in the hippocampus, promoting subsequent memory 

consolidation (Marshall & Born, 2007).  

Lewis and Durrant (2011) extend the model of SWS and memory consolidation to 

account for gist extraction: they propose that repeated reactivation of overlapping memory 

components during SWS leads to strengthening of their shared elements. Several studies 

measuring gist extraction (Durrant et al., 2011; Yordanova, Kolev, Wagner, & Verleger, 2009), 

have shown that the amount of overnight SWS correlates with overnight changes in a number of 

gist extraction tasks such as insight in a number reduction paradigm (Yordanova, Kolev, 

Wagner, Born, & Verleger, 2012; Yordanova et al., 2009), statistical learning (Durrant et al., 

2011) and integrating new words into an existing vocabulary (Tamminen, Ralph, & Lewis, 

2013). These effects were specific to SWS and were not found with rapid eye movement sleep 

(REM) or total sleep time (Durrant et al., 2011; Yordanova et al., 2009).  

 REM and Gist Extraction. REM sleep is characterized by low amplitude, high frequency 

theta waves (4-7 Hz) (Maquet, 2001) at high cholinergic activity (Diekelmann & Born, 2010). 

REM is thought to be involved in memory stabilization (Diekelmann & Born, 2010). Walker and 

Stickgold (2010) proposed that although SWS is likely to be involved in memory consolidation, 

REM sleep might be more involved in gist extraction. They argue that cortico-cortical processing 

during REM sleep, in combination with theta wave activity in association areas might facilitate 
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associative linking in different cortical areas (Walker & Stickgold, 2010). They also suggest that 

gist extraction primarily occurs across several nights of sleep after memory consolidation has 

occurred. Behaviorally, immediate performance correlated with subsequent REM sleep in a 

probabilistic learning task (Djonlagic et al., 2009). However, the theory that REM accounts for 

gist extraction does not account for the evidence supporting SWS and gist extraction.  

Sleep-dependent memory consolidation involves the reactivation of memories in the 

hippocampus (Diekelmann & Born, 2010; Rasch & Born, 2013). Thus, the hippocampus is likely 

to be involved in sleep-dependent consolidation of gist memories. Sekeres, Winocur, and 

Moscovitch (2018) suggest that as detailed memories become more gist-like, activation shifts 

from the posterior hippocampus and neocortex to the anterior hippocampus and neocortex. 

Dandolo and Schwabe (2018) proposed a reverse intra-hippocampus shift in representation. 

Their data suggest that memories migrate from the anterior to the posterior hippocampus over 

time, rather than posterior to anterior (Sekeres et al., 2018). In the following section, I summarize 

the relationships between the hippocampal long-axis and gist and detail memory. 

 1.4 Gist Extraction in the Hippocampus 

Poppenk and colleagues (2013) suggested that the hippocampus may be functionally 

specialized for gist extraction in its anterior segment (aHPC). In addition, the posterior 

hippocampus (pHPC) may be functionally specialized for fine-grained detail representations 

(Poppenk et al., 2013). There is a variety of functional, electrophysiological, and volumetric 

evidence to support this claim. Before delving into that research, I first describe evidence to 

support that the aHPC and pHPC are dissociable structures. 

Anatomically, the aHPC and pHPC have different subfield compositions. The aHPC 

contains more CA1-CA3, while the pHPC contains more dentate gyrus (Malykhin, Lebel, 
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Coupland, Wilman, & Carter, 2010), suggesting that they have different functions. Furthermore, 

the aHPC and pHPC have divergent connections to other brain regions (Poppenk et al., 2013), 

which could mean that they have different information processing streams.  

Several studies have measured aHPC activation in response to a variety of gist stimuli, 

suggesting a cross-modal functional specialization. For instance, Gutchess and Schacter (2012) 

measured participants’ functional responses to objects grouped by category. Unstudied, but 

category-consistent images (similar to the unstudied DRM gist words described above; Payne et 

al., 2009) were associated with increased aHPC activation, suggesting that the aHPC encoded the 

higher-order category structure, a gist measure, rather than specific details of individual items. In 

another study, Poppenk and colleagues (2008) tested participants on sentences with modified gist 

but preserved syntax, a detailed, surface-form sentence feature. Sentences with modified gist 

were associated with greater aHPC activation (Poppenk et al., 2008). Lastly, Evensmoen and 

colleagues (2013) asked participants to navigate a virtual environment and measured their ability 

to evaluate the direction between pairs of distant landmarks (‘global’ judgements) and proximal 

landmarks (‘local judgements’). aHPC activation was associated with global direction 

judgements, which can be considered gist-like, semantic relationships, and pHPC activation was 

associated with both local and global direction judgments, suggesting that the aHPC encoded 

higher-level spatial structure.  

Similar patterns to the results above have also been found in animal research. Kjaelstrup 

and colleagues (2008) recorded neural activity in rats as they ran along an 18-meter track. They 

found that spatial scale increased from the dorsal to the ventral hippocampus, which is analogous 

to the pHPC and aHPC in humans. This suggests that there may be a gradient from more specific 

representations in the pHPC to more general representations in the aHPC. Lastly, there has been 
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one individual differences study that investigated the relationship between pHPC volumes and 

detail memory. Maguire and colleagues (2000) investigated hippocampal volumes in London 

taxi drivers, a job that requires detailed memory of London’s streets. They found that amount of 

time working in this job was associated with pHPC volumes. Together, this evidence suggests 

that the pHPC might contain more fine-grained detail representations, and the aHPC more gist-

like representations (Evensmoen et al., 2013; Fanselow & Dong, 2010; Poppenk et al., 2013).   

However, Dandolo and Schwabe (2018) proposed a reverse functional specialization, 

suggesting that the aHPC encodes detail, whereas the pHPC encodes gist. Their data show 

evidence of memories migrating from the pHPC to aHPC segments, accompanied with 

corresponding changes in memory from more detailed to more gist-like representations. They 

also argue that an animals’ exact location can be determined from ventral hippocampal activity, 

which as mentioned above is analogous to the aHPC in humans (Keinath et al., 2014). They also 

cite evidence that the aHPC is involved in immediate and recent memories (Ritchey, Montchal, 

Yonelinas, & Ranganath, 2015), suggesting that specific representations are being encoded in the 

aHPC, rather than more gist-like ones. Given that the majority of previous research suggests that 

the aHPC is specialized for gist, I take this perspective for forming predictions in this thesis. 

However, I discuss Dandolo and Schwabe’s (2018) arguments in relation to this dataset in the 

Discussion. 

 Many of the gist extraction tasks that I discussed in relation to sleep have also been 

shown to be associated with the aHPC. For example, Collin, Milivojevic, and Doeller (2015) 

tested participants on a modified transitive inference task in an fMRI study that had multiple 

connected events (e.g., Event A, Event B, Event C). They found that correlations between more 

distant events (e.g., Event A and Event C) were associated with aHPC activation, and 
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correlations between more proximal events (e.g., Event A and Event B) were associated with 

pHPC activation. The DRM gist-based false memory findings described above also have been 

associated with aHPC activation (Abe et al., 2008). Therefore, sleep and the aHPC likely predict 

similar kinds of gist extraction and may have cumulative effects in an individual differences 

context.    

1.5 Approach 

 As illustrated in the previous section, most of the literature on sleep and gist extraction 

has focused on comparing sleep and wake groups. To more precisely characterize the sleep-

dependent mechanisms of gist extraction, I looked at individual differences in sleep stages and 

its relation to individual differences in gist extraction. Furthermore, the literature on the 

functional specialization of the aHPC has focused on how activation in the aHPC is related to 

gist memory at immediate test. In this study, I am interested in the following theoretical 

questions:1) Do hippocampal volumes predict both immediate and delayed gist extraction? 2) Do 

individual differences in REM and SWS predict individual differences in gist extraction? In this 

thesis, I assessed multiple mechanisms of gist extraction by combining behavioural measures of 

gist and detail memory over time, sleep stages, and structural brain imaging to estimate aHPC 

and pHPC volumes. These measures allowed me to assess patterns of change in gist and detail 

over time, and whether sleep stages and hippocampal volumes can predict these changes. 

1.5.1. Multiple Conceptualizations of Gist in the Same Individuals.  

Stickgold and Walker (2013) and Landmann and colleagues (2014) both summarize 

existing evidence that sleep contributes to gist extraction. However, to the best of my knowledge, 

previous studies have examined only one kind of gist extraction at a time, thereby preventing 

direct comparisons across different kinds of gist. In this study, I identified four major kinds of 
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gist, many of which coincided with those identified by Stickgold and Walker (2013) and 

Landmann and colleagues (2014). Rather than create an exhaustive classification system, I 

selected types of gist that I believed to be distinct from one another in order to test them in the 

same individuals over time. I also wanted to select tasks that had been shown to differ across 

sleep and wake groups and involve the aHPC/pHPC. One distinction that I used in my 

description of gist types below was proposed by Neuschatz, Lampinnen, Preston, Hawkins, and 

Toglia (2002), who distinguished between gist that is contained within an individual item (local 

gist), and gist that is an emergent property of relations among items (global gist). I summarize 

four types of gist in Table 1.  

Table 1 

Types of Gist 

Task General Description Type of 

Gist 

Studied as a 

discrete/continuous 

experience 

Structure 

Transitive 

Inference 

(TI) 

A form of relational memory, 

requires the formation of 

associations across previous 

events to generate novel 

combinations (Landmann et al., 

2014). Frequently referred to as a 

type of rule-extraction or rule 

extrapolation to novel contexts 

(Landmann et al., 2014; Stickgold 

& Walker, 2013). Also a form of 

global gist. 

 

Inferential 

gist 

(Visual - 

semantic) 

During study, each pair 

of premises is presented 

discretely 

Participants 

study premises 

which are 

embedded in a 

hierarchy 

Statistical 

Learning 

(VSL) 

Participants are required to 

segment a continuous and 

complex series into discrete 

sequences (Turke-Browne, 

Scholl, Chun & Johnson, 2009). 

Neurally, statistical learning may 

be similar to relational memory 

due to activation in the striatum 

and medial temporal lobe (Turke-

Statistical 

gist 

(Visual – 

semantic) 

Shapes are presented as a 

continuous stream during 

study 

Discrete 

triplets of 

shapes are 

repeated within 

a continuous 

sequence 
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et al., 2009). Also a form of 

global gist. 

 

DRM 

(False 

Memory 

Paradigm) 

Involves the abstraction of a 

common ‘gist’ word from lists of 

related words. Lampinen, Ledig, 

Reed, & Odegard (2007) argue 

that false recognition in the DRM 

could be influenced by both local 

gist (overlapping meaning 

between critical lure and 

individual study items), as well as 

global gist (critical lure relating to 

the theme of the list). However, 

individual items are not 

structured in any meaningful way. 

  

Multi-

item gist 

(Verbal – 

semantic) 

Words in a list are 

presented in a continuous 

sequence during study, 

each list can be thought 

of a discrete experience 

Words are 

organized into 

themed lists. 

Each item is 

associated with 

a critical gist 

word; 

however, order 

of items is not 

structured. 

Single-

item gist 

(SG) 

Involves abstracting the category 

and supercategory from an 

individual word-scene pair. 

Single-item gist is a form of local 

gist (contained within an 

individual word-scene pair).  

Single-

item gist 

(Visual 

and 

verbal – 

semantic) 

Word-scene pairs are 

presented in a continuous 

sequence during study 

Items are 

nested within 

categories and 

supercategories 

for ease of 

multi-choice 

questions, 

however there 

are no patterns 

within these 

categories.  

 

Both inferential and statistical gist are forms of global gist, an emergent property of 

relations among items. Inferential gist is embedded in a hierarchy, whereas statistical gist is 

embedded in a temporal sequence. However, one critical distinction is that statistical gist is 

studied as a continuous experience, whereas inferential gist is studied in the form of discrete 

events. During transitive inference, premises (e.g., A>B) are studied in pairs through trial-and-

error, asking participants to select one premise over another, and only progressing to the next 

trial when a choice has been made and feedback has been given. By contrast, in statistical 

learning, participants study a sequence of shapes as a whole. Multi-item gist, as tested through 
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the DRM, also looks at relations of items to one another. However, the words in a list are not 

presented in any particular order and are thus more interchangable as items compared to the 

items in inferential and statistical gist. Forgetting any particular item in the DRM task does not 

have an effect on other items, whereas forgetting an item in transitive inference or statistical 

learning can mean forgetting critical relationships across groups of items.  

 

Figure 1. Multiple conceptualizations of gist. a) Conceptual illustration of overlapping meaning 

between studied words and the unstudied “gist” word in the DRM task. b) Conceptual illustration 

of studied premise pairs on the bottom row, unstudied first-order inferences on the second row, 

and unstudied second order inferences on the top row. c) Conceptual illustration of gist contained 

within a single-item in our single-item gist task. Participants studied word-scene pairs, and were 

then asked about the scene’s category (e.g. bedroom) and supercategory (e.g. house). d) The left-

hand panel shows a sequence presented over time, and one triplet which is repeated in the 

sequence. The right-hand panel illustrates the conceptual difference between deterministic and 

non-deterministic sequences. Non-deterministic sequences are presented in the same order 75% 
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of the time, and in a random order with the same shapes 25% of the time. At test, participants are 

asked to differentiate between the sequence which was presented in the same order 75% of the 

time, and one presented in a random order with the same shapes. Deterministic sequences are 

presented in the same order 100% of the time. At test, participants are asked to differentiate 

between the presented sequence, and a novel sequence with old shapes. 

As mentioned in Table 1 above, the DRM task can be thought to measure both global and 

local gist (Lampinen, Ledig, Reed, & Odegard, 2006). As all of the words in a particular word 

list are organized around a theme, ‘remembering’ the gist word could be influenced by 

overlapping meaning between individual study items and the gist word (local gist), and 

overlapping meaning between the gist word and the theme of the list when taken as a whole 

(global gist). The theme of the list as a whole is influenced by the structure of list presentation, 

such as blocked and random formats, where local gist remains constant (Lampinen et al., 2006). 

Lastly, I wanted to investigate a form of exclusively local gist, for which I developed a new task 

called single-item gist. Local gist refers to the gist of an individual item and differs from detail 

memory in that the information is not presented directly during study and needs to be abstracted 

from the individual item. In the single-item gist task, participants study word-scene pairs. Single-

item, or local gist, is measured by presenting a word and asking participants to select the 

category of the scene that was previously linked to this word. To answer the question correctly, 

participants need to derive the category of the studied scene. Detail memory in the same task is 

measured by asking participants to select the associated scene from a set of three scenes.   

In the classic visual statistical learning task, although participants have to abstract 

discrete units from a sequence, they are tested on sequences in the exact or veridical form that 

they were studied, which I call deterministic sequences. Testing in the exact form that they were 
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learned can be considered a form of detail memory. To test a memory type that was reliant only 

on gist, I also developed a novel measure, non-deterministic sequences, which were presented in 

the same order 3/4 of the time, and in a random order with the same shapes 1/4 of the time. The 

extraction of the pattern (sequence presented 3/4 of the time) requires more gist processing than 

a pattern that was presented in the same way 4/4 of the time. For simplicity, I call deterministic 

sequences ‘detail sequences’, and non-deterministic sequences ‘gist sequences’, although they 

are likely both types of gist, with non-deterministic sequences located higher on the hierarchy of 

gist. Both perspectives are discussed in the Discussion section.  

 To assess the specificity of these effects, I also measured detail memory for each task. 

Gist and detail measures for each memory task are indicated in Table 2. Because time of day at 

test differed across testing sessions before and after sleep, I measured individual differences in 

fatigue across sessions with an Operation-Span (OSPAN) task. 

Table 2 

 

Gist and Detail Measures for All Memory Tasks 

 

Task Gist Detail 

Transitive Inference Inference Pair Memory 

(First- and Second- 

Order Inferences) 

Premise Pair Memory 

Statistical Learning Non-Deterministic 

Sequence Memory 

Deterministic Sequence 

Memory 

Single-item Gist Supercategory and 

Category Memory 

Item and Detail Memory 

Multi-item Gist (DRM) D’gist Memory D’detail Memory 

  

1.5.2. Individual Differences 

Most often, sleep-specific effects have been studied by comparing memory changes 

between sleep and wake groups (Ellenbogen et al., 2007; Payne et al., 2009), in which wake 
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groups serve as a control for the passage of time. However, hippocampal volume is an individual 

differences measure that cannot be randomly assigned to groups. Therefore, I propose to take an 

“individual differences” approach to study both hippocampal volume and sleep. Van Dongen, 

Vitellaro and Dinges (2005) have argued that if sleep plays a role in some function, such as 

memory consolidation, then differences among people in sleep stages are likely to be associated 

with individual differences in that function. Sleep stages are consistent within individuals 

(Werth, Achermann, Dijk, & Borbély, 1997), with large differences between individuals (De 

Gennaro, Ferrara, Vecchio, Curcio, & Bertini, 2005). This pattern suggests that it is a stable trait. 

Furthermore, individual differences in sleep stages can provide insight into the mechanism for 

gist extraction during sleep by pinpointing associated sleep stages. Several studies have proposed 

that gist extraction takes place over several nights of sleep (Lutz, Diekelmann, Hinse-Stern, 

Born, & Rauss, 2017; Walker & Stickgold, 2010), so I tested participants on gist extraction at 

three time points: immediately after study (SleepPM), after one night of sleep (SleepAM), and 

after one week of sleep (Sleep7). 

1.5.3 Disentangling encoding and consolidation effects.  

As stable individual differences, do hippocampal volumes and sleep stages predict 

variability in gist extraction at encoding (encoding effects) and gist extraction over time 

(consolidation effects)? As mentioned above, previous research on the anterior/posterior 

hippocampus does not make predictions about whether individual differences in gist memory are 

due to both immediate and delayed gist extraction. By testing gist memory at three time points, 

as well as measuring hippocampal anatomy, I was able to determine more precisely whether 

individual differences in aHPC volumes predict immediate and delayed gist extraction. If aHPC 
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volumes predict both immediate and delayed gist, then the aHPC continues processing gist 

memories in the time after encoding and possibly during sleep.  

1.5.4 Is delayed gist extraction the result of new memories being formed? 

Landmann and colleagues (2014) suggest that qualitative memory changes during sleep, 

such as gist extraction, are the result of new memory content being formed that was never 

learned directly.  Conversely, FTT suggests that gist traces are more resistant to forgetting than 

detail traces rather than new information being formed. If new information is formed, I expect 

gist memory accuracy to increase over time. If no new information is being formed but gist is 

more resistant to forgetting, I should see a smaller decline in gist than detail memory over time. 

In my hypotheses below, I predicted one or the other scenario.  

1.6 Research goals and hypotheses 

1.6.1 The current study – Research Question #1: Do individual differences in hippocampal 

volumes and sleep stages predict gist and detail memory at immediate test?  

The hippocampus is thought to be functionally specialized for gist in the aHPC and for 

detail in the pHPC (Poppenk et al., 2013). Because previous research has focused predominantly 

on hippocampal activation (Maguire et al., 2000; Poppenk et al., 2008), it is unclear whether 

individual differences in aHPC and pHPC volumes can predict gist and detail memory at 

immediate test. Therefore, my first research question assesses whether individual differences in 

aHPC and pHPC volumes predict immediate gist extraction. I predicted that participants with 

larger aHPC and smaller pHPC volumes would have higher accuracy on gist measures at 

immediate test than participants with smaller aHPC and larger pHPC volumes. I also predicted 

that participants with larger pHPC and smaller aHPC volumes would have higher accuracy on 

detail measures at immediate test than participants with smaller pHPC and larger aHPC volumes.  
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Because sleep stages are proposed to be trait-like (De Gennaro et al., 2005; Werth et al., 1997), I 

assessed whether sleep stages, which was measured later in the study, could predict immediate 

gist extraction. I predicted that either higher REM or SWS would lead to more immediate gist 

extraction.  

1.6.2 The current study – Research Question #2: Do individual differences in hippocampal 

volumes and sleep stages predict gist and detail memory over time? 

 It is unclear whether individual differences in aHPC/pHPC volumes predict immediate or 

delayed gist extraction. Therefore, my second research question assessed whether individual 

differences in hippocampal volumes predict delayed gist extraction. Because the aHPC is 

thought to be specialized for gist memory, and the pHPC for detail memory (Poppenk et al., 

2013), I predicted that participants with larger aHPC and smaller pHPC volumes would have 

more gist extraction than participants with smaller aHPC and larger pHPC volumes. This would 

be measured by either more improvement or less decline in gist over time.  Participants with 

smaller aHPC and larger pHPC volumes would have either more improvement or less decline in 

detail memory over time than participants with larger aHPC and smaller pHPC volumes. 

 There is evidence that SWS (Yordanova et al., 2009; Yordanova et al., 2012) and REM 

(Djonlagic et al., 2009) are involved in gist extraction. Therefore, I predicted that either SWS or 

REM would positively predict gist memory over time.    

 To my knowledge, no studies have looked at gist extraction as it relates to both sleep and 

the hippocampal long-axis. However, due to the hippocampus’s role in sleep-dependent memory 

consolidation (Diekelmann & Born, 2010; Rasch & Born, 2013), I predicted that the effects of 

individual differences in both hippocampal volumes and sleep stages would be concurrent and 

cumulative. More specifically, I predicted that participants with larger aHPC and smaller pHPC 
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volumes and more SWS or REM would have the most gist extraction or the least decline in gist 

memory compared to participants with smaller aHPC and larger pHPC and less SWS or REM. 

For detail memory, my predictions were more variable across tasks due to variations in 

the literature. SWS negatively predicted memory for individual word pairs in the DRM task 

(Payne et al., 2009), so I predicted that SWS would also negatively predict detail memory in this 

task in the current study. In previous statistical learning tasks, SWS positively predicted 

statistical learning (VSL), so I also predicted that SWS would predict deterministic sequences in 

the current study (Durrant et al., 2011). I did not have any specific predictions for transitive 

inference (TI) or single-item gist (SG).  

Table 3 

 

Statistical Models and Predictions for all Research Questions 

 
Statistical Models  

Time 1 Models Hypotheses Proposed Analyses 

Research Question #1: Do individual 

differences in hippocampal volumes 

and sleep stages predict changes in gist 

and detail memory at immediate test? 

Larger aHPC and smaller pHPC 

volumes will be associated with better 

accuracy on gist measures than 

smaller aHPC and larger pHPC 

volumes. Larger pHPC and smaller 

aHPC volumes will be associated 

with better accuracy on detail 

measures than larger aHPC and 

smaller pHPC volumes.  

 

I did not have any specific predictions 

about sleep stages at immediate test. 

 

Multiple regression models 

predicting gist and detail memory 

from aHPC volumes and pHPC 

volumes.  

Change in Time Models (3 Time 

Points: Sleep PM, SleepAM and 

Sleep7) 

Hypotheses Proposed Analyses 

Research Question #2: Do individual 

differences in hippocampal volumes 

and sleep stages predict changes in gist 

and detail memory over time? 

Participants with larger aHPC and 

smaller pHPC volumes will have 

more improvement or less decline in 

gist memory over time than 

participants with smaller aHPC and 

larger pHPC volumes. Participants 

MLM models predicting gist and 

detail memory as a function of time, 

aHPC volumes, p HPC volumes, 

and sleep stages, controlling for 

fatigue. 
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 with larger pHPC and smaller aHPC 

volumes will have more improvement 

or less decline in detail memory over 

time than participants with smaller 

pHPC and larger aHPC volumes. 

 

Participants with either higher 

proportion of SWS (pSWS) or 

proportion of REM (pREM) sleep 

will have greater improvement in gist 

memory over time than participants 

with lower pREM or pSWS. I predict 

a cumulative effect, such that 

participants with larger aHPC and 

smaller pHPC volumes and more 

pSWS or more pREM will have the 

most gist extraction or the least 

decline in gist memory compared to 

participants with smaller aHPC and 

larger pHPC volumes and less pSWS 

or less pREM. 

 

I predict that for the DRM task, 

pSWS will negatively predict detail 

memory, whereas in VSL, pSWS will 

positively predict detail memory. I 

predict that aHPC and pHPC volume 

will moderate this relationship if such 

a relationship exists, such that larger 

pHPC and smaller aHPC volumes 

will be associated with most 

improvement or least decline in detail 

memory scores compared to 

participants with smaller pHPC and 

larger aHPC volumes. I am not sure 

which sleep stages will predict detail 

memory in TI and SG – this part is 

exploratory. 
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Chapter 2 

Method 

2.1 Design 

 Data for this study were collected as a part of a larger individual differences study called 

MEMRI, where participants underwent 18 sessions over several weeks. However, data from only 

four sessions related to my specific hypotheses are described here, with two exceptions: 

1) As part of the larger study, I collected sleep stages data prior to participants’ MRI 

session. Although I do not have any specific predictions about that particular night of 

sleep stages, I was able to run correlations across two nights of sleep to determine 

how ‘trait-like’ sleep stages were in my dataset. 

2) Due to the intensive nature of the study, some participants were not invited to 

participate due to poor performance or other problematic behaviors (extreme lateness, 

lack of professionalism with the experimenter) in a prescreening session. The specific 

tests are mentioned below but are not described in detail. 

In this study, I examined longitudinal effects (memory consolidation over time) cross-

sectionally (using individual differences in sleep and hippocampal neuroanatomy as predictors). 

All participants completed four tasks designed to assess gist memory (transitive inference, DRM, 

statistical learning, and single-item gist), as well as a task designed to measure fatigue (Operation 

Span Task) at three time points: in the evening before sleep (SleepPM), the morning after sleep 

12 hours later (SleepAM), and at any time of day 7 days later (Sleep7). Prior to the first day of 

tasks, participants took home a home sleep measurement device to help them become used to 

wearing it in their sleep (I did not analyze data from this night). They then used it for a second 

night between SleepPM and SleepAM, as well as before the MRI session for a total of three 
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nights. Participants also completed an MRI session several weeks later. My study design is 

illustrated in Figure 2. 

 

Figure 2. Flow Chart Illustrating the Study Design. VSL = Visual Statistical Learning. TI = 

Transitive Inference. DRM = Deese-Roeddiger-McDermott Task. SG = Single-item Gist.  

SleepPM

Study and Test for VSL, TI, DRM, SG

12 hrs

(EEG and Sleep 
Diary)

SleepAM

Test for VSL, TI, DRM, SG

6 days
(Sleep Diary)

Sleep7

Test for VSL, TI, DRM, SG

Several Weeks

Pre-MRI Sleep

Next Day (EEG)

MRI
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I used the following randomization. In transitive inference, I assigned participants to one 

of six conditions: one of three assignments of symbols to positions on hierarchy, and one of two 

sets of stimuli which participants were tested on twice in SleepPM. Unfortunately, due to a 

programming error, the test-retests for transitive inference were variable. Sometimes one 

stimulus set was tested 4/5 times and the other ½ times (for instance testing Sleep7_B twice 

instead of Sleep7_A). However, each participant had at least one test at each time point from one 

stimulus set. This issue is discussed further in the Memory Tasks section below. 

In statistical learning, I assigned participants to one of six conditions: one of six 

assignments of shapes to letters in a sequence, and one of two sets of stimuli which participants 

are tested on twice in SleepPM. In DRM, I assigned participants to be tested on one of two 

sequences of word lists at the three time points. In single-item gist, I randomly assigned word-

scene associates, and randomized the order in which word-scene associates were tested at the 

three time points. 

2.2 Sample Size Rationale 

 I used G*Power 3.1 to calculate a sensitivity power analysis in a sample size of 66 

participants, which is the maximum sample size that our funding was able to support. For models 

with five predictors (aHPC, pHPC, aHPC*pHPC, pREM/pSWS, and OSPAN), I had 80% power 

to detect a small (0.10) effect size. This is probably a low power estimate for my MLM models, 

since it does not take into account the within-subjects nature of the design. 

2.3. Participants 

 One hundred and four participants were recruited in Kingston, Canada using posters, 

Facebook advertisements and posts in local forums including reddit, kijiji and craigslist. Sixty-
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seven participants met my eligibility requirements and completed the study. Recruits who met 

the following criteria on an online questionnaire were invited for an immediate session: 

• between the ages of 22 – 35 years (to avoid developmental effects) 

• right-handed 

• English native-speaker 

• normal or corrected-to-normal vision and hearing 

• no contraindications for MRI scanning 

• no history of neurological disorders or recurrent mental illness that included medication 

• no sleep disorders 

• not currently taking psychotropic mediations 

Participants meeting these criteria were invited to undergo a more detailed in-person 

screening session involving a simulated MRI scanner (same dimensions as a regular MRI 

scanner with no magnetic field) at the Queen’s fMRI facility. They were advised that the session 

would last approximately two hours, and that they would be compensated CAD$20 for their time 

(or a pro-rated amount in the case of early withdrawal). 

This session was conducted in order to test for the following further eligibility criteria: 

• no evidence of claustrophobia while inside the simulated MRI scanner 

• does not report falling asleep after instructed to stay awake for a 20-minute eyes-open 

resting session in the simulated MRI scanner. 

• follows instructions to stay still in my simulated MRI scanner (operationalized as falling 

below the 95th percentile of low-frequency motion as measured in a reference sample) 

• demonstrates task engagement by responding to at least 33% of encoding trials in a 

memory task 
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• administered inside the simulated MRI scanner and obtains a d-prime of at least 0.1 in a 

subsequent memory test 

• illustrates acceptable reading comprehension and speed through TOWRE score of at least 

26.4, and Nelson-Denny score of 2. 

• indicates that they regularly sleep at least 5 hours a night on a computer administered 

questionnaire  

• does not indicate high usage of alcohol or recreational drugs 

• shows up on time for appointment (within 15 minutes of the scheduled time) or 

reschedules 12 hours in advance for the pre-screening session (with tolerance for one 

missed appointment without notice). 

• illustrates attention to and comprehension of verbal and written instructions presented 

during the screening session 

• courteous in all interactions with experimenter 

Thirty-seven participants failed eligibility criteria. Sixty-seven participants who met these 

further criteria were invited to participate in a comprehensive battery involving 18 further 

sessions, including data collection by various collaborators for various unrelated studies. In 

behavioral sessions, participants completed approximately two hours of testing and were 

compensated at a rate of CAD$10/hour. The average age of participants was 26.74 years (SD = 

4.17 years). Participants described themselves as men (n = 30), women (n = 36), and other (n = 

1). 

2.4 Materials 

2.4.1 Memory Tasks  
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Gist and detail measures for all memory tasks can be found in Table 2. Transitive 

inference and visual statistical learning were split into Sections A and B which are identical tasks 

with different stimuli in order to measure a test-retest effect (e.g., SleepPMA and SleepPMB). A 

second reason for two sections was that during piloting, I found that certain stimuli would have 

chance scores at all levels, whereas others would be above chance for some participants. Section 

A was tested twice at SleepPM, once at SleepAM, and once at Sleep7 (SleepPMA_1, 

SleepPMA_2, SleepAMA, Sleep7A). SleepPMA_1 indicates the first testing session of the first 

stimulus set and SleepPMA_2 indicates the retest session of the same stimulus set. Section B was 

tested once at SleepPM, once at SleepAM, and once at Sleep7 (SleepPMB, SleepAMB, 

Sleep7B). 

Unfortunately, due to a programming error, the test-retests for TI were variable. Whereas 

we intended for one stimulus set to be tested four times and the other three times, sometimes one 

stimulus set was tested five or six times, and the other set tested one or two times (for instance 

testing Sleep7_B twice instead of Sleep7_A). However, each participant had at least one test at 

each time point from one stimulus set. For cases when there were two retests at Sleep AM or 

Sleep 7, I only included the first test. There were 22 participants with full sets (7 tests as planned 

– 4 in one set and 3 in another), and 48 with incomplete sets (7 tests but with variable amounts in 

each stimulus set). To ensure this repeated testing did not help participants to acquire the 

materials, I conducted an independent samples t-test to investigate whether participants with 

more retests in the incomplete set had higher scores than those with complete sets. I found that 

more retests did not lead to better scores for premise pairs, t(393) = 2.22, p = .027 in the opposite 

direction, d = 0.23, first-order inferences, t(380) = -0.68, p = .49, d = 0.07, or second-order 

inferences, t(359) = 0.14, p = .88, d = 0.02. Degrees of freedom are given by total testing 
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sessions across all participants in complete and incomplete groups (i.e., 176 sessions for 22 

participants in the complete set and 383 sessions for 48 participants in the incomplete set). 

 Statistical learning. Visual statistical learning (Turk-Browne, Junge, & Scholl, 2005) 

provides a measure of implicit learning of shapes presented in sequence. Participants are shown a 

deterministic stream of red and green shapes and instructed to attend to one stream, pressing a 

key whenever a shape from that stream repeats. During a subsequent testing phase, participants 

are instructed to select the more familiar triplet sequence. Some triplets are sequences from the 

previous learning task (e.g., ABC), and others are novel sequences (e.g., AEG). Furthermore, in 

my adaptation of the task, participants are also asked about non-deterministic sequences (e.g., 

DEF that is presented at a 3:1 ratio to DFE) and asked to choose which is more familiar. The 

sequence that was presented more frequently was considered the correct answer.  

 Transitive inference. The transitive inference task (Ellenbogen, 2007) requires 

participants to make inferences across paired associates that form an implicit hierarchy. 

Participants were asked to learn the winning symbol in four pairs of symbols, and are given 

positive and negative feedback after each trial. After reaching a criterion of 75% correct 

responses, they were tested on premise pairs and novel inference pairs. Premise pairs are pairs 

that are explicitly learned during the study phase (e.g., A>B and B>C), and inference pairs are 

pairs that have to be inferred from the relationships between premise pairs (e.g., A>C).  

Single-item gist. The Single-item Gist Task provides four measures of memory for each 

studied item: supercategory, category, item, and detail memory. Participants were asked to learn 

word-scene pairs that are divided into 9 supercategories (e.g., house, restaurant, school), which 

are all divided into 3 categories (e.g., bathroom, bedroom and kitchen for the ‘house’ category). 

Each category contains 3 items (e.g., the lower-level category Kitchen contains 3 separate 
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kitchens). Finally, each item contains 3 detail images. One detail image was the one originally 

studied and the other two have been edited to replace one object with a novel object. During the 

study phase, participants incidentally learned word-scene pairs. During test, participants were 

shown the word associate and answered 4 multiple choice questions on the associate’s 

supercategory, category, item, and details. During each of the three test sessions (immediate, 

next day, one week later), I tested participants on 3 separate supercategories to avoid test-retest 

effects.  

DRM (Multi-item gist). In the DRM task, participants were asked to learn 27 lists of 

related items that vary on mean BAS (backward associative strength) and number of gist-

inducing knowledge types (situation features, synonyms, and semantic relations). BAS means 

were taken from Roediger, Watson, McDermott, and Gallo (2001). Gist-inducing knowledge 

frequencies for DRM lists were taken from Cann, McRae, and Katz (2011). I included a range of 

.03 to .28 on BAS and 6 – 10.7 on gist-inducing knowledge types. After study, participants were 

tested on recognition memory for target (old) items, critical lures (related items) and unrelated 

lures (new items). Old items were items that were originally studied. Related items were related 

words associated with the theme of each word list. New items were words randomly selected 

from unstudied categories.  

Based on the suggestion by Stahl and Klauer (2008) to distinguish gist and detail traces, 

participants were given response options, ‘remember’, ‘related’, or ‘new’. These responses were 

meant to provide four measures of memory, Dr (probability of retrieving a target’s detail trace 

given a related probe), Dt (probability of retrieving a target’s detail trace given a target probe), 

Gr (probability of retrieving a target’s gist trace given a related probe), and Gt (probability of 

retrieving a target’s gist trace given a target probe).  
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2.4.2 Fatigue (OSPAN) 

Lopex, Previc, Fischer, Heitz, & Engle (20121) sleep deprived Air Force pilots, and 

found that performance on simulated flight was predicted by OSPAN, suggesting that it is a 

suitable proxy for performance-related fatigue. In this study, I use the OSPAN task to measure 

and control for variability in participant alertness across each test phase. Participants completed 

an automated Operation-Span (OSPAN) task (Unsworth, Heitz, Shrock, & Engle, 2005). The 

task consisted of 5 practice letter questions, 15 practice math questions and 15 testing trials. For 

practice letter questions, a series of letters were shown in sequence on the screen (range of 3-7) 

letters and participants were asked to enter the letters that they saw in the correct sequence on the 

onscreen keyboard. For practice math questions, participants were asked to complete math 

operations (e.g., (1*2)+1). They were instructed to complete the math problem as quickly as 

possible. Once they had an answer, they clicked the button to progress to the next screen. A 

possible answer was displayed on screen and participants were asked to indicate whether the 

answer is ‘true’ or ‘false’. Practice trials were used to calculate the mean time that it takes a 

participant to solve math problems. For test trials, there was a limit of average time plus 2.5 SDs 

before the trial progressed on its own. A time limit discouraged letter rehearsal. For the test 

trials, letter and math questions were intermixed. Each test trial consisted of 3-7 letter and 

number trials. There were 3 blocks of each of the 5 set sizes (i.e., three repetitions of 3,4,5,6,7 

letter and number sizes). The shortened OSPAN consisted of 5 practice letter questions, 5 

practice math questions and one block of each of 4 set sizes (i.e., one repetition of 3,4,5,6 letter 

and number sizes).  

2.5 Procedure 
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In one of their visits, participants collected an EEG headband (the Sleep Profiler) for a 

practice night of sleep with the device. Within the next few days, they came back for an evening 

session (between 7 – 11 pm) which lasted 2.5 hours (SleepPM). The study session was long 

because training for required for several tasks (i.e., learning premise pairs and studying 

sequences). In this session, they completed the study and test components of a number of 

memory tasks: transitive inference (TI), visual statistical learning (VSL), the Deese-Roedigger-

McDermott paradigm (DRM), and single-item gist (SG). The order of tasks during study was 

counterbalanced across participants. Tasks were in the same order during study and test. 

Participants also completed the operation span task (OSPAN) to measure fatigue. After the 

SleepPM session, participants took home the Sleep Profiler again. They also took home a Sleep 

Diary, a subjective sleep measure, to fill in daily for one week beginning from the SleepPM 

night. 

The next morning, 12 hours after the start of the evening session, participants completed 

the test component of the same tasks listed above, as well as a shortened OSPAN (SleepAM). 

Seven days after the evening session, participants return for another testing session at any time of 

day (Sleep7). 

All participants completed a neuroimaging session close to the end of the test battery. 

The night prior to the MRI scan, participants wore the Sleep Profiler once again. MRI scans were 

completed at various times of day, and I did not control for participants’ sleep times. During the 

MRI session on the next day, I gathered the following scans: resting-state fMRI, fMRI of movie 

viewing, high-resolution T1w and T2w anatomical images (0.7mm iso), ultra-high resolution 

T2w medial-temporal lobe images (0.5mm iso), and high-resolution DTI images (1.5mm iso). 

Because of the increased invasiveness of neuroimaging, participants were compensated at a 
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higher-than normal rate of $20 while in the MRI scanner (with the scanning session lasting a 

total of 1.5 hours). It was the anatomical and medial-temporal lobe images that were relevant to 

my analysis of hippocampal properties. 

2.6 Apparatus 

 Participants completed three sessions individually in a testing room. One task was 

executed using MATLAB with Psychtoolbox (Kleiner et al., 2007) and SuperPsychToolbox 

(Mountjoy & Poppenk, 2015). The remaining three tasks (OSPAN, DRM, visual statistical 

learning, and transitive inference) was executed using Inquisit (Version 5.0.6.0, 2016).  

For sleep stage measures, the Sleep Profiler is a single-channel EEG worn on the 

forehead and records at 256 samples/second (Lucey et al., 2016) from three sensors at 

approximately AF7, AF8, and Fpz (Sleep Profiler Scoring Manual, 2015). The Sleep Profiler 

hardware applies a 0.1 Hz low-frequency filer and a 67 Hz high-frequency filter (Lucey et al., 

2016). Comparisons of the Sleep Profiler and a full PSG have found strong agreement for total 

sleep time (ICC = 0.96) and REM sleep (ICC = 0.92), and poorer agreement for Stage 1 (ICC = 

0.66) and Stage 3 (ICC = 0.67). Accuracy for Stage 3 increased when combined with Stage 2 

into a non-REM (NREM) measure (ICC = 0.96). 

I investigated correlations among SWS/REM between the SleepPM and pre-MRI 

sessions in order to determine whether I could substitute pre-MRI sleep data for SleepPM data 

that was missing or needed to be excluded. 

2.7 Hippocampal Segmentation 

The ultra-high-resolution T2w 0.5mm isotropic medial temporal lobe scans were 

submitted to automated segmentation using HIPS, an algorithm previously validated to human 

raters specialized in segmenting detailed neuroanatomical scans of the hippocampus (Romero, 
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Coupé, & Manjón, 2017). Three independent raters (including the author) were trained on 

segmenting the hippocampus at the uncal apex into aHPC and pHPC segments, and achieved 

reach a Dice coefficient of absolute agreement of 80%. Two of these raters (including the author) 

independently segmented all sixty-seven participants in this study using the 0.7mm whole-brain 

T1w scans. The T2w medial temporal lobe scans were registered to the T2w whole-brain scans, 

which were in turn registered to the T1w whole-brain scans, and the combined transform was 

used to place the rater landmarks on the detailed medial temporal lobe scans. All voxels 

belonging to the hippocampus posterior to this coronal plane containing this point were classified 

as pHPC, whereas all points anterior to and including this plane were classified as aHPC. Finally, 

the total number of voxels in each subregion was multiplied by the volume of each voxel to 

obtain a total aHPC and pHPC volume. These steps were followed separately in each 

hemisphere. Freesurfer segmentation of the T1w and T2w brain data (v6.0; REF) was used to 

compute Estimated Intracranial Volumes, which in turn were used to control for effects of 

overall head size in the hippocampus volume vectors.  

2.8 Data analysis 

2.8.1 Immediate test research questions 

I used multiple linear regression to determine whether these two sets of predictors (hippocampal 

volumes and sleep stages) significantly predicted four kinds of gist and detail memory. For each 

memory measure (i.e., eight in total) I conducted four sets of models (two for left and right 

hippocampal volumes and two for REM and SWS; 32 models in total).  

2.8.2 Change over time research questions 

The goals of the second part of my study were to investigate the patterns of change in gist 

and detail memory over the course of a week, and to determine whether individual differences in 
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hippocampal volumes and sleep stages predicted these changes. I used multi-level modelling 

(MLM) implemented in the nlme package in R (R Core Team, 2016) for these analyses 

(Pinherio, Bates, DebRoy, Sarkar, & Team, 2007), because this allowed us to estimate an 

individual change function in each participant, as well as predictors of this change function. 

Therefore, this analysis is especially suitable for looking at individual differences in change over 

time (Nair, Czaja, & Sharit, 2008). In my models, I estimated each participant’s change over 

three time points at Level 1 and individual differences at Level 2. All of my predictors were 

Level 2 predictors related to individual differences in sleep and hippocampal volumes. 

2.9 Preprocessing of Sleep and Brain Data 

First, I validated the Sleep Profiler automated sleep scoring system using a subset of the 

sleep data. I selected 10 nights due to time constraints. Two independent raters (including 

myself) rated 10 nights of EEG data in order to compare manual sleep stage scoring to the 

automated scoring system. Prior to scoring, I pre-registered on the Open Science Framework 

(Appendix A) that if the intra-class correlations (ICCs) were good (between 0.75 and 0.9) or 

excellent (over 0.9) for these variables (Koo & Li, 2016), I would use the sleep stage values 

derived from the automated scoring system. If they were below 0.75, then I stated that I would 

manually rescore all of the sleep data. I averaged the scores from the two independent raters to 

compare to the automated scores and used a measure of ICC that estimates the degree of 

consistency across measurements (McGraw & Wong, 1996). Total Sleep Time had the highest 

ICC (ICC = 0.855), followed by proportion of SWS (ICC = 0.818), and proportion of REM 

sleep (ICC = 0.796). Becausae all of the ICCs were above 0.75, I used the sleep stage values 

derived from the automated scoring system for all of my analyses.  
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As a first preprocessing step, I normalized hippocampal volumes across participants by 

regressing out the effect of intracranial volume. As noted in my pre-registration, I did not have 

any specific hypotheses regarding laterality for hippocampal variables. Therefore, before 

beginning data analysis, I decided to perform a Pearson’s correlation of aHPC and pHPC 

volumes across hemispheres. If the correlations were greater than 0.9, I would merge the 

volumes across hemispheres. Otherwise, I would run them separately in my models. aHPC 

volumes across hemispheres had a correlation of 0.686, and pHPC volumes across hemispheres 

had a correlation of 0.458. Therefore, I analyzed left and right hippocampal volumes separately 

in all of my models, investigating only either left or right hippocampal volumes in any given 

model.  

Age has been found to covary with hippocampal volumes. However, in this study, I 

collected data from a narrow age range (22-35) among healthy adults. I preregistered that if age 

significantly predicts either aHPC and pHPC volumes in a regression, I will include age as a 

covariate in my models. If age does not significantly predict either aHPC or pHPC volume, then 

to simplify my models, I will not utilize age in my analyses. Age did not significantly predict 

hippocampal volumes in my sample, so I did not include age in my models (p = .718 and p = 

.668 for left and right anterior hippocampal volumes, p = .078 and p = .089 for posterior 

hippocampal volumes).  

2.10 Preprocessing of Memory Data 

2.10.1 DRM task 

I planned to use the method outlined by Stahl and Klauer (2008) to calculate four 

measures of memory: Dr, Dt, Gr, and Gt. However, due to unanticipated parameter estimates 

very close to 0 and 1 when running models for individual participants (rather than group-level 
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analyses that were performed by Stahl & Klauer, 2008), I decided to use another analysis 

approach post-hoc that was better tailored to scores for individual participants.  

The goal was to determine gist and detail measures from the 3x3 matrix for each 

participant (old, related and new responses to old, related, and new items). Dandolo and Schwabe 

(2018) describe two models that reflect gist and detail memory. An “Old Distinct” model expects 

old memory representations to be distinct from both related and new ones, indicating a precise 

detailed memory. Conversely, an “Old and Related Similar” model expects old and related 

memory representations to be quite similar, while being distinct from new items, a model which 

suggests that gist has been encoded but detail has not. Because one model captures only detail, 

and the other only gist – the two measures are orthogonal. I adapted this model to our task. False 

alarms in the “Old Distinct” model were related responses to old items, whereas false alarms in 

the “Old and Related Similar” model were new responses to old or related items. This model is 

illustrated in Figure 1. 

 

Figure 1. Gist and detail memory in the DRM task. Orange squares represent what is considered 

to be a correct response in each measure, and blue squares represent false alarms.  
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I started by generating a 3x3 matrix for each participant (old, related, and new responses 

to old, related, and new items). First, I divided each item in the 3x3 matrix by the number of total 

items in this category to get a proportion of old, related and new responses. Then, I collapsed old 

and related rows and columns into a 2x2 matrix of old/related and new responses to old/related 

and new items. Based on the interpretation that participants were using the “old”, “related” and 

“new” response options as a spectrum of “oldness”, I weighted old responses by 1 and related 

responses by 0.5 as a way to account for confidence of oldness in each response. Finally, I 

replaced all mean values of 0 and 1 in the resulting 2x2 matrix with 0.00001 and 0.9999 in order 

to avoid hit or false alarm rates of 0 or 100%, and calculated d’gist and d’detail measures with 

the following formulas: 

(1)𝐷′𝑔𝑖𝑠𝑡 =  𝑧(ℎ𝑖𝑡𝑠𝑔𝑖𝑠𝑡) − 𝑧(𝑓𝑎𝑙𝑠𝑒 𝑎𝑙𝑎𝑟𝑚𝑠𝑔𝑖𝑠𝑡) 

𝐻𝑖𝑡𝑠𝑔𝑖𝑠𝑡 =  𝑃(𝑜𝑙𝑑|𝑜𝑙𝑑) + 𝑃(𝑜𝑙𝑑|𝑟𝑒𝑙𝑎𝑡𝑒𝑑)  ×  0.5 + 𝑃(𝑟𝑒𝑙𝑎𝑡𝑒𝑑|𝑜𝑙𝑑)

+ 𝑃(𝑟𝑒𝑙𝑎𝑡𝑒𝑑|𝑟𝑒𝑙𝑎𝑡𝑒𝑑) ×  0.5 

𝐹𝑎𝑙𝑠𝑒 𝐴𝑙𝑎𝑟𝑚𝑠𝑔𝑖𝑠𝑡 =  𝑃(𝑜𝑙𝑑|𝑛𝑒𝑤) + 𝑃(𝑟𝑒𝑙𝑎𝑡𝑒𝑑|𝑛𝑒𝑤) ×  0.5 

(2)𝐷′𝑝𝑟𝑖𝑚𝑒𝑑𝑒𝑡𝑎𝑖𝑙 =  𝑧(ℎ𝑖𝑡𝑠𝑑𝑒𝑡𝑎𝑖𝑙) − 𝑧(𝑓𝑎𝑙𝑠𝑒 𝑎𝑙𝑎𝑟𝑚𝑠𝑑𝑒𝑡𝑎𝑖𝑙) 

𝐻𝑖𝑡𝑠𝑑𝑒𝑡𝑎𝑖𝑙 =  𝑃(𝑜𝑙𝑑|𝑜𝑙𝑑) 

𝐹𝑎𝑙𝑠𝑒 𝐴𝑙𝑎𝑟𝑚𝑠𝑑𝑒𝑡𝑎𝑖𝑙 =  𝑃(𝑜𝑙𝑑|𝑟𝑒𝑙𝑎𝑡𝑒𝑑) 

2.10.2 VSL and TI tasks 

I had two stimulus sets for VSL and TI tasks. I created the first set from shapes I selected 

to be as different from one another as possible, and the second set was created by Turke-Browne 

and colleagues (2005) and provided by Inquisit. In variables tested in VSL, the first stimulus set 

was significantly above chance at all time points, ps < .001. However, the second stimulus set 

was not significantly above chance at Sleep AM and Sleep 7, p = .55 and p = .58, respectively. 
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Therefore, I included only the first stimulus set in my dataset, with the exception of one 

participant for whom there were no scores from the first set, for whom I substituted those with 

the second set. There was a significant test-retest effect in memory for deterministic sequences 

from the first set, t(44) = -2.09, p = .043, r = .86, indicating that as participants were tested on the 

material a second time during SleepPM, their scores improved. There was no significant test-

retest effect in memory for non-deterministic sequences from the first set, t(44) = 0.06, p = .951, 

r = .72. All stimulus sets at all time points in variables tested in TI were significantly above 

chance, p < .001. There were no significant test-retest effects for premise, first-order or second-

order inference memory of either stimulus set, ps = .94, .38, .29, .49, .98, .47, indicating that 

repeated tests in the same night were not associated with higher scores.  

2.11 Quality Control of Sleep Data  

 I performed a quality control inspection of my sleep data to remove 1) any data that did 

not contain at least some SWS and some REM, 2) partial recordings that did not contain the full 

night of sleep, and 3) recordings where a participant’s total sleep time was less than 50% of how 

much they typically reported sleeping on weekdays. As mentioned above, in the larger study, I 

also collected a second night of sleep data before the MRI session, so the following quality 

control includes both SleepPM and pre-MRI sessions. All recordings had at least some SWS and 

some REM. I defined partial recording as either a participant report that the device fell off or was 

taken off part-way through the night, or by checking whether the recording cut off in the middle 

of the night (two participant sessions were removed as a result, recording times were 6.5 hours 

and 3.8 hours). Due to the variability of sleep and wake times across participants, I identified 

partial recordings by manually inspecting participants whose TST was less than 4 hours. Finally, 

seven participants were excluded because their TST was less than 50% of their habitual total 
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sleep time.  After replacing SleepPM values for 5 participants with pre-MRI values, only 4 out of 

67 participants had no sleep data. Descriptive sleep statistics are given in Table 4. 

Table 4. 

Descriptive Sleep Statistics 

Night of Sleep Measure  

Overall Normal Weeknight Sleep 7.24 hours (1.03 hours) 

SleepPM Sleep Diary TST  6.05 hours (1.23 hours) 

 Sleep Profiler TST 5.99 hours (1.51 hours)  

 Stage 1 24 minutes (12 minutes) 

 Stage 2 180 minutes (56 minutes) 

 REM 61 minutes (27 minutes) 

 SWS 83 minutes (32 minutes) 

Pre-MRI Sleep Profiler TST 6.64 hours (1.29 hours) 

Note. Values are given in means with standard deviations in brackets. TST = Total Sleep Time. 

REM = Rapid Eye Movement Sleep. SWS = Slow-wave sleep.  

2.12 Outliers 

To identify univariate outliers, I excluded data points above and below three median 

absolute deviations. To identify multivariate outliers, I computed Cook’s distance (Cook, 1977) 

for all multiple regression and multilevel models. I removed points that had a Cook’s distance 

above 4/(N – k-1), up until a maximum of 2 points (< 5% of points), where N is the sample size 

and k is the number of predictors. 

2.13 Assumptions 

I checked the following assumptions: 
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1) Normality of model residuals (assessed by QQplot and Shapiro-Wilk test) 

2) Homogeneity of Variance (assessed by scale-location plot, plot of residuals vs fitted 

values, and non-constant variance test) 

3) Linearity (assessed by observed vs fitted values plot) 

In some models, either normality or homogeneity of variance was violated, but not both. 

Because regression and multilevel models are generally robust to violation of assumptions if 

multiple assumptions are not violated at the same time, I did not transform the data.  

2.14 Validation Analyses 

 My analyses require that the underlying data meet certain requirements, such as 

distributional properties, memory measures being above chance (and therefore reflecting 

variation in participant memory ability rather than random responding), and sleep measures 

featuring sufficient reliability and validity. Here I discuss steps taken to assure these 

requirements were met, and discuss analyses pertaining to theoretical goals in the Results 

section. 

I first determined whether group-level performance on memory tasks was above chance 

at all time points. One-sample t tests showed that all of the outcome variables in single-item gist, 

transitive inference, and statistical learning were significantly above chance at all time points, ps 

< .001. Using a Bonferonni correction for number of comparissons, all of the tests are still 

significant (0.05/9 = 0.006). One-sample t tests showed that memory for d’gist (DRM) was 

significantly above 0 for SleepPM and Sleep AM, ps < .01. At Sleep 7, d’ gist (DRM) was 

significantly below 0, t(67) = -7.183, p < .001. D’detail (DRM) was not significantly above 0 for 

any time points, so I excluded this variable from subsequent analyses. Furthermore, because 
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memory for d’gist (DRM) was also not above 0 for the Sleep 7, I do not interpret any memory 

scores from this task at this time point.  

 For all regression and multi-level models, I included grand-mean centered hippocampal 

volumes (aHPC and HPC) and sleep stages (proportion of SWS or REM) as predictors. I also 

included fatigue (OSPAN) in multi-level models as they were time-based. Outcome variables 

were all measures of gist and detail memory on four different tasks at 3 time points: in the 

evening after study (SleepPM), the next morning (SleepAM), and one week later (Sleep7). 

Hippocampal volumes and proportion of SWS and proportion of REM were grand mean 

centered. Time was coded as 0 for SleepPM, 1 for Sleep AM, and 2 for Sleep 7.  I used simple 

slopes as a follow-up analysis to significant hippocampal interactions in all models. I created 

new variables that were one standard deviation above the mean for high, and one standard 

deviation below the mean for low (i.e., I did not dichotomize the variables). Figures 3-9 present 

descriptive statistics on predictor and outcome variables.  
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Figure 3. Premise and Inference Pair Memory over Time in a Transitive Inference Task. Error 

bars indicate standard error. The dashed line indicates chance. All measures were significantly 

above chance at all time points. Memory for first-order and second-order inferences (gist 

measures) significantly increased over time, whereas memory for premise pairs (detail measure) 

did not significantly change over time. This suggests that gist and detail are dissciable measures 

in this task.  
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Figure 4. Memory for D’gist over Time in a DRM Task. Error bars reflect standard error. The 

dashed line indicates chance.  Memory for d’gist was above chance at SleepPM and SleepAM, 

but unfortunately significantly below chance at Sleep7. Memory for d’gist significantly 

decreased over time. 
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Figure 5. Memory for Deterministic and Non-Deterministic Sequences over Time in a Statistical 

Learning Task. Error bars indicate standard error. The dashed line indicates chance. Memory for 

both sequences was significantly above chance at all time points. Memory for deterministic and 

non-deterministic sequences did not significantly change over time. However, when averaging 

deterministic and non-deterministic sequences, sequences significantly decreased over time. 
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Memory for deterministic sequences is slightly higher at each time-point, but otherwise memory 

for deterministic and non-determinstic sequences seems to be quite similar over time.  

 

Figure 6. Supercategory, Category, Item and Detail Memory over Time in a Single-Item Gist 

Task. Error bars reflect standard error. The dashed line indicates chance. Memory for all 

measures was significantly above chance at all time points. All measures significantly decreased 

over time. Interestingly, the detail measures, item and detail memory, are the highest and lowest 

scores, respectively.  
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Figure 7. Barplot of Left and Right Anterior and Posterior Hippocampal Volumes in this 

Dataset. Error bars indicate standard error.  

 



 

 47 

 

Figure 8. Barplot of Proportions of Different Sleep Stages in this Dataset. Error bars reflect 

standard error. To assess whether populations of sleep stages in my dataset were close to 

population norms, I included boxes that indicated proportions of sleep stages among healthy 

young adults as described by Carskadon and Dement (2005). Overall, my sample had similar 

values to the population norms. 

 As shown in the Figures above, almost all dependent variable measures were above 

chance. I also examined correlations in sleep stages between SleepPM and pre-MRI nights, 

which were often measured several weeks apart (Figure 3). Proportion of REM and proportion of 

SWS were highly correlated across sessions despite the lack of a corresponding correlation in 

TST across sessions. With proportion of SWS and proportion of REM sharing 69% and 54% of 
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their variance across nights, respectively, my results indicate that sleep proportion is highly 

consistent within individuals across different nights of sleep. To avoid unnecessary data 

exclusion, I therefore substituted sleep data from the pre-MRI session for missing or excluded 

SleepPM sleep data. 

 

Figure 9. Correlations among Sleep Variables. Panel A shows correlations among sleep variables 

across pre-MRI and SleepPM Sessions. Boxes indicate key correlation tests relating SWS, REM, 

and TST across the pre-MRI and SleepPM nights. Panel B shows correlations among sleep 

variables within the SleepPM Session. Boxes indicate key correlation tests relating absolute and 

proportion of SWS and REM. Only significant correlations are indicated as circles. Larger 

correlations are denoted as larger circles. SWS = slow-wave sleep, pSWS = proportion of slow-

wave sleep, TST = total sleep time, REM = rapid eye movement sleep, pREM = proportion of 

rapid eye movement sleep.  

To determine whether these variables account for the same variance, I examined 

correlations between absolute and proportion of SWS and REM. Panel B in Figure 3 shows a 
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correlation plot for SleepPM. The correlations between absolute and proportion values for SWS 

and REM were significant and high, accounting for 78% and 85% of the same variance, 

respectively. For simplicity, in my models, I therefore only investigate proportion of SWS and 

proportion of REM. 
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Chapter 3 

Results 

The goals of this study were to investigate the following questions: 1) Do hippocampal 

volumes predict both immediate and delayed gist extraction? 2) Do individual differences in 

REM and SWS predict individual differences in gist extraction? To address these questions, I 

investigated patterns of change in gist and detail memory over time as a function of hippocampal 

volumes and sleep stages. To simply my analyses, I did not include interaction terms with time in 

the following models, so time-based models can be interpreted as predictors collapsed over time. 

To distinguish individual differences in immediate memory with individual differences in 

changes collapsed over time, I also assessed gist and detail memory at immediate test. Before 

addressing my research questions, I first discuss baseline models. 

Table 5. 

Summary of Models. 

Model Initial Test or Over 

Time 

Predictors Purpose 

Model A (Baseline Model) Over Time (MLM) Time Calculate ICC values 

 

Model B Initial Test 

(Multiple 

Regression) 

Sleep and Hippocampal 

Variables 

Assess the role 

predictors on memory 

at immediate test 

 

    

Model C Over Time (MLM) Time, Sleep and 

Hippocampal Variables 

Assess the role 

predictors on memory 

collapsed over time 

Note. MLM = Multi-level models. 
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I first constructed a baseline model (Model A) to compute ICCs, which indicate the 

amount of variance in memory variables that can be attributed to individual differences. The 

ICCs were ρ = 0.033 for d’gist memory (DRM), ρ = 0.015 for supercategory memory (single-

item gist), ρ = 0.083 for category memory (single-item gist), ρ = 0.137 for item memory (single-

item gist), ρ = 0.159 for detail memory (single-item gist), ρ = 0.712 for premise pair memory 

(transitive inference), ρ = 0.595 for first-order inference memory (transitive inference), ρ = 0.550 

for second-order inference memory (transitive inference), ρ = 0.833 for deterministic sequence 

memory (statistical learning), ρ = 0.730 for non-deterministic sequence memory (statistical 

learning). This means that, across different memory measures, between 2 and 83% of the 

variance in memory variables can be attributed to individual differences. Variables with 10% or 

more individual differences variance are considered to have meaningful individual differences. 

Because most of the models are above this cut-off, I consider there to be significant individual 

differences in the memory variables I measured, so multi-level modelling is a suitable approach. 

For ease of interpretation, I included both left and right hippocampal models in one table even 

though they were separate models in Tables 6 – 9. I reported all b estimates from proportion of 

REM models, except for one case in Table 7, where a proportion of SWS model yielded a 

significant hippocampal result that was not present in the REM model. I ran a total of 40 models 

(10 dependent variables x 4 model types). 

3.1 Research Question #1: Do individual differences in hippocampal volumes and sleep 

stages predict gist and detail memory at immediate test? 

All immediate test results are shown in Tables 6 and 7. To give an example of how these models 

were constructed, here are the four models tested in the DRM task, in the order shown in Table 

6: 
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𝐷′𝑔𝑖𝑠𝑡~ 𝐿𝑒𝑓𝑡 𝑎𝐻𝑃𝐶 + 𝐿𝑒𝑓𝑡 𝑝𝐻𝑃𝐶 +  𝐿𝑒𝑓𝑡 𝑎𝐻𝑃𝐶 ∗ 𝐿𝑒𝑓𝑡 𝑝𝐻𝑃𝐶 + 𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑅𝐸𝑀

+ 𝑂𝑆𝑃𝐴𝑁 (𝑓𝑎𝑡𝑖𝑔𝑢𝑒) 

𝐷′𝑔𝑖𝑠𝑡~ 𝐿𝑒𝑓𝑡 𝑎𝐻𝑃𝐶 + 𝐿𝑒𝑓𝑡 𝑝𝐻𝑃𝐶 +  𝐿𝑒𝑓𝑡 𝑎𝐻𝑃𝐶 ∗ 𝐿𝑒𝑓𝑡 𝑝𝐻𝑃𝐶 + 𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑆𝑊𝑆

+ 𝑂𝑆𝑃𝐴𝑁 (𝑓𝑎𝑡𝑖𝑔𝑢𝑒) 

𝐷′𝑔𝑖𝑠𝑡~ 𝑅𝑖𝑔ℎ𝑡 𝑎𝐻𝑃𝐶 + 𝑅𝑖𝑔ℎ𝑡  𝑝𝐻𝑃𝐶 +  𝑅𝑖𝑔ℎ𝑡 𝑎𝐻𝑃𝐶 ∗ 𝑅𝑖𝑔ℎ𝑡 𝑝𝐻𝑃𝐶 + 𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑅𝐸𝑀

+ 𝑂𝑆𝑃𝐴𝑁 (𝑓𝑎𝑡𝑖𝑔𝑢𝑒) 

𝐷′𝑔𝑖𝑠𝑡~ 𝑅𝑖𝑔ℎ𝑡 𝑎𝐻𝑃𝐶 + 𝑅𝑖𝑔ℎ𝑡 𝑝𝐻𝑃𝐶 +  𝑅𝑖𝑔ℎ𝑡 𝑎𝐻𝑃𝐶 ∗ 𝑅𝑖𝑔ℎ𝑡 𝑝𝐻𝑃𝐶 + 𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑆𝑊𝑆

+ 𝑂𝑆𝑃𝐴𝑁 (𝑓𝑎𝑡𝑖𝑔𝑢𝑒) 

Gist. I predicted that participants with larger aHPC and smaller pHPC volumes would 

have higher accuracy on gist measures at immediate test. I ran a set of multiple regression 

models to predict memory for gist measures from left and right aHPC and pHPC volumes and 

proportion of SWS or REM. There were significant interactions between aHPC and pHPC 

volumes in predicting d’gist, supercategory memory, category memory, and first-order 

inferences (i.e., four out of 6 gist measures).  

As predicted, at large left aHPC volumes, larger pHPC volumes negatively predicted 

memory for d’gist, b < -0.001, t(45) = -2.898, p = .006. In other words, participants with large 

left aHPC and small left pHPC volumes had better memory for d’gist at immediate test. Contrary 

to my predictions, at average and higher left pHPC volumes, left aHPC volumes negatively 

predicted immediate supercategory memory, b < -0.001, t(44) = -2.933, p = .005. In other words, 

smaller left aHPC and larger left pHPC volumes were associated with better immediate 

supercategory memory. Furthermore, contrary to my predictions, at higher right pHPC volumes, 

higher right aHPC volumes marginally negatively predicted category memory, b < -0.001, t(48) 

= -1.959, p = .056. In other words, smaller right aHPC and larger pHPC volumes were associated 
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with better immediate category memory. Lastly, contrary to my predictions, at lower left pHPC 

volumes, higher left aHPC volumes negatively predicted memory for first-order inferences, b = -

0.001, t(42) = -2.274, p = .028. In other words, participants with smaller aHPC and smaller 

pHPC volumes had better memory on first-order inferences at immediate test. Many of these 

effects have small bs, which I interpret as small but significant effects. In summary, hippocampal 

volumes only predicted one gist measure, d’gist, according to my hypotheses at immediate test. 

I predicted that participants with either higher proportion of REM or SWS would have 

more gist extraction at immediate test. As predicted, proportion of REM positively predicted 

d’gist, first-order and second-order inferences at immediate test (i.e., three out of six gist 

measures). In other words, participants who, in general, had higher proportions of REM had 

better memory for d’gist, first-order, and second-order inferences at immediate test.  
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Table 6. 

The Role of Sleep and Hippocampal Volumes in Predicting Gist Memory at Initial Test (Model 

A).  
 D’gist (DRM) Supercategory (Single-Item 

Gist) 
Category (Single-
Item Gist) 

First-Order 
(Transitive 

Inference) 

Second-Order 
(Transitive 

Inference) 

Non-deterministic 
Sequences 

(Statistical 

Learning) 

 Esti

mate 

t Estimate t Estimate t Estimate t Estimate t Estimate t 

OSPAN 0.01
9 

1.819 0.006 2.026 
* 

0.006 1.613 0.003 0.444 -0.001 0.846 0.006 1.150 

Left aHPC -

0.00

0 

-0.696 -0.000 -2.308 

* 

-0.000 -1.666 -0.000 -1.381 -0.000 0.866 -0.000 -

1.080 

Left pHPC -
0.00

11 

-1.300 -0.000 -2.191 
* 

0.000 0.269 0.000 0.971 0.000 0.395 0.000 0.179 

Left aHPC 

* Left 

pHPC 

-

0.00

0 

-2.898 

** 

-0.000 -2.613 

* 

-0.000 -0.918 0.000 2.030 

* 

0.000 0.251 -0.000 -

0.570 

pREM 1.45

0 

1.926 0.224 0.957 0.044 0.178 11.183 2.599 

* 

1.325 2.394 

* 

-0.372 -

0.993 

pSWS -

0.35
4 

-0.456 -0.302 -1.401 -0.277 0.255 -0.450 -1.023 -0.221 -

0.383 

0.234 0.662 

OSPAN 0.01

4 

1.348 0.008 2.308 

* 

0.005 1.649 -0.000 -0.023 -0.010 -

1.322 

0.005 0.897 

Right 

aHPC 

-

0.00
0 

-0.178 -0.000 -0.247 -0.000 -0.615 -0.000 -0.249 0.000 1.186 -0.000 -

1.119 

Right 

pHPC 

-

0.00

1 

-1.643 -0.000 -2.192 0.000 0.029 0.000 0.147 0.000 0.800 0.000 0.421 

Right aHPC * 
Right pHPC 

-
0.00

0 

-0.848 -0.000 -0.443 -0.000 -2.181 
* 

0.000 1.122 0.000 0.922 0.000 0.045 

pREM 1.60

8 

2.128 

* 

0.221 0.868 -0.034 -0.148 0.924 1.959 1.164 2.107 

* 

-0.349 -

0.845 

pSWS -

0.35

6 

-0.420 -0.373 -1.506 -0.147 -0.629 -0.157 -0.312 0.308 0.489 0.378 0.762 

Note. Slope estimates (bs), t, and p values are provided for each variable. Each set of two columns describe all four 

models for a particular memory variable. The top half of the table describes models involving the left hippocampus, 

and the bottom half of the table describes models involving the right hippocampus. A significant intercept indicates 

that scores were significantly different from 0. All REM model results had the same significance decisions for other 

variables as SWS models, so only values from REM models are reported. Significance levels are indicated by * < 

.05 ** < .01 *** < .001 

Detail. I predicted that participants with smaller aHPC and larger pHPC volumes would 

positively predict detail memory at immediate test. I ran a set of multiple regression models to 

predict memory for detail measures from left and right aHPC and pHPC volumes and proportion 
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of SWS or REM. There were significant interactions between aHPC and pHPC volumes in 

predicting item memory and deterministic sequences (i.e., two out of four detail measures). As 

predicted, at higher right pHPC volumes, higher aHPC volumes negatively predicted item 

memory, b < -0.001, t(43) = -2.665, p = .011. In other words, participants with larger pHPC and 

smaller aHPC volumes had higher accuracy on item memory at immediate test. Contrary to my 

predictions, at lower right pHPC volumes, higher right aHPC volumes negatively predicted 

deterministic sequences, b = -0.002, t(43) = -4.071, p < .001. In other words, participants with 

smaller right aHPC and smaller pHPC volumes had higher accuracy on deterministic sequences 

at immediate test. Lastly, although there was no interaction with pHPC, higher right aHPC 

volumes negatively predicted detail memory in the single-item gist task at immediate test. In 

summary, hippocampal volumes only predicted one detail measure, item memory, according to 

my hypotheses at immediate test.  

I did not have any specific predictions about how sleep stages predict detail memory. I 

found that proportion of REM positively predicted memory for premise pairs, and negatively 

predicted memory for deterministic sequences, b = -1.116, t(52) = -2.531, p = .0144, at 

immediate test.  
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Table 7. 

The Role of Sleep and Hippocampal Volumes in Predicting Detail Memory at Initial Test (Model 

A). 

 Item 

(Single-Item Gist) 

Detail 

(Single-Item Gist) 

Premise Pairs 

(Transitive Inference) 

Deterministic Sequences 

(Statistical Learning) 

 Estimate t Estimate t Estimate t Estimate t 

OSPAN 0.000 0.181 -0.002 -0.684 -0.003 -0.764 0.006 1.013 

Left aHPC -0.000 -2.307 

* 

-0.000 -1.470 0.000 -1.421 -0.000 -0.919 

Left pHPC 0.000 0.676 -0.000 -1.123 0.000 0.640 0.000 0.542 

Left aHPC * 

Left pHPC 

-0.000 -1.246 -0.000 -1.058 0.000 1.047 0.000 0.443 

pREM 0.274 1.573 -0.054 -0.240 0.636 2.233 

* 

-1.241 -3.145 

** 

pSWS -0.126 -0.741 -0.345 -1.565 0.066 0.232 0.332 0.836 

OSPAN 0.001 0.232 -0.000 -0.117 -0.003 -0.827 0.001 0.156 

Right aHPC -0.000 -2.080 

* 

-0.000 -2.190 

* 

-0.000 -0.974 -0.000 -1.483 

Right pHPC 0.000 0.146 0.000 0.203 -0.000 -0.502 0.000 0.221 

Right aHPC 

* Right 

pHPC 

-0.000 

-0.000 

-1.949 

-2.109 

* 

-0.000 -0.818 -0.000 -0.274 0.000 3.944 

*** 

pREM 0.209 1.207 -0.029 -0.128 0.500 1.764 -0.873 -2.336 
* 

pSWS 0.008 0.044 -0.395 -1.775 0.306 1.003 0.467 1.180 

Note. Slope estimates (bs), t, and p values are provided for each variable. Each set of two columns describe all four 

models for a particular memory variable. The top half of the table describes models involving the left hippocampus, 

and the bottom half of the table describes models involving the right hippocampus. A significant intercept indicates 

that scores were significantly different from 0. All REM model results had the same significance decisions for other 

variables as SWS models, with the exception of an interaction between right aHPC and right pHPC volumes in 

predicted item memory (single-item gist), outlined in orange. Significance levels are indicated by * < .05 ** < .01 

*** < .001. 

3.2 Research Question #2: Do individual differences in hippocampal volumes and sleep 

stages predict changes in gist and detail memory over time? 

Tables 8 and 9 summarize the results. To give an example of how these models were 

constructed, here are the four models tested in the DRM task, in the order shown in Table 8: 

𝐷′𝑔𝑖𝑠𝑡~ 𝑇𝑖𝑚𝑒 +  𝐿𝑒𝑓𝑡 𝑎𝐻𝑃𝐶 + 𝐿𝑒𝑓𝑡 𝑝𝐻𝑃𝐶 +  𝐿𝑒𝑓𝑡 𝑎𝐻𝑃𝐶 ∗ 𝐿𝑒𝑓𝑡 𝑝𝐻𝑃𝐶

+ 𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑅𝐸𝑀 + 𝑂𝑆𝑃𝐴𝑁 (𝑓𝑎𝑡𝑖𝑔𝑢𝑒) 
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𝐷′𝑔𝑖𝑠𝑡~ 𝑇𝑖𝑚𝑒 +  𝐿𝑒𝑓𝑡 𝑎𝐻𝑃𝐶 + 𝐿𝑒𝑓𝑡 𝑝𝐻𝑃𝐶 +  𝐿𝑒𝑓𝑡 𝑎𝐻𝑃𝐶 ∗ 𝐿𝑒𝑓𝑡 𝑝𝐻𝑃𝐶

+ 𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑆𝑊𝑆 + 𝑂𝑆𝑃𝐴𝑁 (𝑓𝑎𝑡𝑖𝑔𝑢𝑒) 

𝐷′𝑔𝑖𝑠𝑡~ 𝑇𝑖𝑚𝑒 +  𝑅𝑖𝑔ℎ𝑡 𝑎𝐻𝑃𝐶 + 𝑅𝑖𝑔ℎ𝑡  𝑝𝐻𝑃𝐶 +  𝑅𝑖𝑔ℎ𝑡 𝑎𝐻𝑃𝐶 ∗ 𝑅𝑖𝑔ℎ𝑡 𝑝𝐻𝑃𝐶

+ 𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑅𝐸𝑀 + 𝑂𝑆𝑃𝐴𝑁 (𝑓𝑎𝑡𝑖𝑔𝑢𝑒) 

𝐷′𝑔𝑖𝑠𝑡~ 𝑇𝑖𝑚𝑒 +  𝑅𝑖𝑔ℎ𝑡 𝑎𝐻𝑃𝐶 + 𝑅𝑖𝑔ℎ𝑡 𝑝𝐻𝑃𝐶 +  𝑅𝑖𝑔ℎ𝑡 𝑎𝐻𝑃𝐶 ∗ 𝑅𝑖𝑔ℎ𝑡 𝑝𝐻𝑃𝐶

+ 𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑆𝑊𝑆 + 𝑂𝑆𝑃𝐴𝑁 (𝑓𝑎𝑡𝑖𝑔𝑢𝑒) 

 Gist. I predicted that participants with larger aHPC and smaller pHPC volumes would 

have higher accuracy on gist measures over time. I ran a set of MLM models to predict memory 

for gist measures from left and right aHPC and pHPC volumes and proportion of SWS or REM. 

There was a significant interaction between left aHPC and left pHPC hippocampal volumes in 

predicting category memory collapsed over time. Contrary to my hypotheses, at higher left 

pHPC volumes, higher left aHPC volumes negatively predicted category memory, b = < -.001, 

t(50) = -2.084, p = .042. In other words, participants with smaller aHPC and larger pHPC 

volumes had the most improvement or least decline in category memory collapsed over time.  

 I predicted that either proportion of REM or proportion of SWS would positively predict 

gist memory collapsed over time. As predicted, proportion of REM positively predicted category 

memory, first-order, and second-order inferences collapsed over time (i.e., three out of six gist 

measures). However, there was no evidence that proportion of REM predicted d’gist, 

supercategory memory, or non-determinstic sequences collapsed over time.  
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Table 8. 

The Role of Sleep and Hippocampal Volumes in Predicting Gist Memory over Time (Model C). 

 D’gist (DRM) Supercategory (Single-
Item Gist) 

Category (Single-
Item Gist) 

First-Order 
Inferences 

(Transitive 

Inference) 

Second-Order 
Inferences 

(Transitive 

Inference) 

Non- 
Deterministic 

Sequences (Statistical 

Learning) 

 Estimate t Estimate t Estimate t Estimate t Estimate t Estimate t 

Intercept ^0.301 4.263 

*** 

^0.761 25.875 

*** 

^0.791 28.463 

*** 

0.580 12.562 

*** 

0.634 11.242 

*** 

0.683 19.997 

*** 

Time -0.312 -9.557 

*** 

-0.097 -7.230 

*** 

-0.076 -6.283 

*** 

0.043 2.332 

* 

0.045 2.169 

* 

-0.015 -1.332 

OSPAN 0.006 1.207 0.004 1.609 0.003 11.217 0.001 0.284 0.000 0.059 0.000 0.114 

Left aHPC -0.000 -0.035 0.000 0.233 -0.000 -1.254 -0.000 -0.232 -0.000 -0.437 -0.000 -0.350 

Left pHPC -0.000 -1.166 -0.000 -0.760 0.000 0.426 0.000 0.065 0.000 0.065 0.000 0.307 

Left aHPC 
* Left 

pHPC 

-0.000 -1.525 -0.000 -1.116 -0.000 -2.084 
* 

-0.000 -1.215 -0.000 -1.453 -0.000 -0.387 

pREM 0.105 0.217 0.390 1.983 0.405 2.145 

* 

0.886 2.099 

* 

1.064 2.158 

* 

-0.459 -1.368 

pSWS ^0.118 0.262 ^-0.091 -0.511 -0.180 -0.977 -0.548 -1.337 -0.146 -0.297 -0.1191 -0.603 

Intercept 1.152 33.285 

*** 

^0.760 25.936 

*** 

0.807 28.631 

*** 

0.600 12.674 

*** 

0.646 11.269 

*** 

0.678 21.026 

*** 
Time -0.152 -8.215 

*** 

-0.093 -7.005 

*** 

-0.080 -6.670 

*** 

0.051 2.714 

** 

0.054 2.618 

* 

-0.012 -1.139 

OSPAN 0.002 0.716 0.004 1.593 0.002 0.846 -0.001 -0.189 -0.001 -0.218 -0.000 -0.153 

Right 

aHPC 

0.000 0.121 0.000 0.856 -0.000 -0.523 0.000 0.087 -0.000 -0.634 -0.000 -0.032 

Right 

pHPC 

-0.000 -0.767 -0.000 -0.777 -0.000 -0.401 0.000 0.556 0.000 0.897 0.000 0.103 

Right 
aHPC * 

Right 

pHPC 

-0.000 -0.747 -0.000 -1.218 -0.000 -1.669 0.000 1.041 0.000 1.212 -0.000 -0.253 

pREM -0.097 -0.408 0.339 1.771 0.309 1.627 0.873 2.089 

* 

1.031 2.033 

* 

-0.509 -1.519 

pSWS 0.218 0.456 -0.222 -1.202 -0.190 -0.946 -0.364 -0.794 0.339 0.620 -0.161 -0.455 

Note. Slope estimates (bs), t, and p values are provided for each variable. Each set of two columns describe all four 

models for a particular memory variable. The top half of the table describes models involving the left hippocampus, 

and the bottom half of the table describes models involving the right hippocampus. A significant intercept indicates 

that scores were significantly different from 0. All REM model results had the same significance decisions for other 

variables as SWS models, so only values from REM models are reported.  ^indicates that a random intercept model 

was used because random intercept and slope did not converge, significance levels are indicated by * < .05 ** < .01 

*** < .001 

 Detail. I predicted that participants with smaller aHPC and larger pHPC volumes would 

have higher accuracy on detail measures over time. I ran a set of MLM models to predict 

memory for detail measures from left and right aHPC and pHPC volumes and proportion of 
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SWS or REM. Contrary to my hypotheses, hippocampal volumes did not predict any detail 

measures collapsed over time. 

I predicted that proportion of SWS would positively predict deterministic sequences 

collapsed over time. I did not have any specific predictions about transitive inference or single-

item gist. Contrary to my predictions, proportion of SWS did not predict deterministic sequences 

collapsed over time. However, proportion of REM negatively predicted deterministic sequences 

collapsed over time. Proportion of REM also positively predicted change in item memory and 

premise pairs collapsed over time. 

Table 9. 

The Role of Sleep and Hippocampal Volumes in Predicting Detail Memory over Time (Model C) 

 Item (Single-item 

Gist) 

Detail (Single-item 

Gist) 

Premise (Transitive 

Inference) 

Deterministic (Statistical 

Learning) 
 Estimate t Estimate t Estimate t Estimate t 

Intercept ^0.911 40.271 

*** 

0.623 21.496 

*** 

0.696 23.996 

*** 

0.704 119.111 

*** 

Time -0.072 -7.341 

*** 

-0.022 -1.740 0.009 0.987 -0.010 -0.942 

OSPAN 0.001 0.668 0.002 1.010 0.000 0.138 -0.03 -1.620 

Left aHPC -0.000 -1.149 0.000 0.641 -0.000 -0.086 -0.000 -0.632 

Left pHPC -0.000 -0.638 -0.000 -0.704 0.000 0.383 0.000 0.316 

Left aHPC * 
Left pHPC 

-0.000 -1.407 -0.000 -0.643 -0.000 -0.840 0.000 0.921 

pREM 0.636 4.103 

*** 

0.036 0.185 0.626 2.197 

* 

-0.975 -2.420 

* 

pSWS ^-0.297 -1.845 -0.277 -1.550 0.038 0.890 0.134 0.343 

Intercept ^0.916 39.760 
*** 

0.638 21.883 
*** 

0.694 23.491 
*** 

^0.729 19.918 
*** 

Time -0.072 -7.319 

*** 

-0.033 -2.503 

* 

0.009 0.937 -0.009 -0.928 

OSPAN 0.001 0.475 0.002 0.957 0.000 0.049 -0.004 -1.895 

Right aHPC -0.000 -1.380 0.000 0.618 -0.000 -0.697 -0.000 -1.088 

Right pHPC -0.000 -0.248 -0.000 -0.142 -0.000 -0.369 0.000 0.092 

Right aHPC 

* Right 

pHPC 

-0.000 -0.783 0.000 0.039 -0.000 -0.657 0.000 1.109 

pREM 0.601 3.936 

*** 

0.046 0.242 0.553 1.955 -0.953 -2.322 

* 

pSWS ^-0.252 -1.444 -0.225 -11.149 0.205 0.688 ^0.467 1.078 

Note. Slope estimates (bs), t, and p values are provided for each variable. Each set of two columns describe all four 

models for a particular memory variable. The top half of the table describes models involving the left hippocampus, 

and the bottom half of the table describes models involving the right hippocampus. A significant intercept indicates 

that scores were significantly different from 0. All REM model results had the same significance decisions for other 
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variables as SWS models, so only values from REM models are reported.  ^indicates that a random intercept model 

was used because random intercept and slope did not converge, significance levels are indicated by * < .05 ** < .01 

*** < .001 

3.4 Do gist memory measures increase over time? 

I predicted that gist would either increase or have less decline than detail over time. 

Memory for d’gist (DRM), supercategory (single-item gist), and category (single-item gist) all 

significantly decreased over time. Memory for first-order (transitive inference) and second-order 

inferences (transitive inference) increased over time, suggesting that delayed inferential gist 

extraction led to the extraction of new information over sleep and/or time. Memory for statistical 

gist (statistical learning) did not significantly change over time. Only item memory (single-item 

gist) significantly decreased over time, with no change in other detail measures.   

To determine whether premise and inference slopes were significantly different from 

each other, I extracted random slopes for each participant from Model D for transitive inference 

variables. A paired-samples t-test between slopes for premise and first order inferences indicated 

that first order inference slopes were significantly larger, t(65) = -4.8179, p < .001. A paired 

samples t-test between slopes for premise and second order inferences also indicated that second 

order inference slopes were significantly larger, t(65) = -18.051, p < .001. These results support 

the conclusion that inference pairs had significantly more growth over time than premise pairs. 

3.5 Results Summary 

 Overall, although there were significant interactions between aHPC and pHPC volumes 

in four out of six gist measures and two out of four detail measures at immediate test, only d’gist 

(DRM) and item memory (Single-Item Gist) followed my hypotheses. Hippocampal volumes did 

not predict any gist or detail measures according to my hypotheses collapsed over time.  
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 As predicted, proportion of REM positively predicted d’gist, first-order and second-order 

inferences at immediate test (i.e., three out of six gist measures). Proportion of REM also 

positively predicted category memory, first-order, and second-order inferences collapsed over 

time (i.e., also three out of six gist measures). Sleep stages did not predict any detail measures 

according to my hypotheses.  
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Chapter 4 

Discussion 

The study had three main goals: 1) Do hippocampal volumes predict both immediate and 

delayed gist extraction? 2) Do individual differences in REM and SWS predict individual 

differences in gist extraction? To address these questions, I investigated whether individual 

differences in aHPC and pHPC volumes and sleep stages predict gist memory both at immediate 

test and over time. Before interpreting my results, I first examine the success of my approach. 

Overall, in this study I am not interested in interpreting the effects of detail memory, except as a 

reference point for gist.  

4.1 Approach 

4.1.1 Multiple Conceptualizations of Gist in the Same Individuals. 

Based on my results, the four kinds of gist I selected for this study were distinguished by 

their hippocampal predictors and behavior collapsed over time. However, sleep stage effects on 

the various gist measures were much more consistent. Of my six measures of gist, four were 

positively predicted by REM either at immediate test or collapsed over time or both. By testing 

multiple conceptualizations of gist in the same individuals, I was able to investigate the specific 

kinds of gist to which the hippocampal subregions may be sensitive.  

4.1.2 Individual Differences 

Consistent with previous research (Werth et al., 1997), I found that sleep stages were 

stable across nights within individuals in this sample. Proportion of SWS and REM were 

significantly correlated across SleepPM and pre-MRI nights, which were often several weeks 

apart. Notably, these correlations were significant despite a lack of correlation between TST 

between the two nights, suggesting that even with large variability in TST, proportions of REM 
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and SWS are stable within individuals. Thus, looking at how individual differences in sleep 

stages predict memory necessarily incorporates both trait and state effects.  

Relatively few studies have examined the role of trait-like differences in sleep stages on 

memory consolidation. Of those that have, most have focused on sleep spindles. Lustenberger, 

Wuhrle, Tüshaus, Achermnn, and Huber (2015) found that trait-like fast sleep spindle density 

negatively predicted and trait-like slow spindle density positively predicted overnight memory 

retention on a word-pair memory task. Schabus and colleagues (2008) found that trait-like 

spindle activity at frontopolar and central topographies was generally higher in high-performing 

participants; however, state-like increases in spindles (compared to a control night in the same 

individuals) were associated with overnight memory improvement. During the control night, 

participants completed a task similar to the learning task but without an explicit learning 

component (i.e., participants were asked to count all italicized letters instead of learning word 

pairs). The study by Schabus and colleagues (2008) brings up an interesting point – that sleep 

stages can change following learning to optimize learning. In this sample, I did not gather data 

from a control night where tasks were perceptually similar with no explicit learning demands. 

Therefore, I can investigate sleep stage effects only at immediate test and collapsed over time, 

rather than learning-induced changes in sleep stages. However, collecting data for a control night 

would not have been suitable for the statistical learning task, which itself measures implicit 

learning. To simplify my analyses, I did not investigate the role of sleep spindles in this study, 

but it would be an interesting future direction. I interpret sleep effects at immediate test as how 

sleep architecture can prepare an individual for immediate gist extraction and detail memory, 

while sleep effects collapsed over time relate to how sleep architecture can support gist 

extraction and detail memory consolidation over time.  
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4.1.3 Disentangling encoding and consolidation effects 

 As discussed below, hippocampal volumes mostly predict individual differences in gist 

memory at immediate test, but not collapsed over time. Thus individual differences in 

hippocampal volumes can predict immediate encoding and gist extraction, but not changes in gist 

memory collapsed over time. Therefore, hippocampal-dependent and sleep-dependent gist 

extraction mechanisms are unlikely to be concurrent. 

4.1.4 Is delayed gist extraction the result of new memories being formed? 

To reiterate, Landmann and colleagues (2014) suggest that qualitative memory changes 

during sleep, such as gist extraction, are the result of new memory content being formed that was 

never learned directly. I consider memory increases over time to be evidence that new memory 

content is being formed. I found evidence that inferential gist extraction is the result of new 

memories being formed, due to increases in memory for both first-order and second-order 

inferences over time. Over the period of a week, memory for first-order inferences (transitive 

inference) increased by 13%, wheras memory for second-order inferences (transitive inference) 

increased by 15%. Premise pairs (transitive inference), a measure of detail memory, increased by 

4%, which was not a significant improvement above baseline. As described above, paired-

samples t-tests between slopes for premise pair memory and first-order/second-order inferences 

indicated that inference pair slopes were significantly larger. These results support the 

conclusion that inference pairs had significantly more growth over time than premise pairs. This 

result is similar to Ellenbogen and colleagues (2007), where participants in the sleep condition 

outperformed participants in the wake condition only on second-order inference memory. In my 

own dataset, I observed increases over time in memory for both first-order and second-order 

inferences (transitive inference). Ellenbogen and colleagues (2007) had a smaller sample size 
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(56), so the discrepancy could be attributed to a lack of sufficient power to detect the effect. 

There was no evidence of an increase in gist memory over time in any other tasks.  

Brainerd and Reyna (2005) suggested that gist traces are more resistant to forgetting than 

detail traces. Due to below chance scores for d’detail, I could not compare memory for d’gist 

(DRM) and memory for d’detail (DRM), and neither deterministic (statistical learning) nor non-

deterministic sequence memory (statistical learning) changed significantly over time. However, 

supercategory memory (single-item gist) decreased by 24% and category memory (single-item 

gist) by 19%, whereas item memory (single-item gist) decreased by 16% and detail (single-item 

gist) by 9%. This effect is unlikely to be a function of higher immediate starting memory for 

measure with greater forgetting, because, aside from detail memory, the order of immediate 

memory accuracy and change over time was reversed (i.e., highest to lowest starting memory 

was item, category, and supercategory; highest to lowest rate of decline was supercategory, 

category, item). Hence, single-item gist traces are more rapidly forgotten over time than detail 

traces, suggesting that detail may be preferentially consolidated in this task. This goes against my 

earlier hypothesis that gist memory would be more resistant to forgetting than detail memory.   

Table 10. 

The Effects of Sleep and Hippocampal Volumes on Types of Gist. 

Type of Gist HPC REM SWS 

D’gist (DRM) Larger aHPC and 

smaller pHPC volumes 

associated with better 

memory for immediate 

d’gist. 

Predicts memory for 

d’gist at immediate 

test. 

- 

Statistical Gist 

(Statistical Learning) 

No effects on memory 

for non-deterministic 

sequences. Smaller 

aHPC and pHPC 

volumes associated 

with better memory for 

Predicts memory for 

deterministic 

sequences at 

immediate test and 

collapsed over time.  

- 
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immediate deterministic 

sequence accuracy. 

Inferential Gist 

(Transitive Inference) 

Smaller aHPC and 

pHPC volumes 

associated with better 

memory for immediate 

inferential gist. 

Predicts memory for 

inferential gist at 

immediate test and 

collapsed over time. 

- 

Single-item Gist Smaller aHPC and 

larger pHPC volumes 

associated with better 

memory for immediate 

and delayed single-item 

gist. 

Predicts memory for 

single-item gist 

collapsed over time. 

-  

 

4.2 Research Question #1: Do individual differences in hippocampal volumes and sleep 

stages predict gist and detail memory at immediate test? 

Initial test and over time results are summarized in Table 10. 

4.2.1 Hippocampal volumes 

There were a number of interactions between left aHPC and left pHPC volumes in 

immediate gist extraction memory for d’gist (DRM), supercategory memory (single-item gist), 

and first-order inferences (transitive inference). I predicted that participants with larger aHPC 

and smaller pHPC volumes would have the most immediate gist extraction, because of the 

functional specialization of the aHPC and pHPC proposed by Poppenk and colleagues (2013), as 

well as behavioural evidence by Collin and colleagues (2015) suggesting that more distant events 

in transitive inference were associated with aHPC activation and more proximal events with 

pHPC activation. Overall, it seems that the hippocampus is involved in immediate gist 

extraction, but it is not a unitary concept – rather, the hippocampus seems to behave differently 

based on how I define gist. Some tasks were predicted by uniform effects across the 

hippocampus (e.g., smaller aHPC and pHPC volumes), whereas others were predicted by 
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variable effects across the hippocampus (e.g., larger aHPC and smaller pHPC volumes). First, I 

discuss variable effects across the hippocampus.  

As I predicted, large left aHPC and small left pHPC volumes were associated with 

immediate multi-item gist extraction (d’gist memory accuracy; DRM). However, these effects 

were reversed for supercategory memory accuracy, where smaller left aHPC and larger left 

pHPC volumes were associated with better immediate single-item gist extraction. One 

explanation could be that the aHPC encodes global, but not local gist. As mentioned in the 

introduction, Neuschatz and colleagues (2002) distinguished between gist that is contained 

within an individual item (local gist) versus gist that is an emergent property of relations among 

items (global gist). Local gist may be closer to a form of detail memory, as it is contained within 

a single item and may therefore be encoded in the pHPC. Giovanello, Schnyer, and Verfaellie 

(2004) found that the aHPC primarily encodes associations between items, which may be distinct 

from gist memory for a single element. Perhaps the functional specialization of the aHPC and 

pHPC could be multi-item (global gist) and single-item (local gist) memories, which may be 

closely related to gist and detail memories.  

There were also several uniform effects across the hippocampus. Small left aHPC and 

small left pHPC volumes predicted immediate inferential gist extraction (memory for first-order 

inferences; transitive inference). Previous studies have found activation in the right aHPC during 

overlapping transitive inference pairs (Heckers, Zalesak, Weiss, Ditman, & Titone, 2004), as 

well activation in the aHPC in more distant (compared to more proximal) premise pairs (Collin 

et al., 2015). Thus, although inferential gist is likely to be encoded in the aHPC, larger aHPC 

volumes do not seem to predict better inferential gist memory. Overall, three measures of gist (if 

I include deterministic sequences) seem to be enhanced by small aHPC volumes: single-item 
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gist, inferential gist, and statistical gist. Van Petten (2004) challenges the idea that larger 

hippocampal volumes are associated with better memory, and instead she found that in young 

adults, smaller hippocampal volumes were associated with better memory performance. Thus, 

perhaps smaller aHPC volumes are associated with better immediate gist extraction, which could 

be the result of enhanced internal connectivity. 

Notably, hippocampal volumes did not predict statistical gist at immediate test, 

suggesting that individual differences in hippocampal volumes do not predict probabilistically-

determined sequences. However, smaller right aHPC and smaller right pHPC volumes were 

associated with better immediate performance on deterministic sequences. Previous research 

found activation in the right hippocampus during statistical learning (Turke-Browne, et al., 

2009). If I consider deterministic sequences a gist measure, which I discuss in more detail below, 

then smaller aHPC and pHPC volumes predict both sequence and inferential gist. Determinsitc 

sequences and inferential gist are both types of structured associations between items (within a 

hierarchy, and within a temporal sequence, respectively). Thus, smaller aHPC volumes may be 

associated with encoding large-scale structure within a memory task. However, sequences seem 

to be encoded in the right hippocampus, while structures within a hierarchy seem to be encoded 

in the left hippocampus.  

4.2.2 Sleep Stages 

 Proportion of REM predicted immediate inferential (memory for first-order and second-

order inferences; transitive inference) and multi-item gist extraction (d’gist memory; DRM), 

suggesting that having a higher proportion of REM may have a preparatory effect on gist 

extraction at immediate test. It is not clear what resource made available by REM might be 

available during later waking periods. A more parsimonious explanation could be that a brain 
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region facilitates gist extraction both during wake and sleep, manifesting as REM during sleep. 

However, proportion of REM also positively predicted immediate memory for premise pairs, a 

measure of detail memory in this task, suggesting that this preparatory effect may be task-wide, 

rather than specific to gist. 

Interestingly, proportion of REM negatively predicted deterministic sequence accuracy at 

immediate test, suggesting a negative preparatory effect. Statistical learning is distinct from other 

kinds of tasks, such that proportion of REM impairs performance. Higher proportion of REM 

also means lower proportions of other sleep stages, such as slow-wave sleep, Stage 1, and Stage 

2. Therefore, deterministic sequences may be positively predicted by other sleep stages or sleep 

architecture (e.g., sleep spindles). 

4.3 Research Question #2: Do individual differences in hippocampal volumes and sleep 

stages predict gist and detail memory over time? 

Initial test and over time results are summarized in Table 10. 

4.3.1 Hippocampal volumes 

Both hippocampal and sleep predictors collapsed over time were significant in only 

single-item gist models. Specifically, smaller aHPC and larger pHPC volumes were associated 

with better category memory collapsed over time, similar to the supercategory memory effects 

seen at immediate test. Thus perhaps pHPC volumes extract and process local gist over time. 

However, hippocampal volumes did not predict item or detail memory collapsed over time in the 

single-item gist task. This lack of prediction may have been because the perirhinal and entorhinal 

cortices, rather than the hippocampus, are involved in object encoding (Bellgowan, Buffalo, 

Bodurka, & Martin, 2009). Both item and detail questions in the single-item gist task could be 

solved through recognition memory for individual objects in a scene.  
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4.3.2 Sleep Stages 

 Proportion of REM positively predicted inferential gist extraction (memory for first- and 

second- order inferences), as well as single-item gist extraction (category memory) collapsed 

over time. This result provides strong evidence that REM, specifically, is involved in gist 

extraction, perhaps through a process of associative linking in different cortical areas (Walker & 

Stickgold, 2010). To my knowledge, no previous study has shown that REM sleep is associated 

with improvement in gist memory collapsed over time across 7 days.  

 One commonality across inferential and single-item gist is that during study, transitive 

inference and single-item gist are presented as discrete units. In transitive inference, participants 

choose which premise in a pair wins to progress a study trial, whereas in single-item gist, 

participants are shown individual word-scene pairs and asked to look for an item in the scene that 

might match the presented word. The presentation of each item is single-item gist is slow (8 

seconds). By contrast, in DRM and VSL words and shapes are presented very quickly. Thus, one 

possible explanation is that proportion of REM sleep facilitates integrative linking of discrete 

episodes. Interestingly, proportion of REM negatively predicted both change in memory for non-

deterministic sequences (statistical gist) and deterministic sequences collapsed over time (i.e., a 

task which requires segmenting a continuous and complex environment into discrete units; 

Turke-Browne et al., 2009). If REM integrates discrete events, it may also destructively abstract 

critical temporal information initally captured in memory from continuous events.  

One important consideration is that REM sleep also positively predicted item memory 

(single-item gist), as well as memory for premise pairs (transitive inference). Therefore, REM 

did not selectively predict gist in this study. However, because memory for premise pairs 

(transitive inference) did not significantly change over time, but inference pairs (transitive 
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inference) did, REM may have had a task-wide effect leading to a small increase in memory for 

premise pairs and a large increase in memory for inference pairs. I conducted a post-hoc test 

comparing slopes between premise pairs and inference pairs in a random intercept and slope 

model with time and proportion of REM as predictors. I extracted random slopes for each 

participant and conducted paired samples t-tests. A paired-samples t-test showed that first-order 

inference slopes were significantly larger than premise pair slopes, t(63) = -4.68, p < .001, d = 

.58. A paired-samples t-test also showed that second-order inference slopes were significant 

larger than premise slopes, t(63) = -16.59, p < .001, d = 2.07. The degrees of freedom are lower 

than 65 because some participants were excluded for having outlier values. Proportion of REM 

did have a significantly larger effect on inference pairs than premise pairs.  

To summarize my REM findings, it seems that proportion of REM has only preparatory 

effects on memory for d’gist (DRM), only consolidation effects on category memory, and both 

preparatory and consolidation effects on memory for inferential gist and deterministic sequences. 

To explain this pattern, perhaps memory for d’gist (DRM) necessitates immediate associative 

linking, such that as the words are presented on the screen, they must be linked together to form 

a theme. By contrast, perhaps gist and detail traces may be encoded simultaneously in single-

item gist, with associative links between gist and detail traces forming over time.  

4.5 Comparing Effects at Initial Test and Over Time 

4.5.1 DRM (Multi-item Gist) 

Overall, memory for d’gist was related only to hippocampal volumes and sleep stages at 

immediate test, suggesting that perhaps the gist of multiple word lists is extracted immediately 

during encoding, with no need for further consolidation over time. There have been discrepant 

accounts on the role of sleep in the DRM task, with some studies showing that memories for the 
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“gist” word increase overnight (Payne et al., 2009), and other suggesting that false memories are 

reduced after sleep (Fenn, Gallo, Margoliash, Roedigger, & Nusbaum, 2009). Furthermore, 

Diekelmann, Born, and Wagner (2010) found that only participants with low memory 

performance in general developed memories for the “gist” word overnight. Critically, Payne and 

colleagues (2009) and Diekelmann and colleagues (2010) both employed recall as a mode of 

testing memory, whereas Fenn and colleagues (2009) employed recognition, suggesting that 

sleep may promote accessibility of gist words in the absence of external cues, and 

simultaneously enhance rejection of gist words in the presence of strong memory cues. By 

contrast, I used a recognition paradigm and saw a decrease in memory for d’gist, with no sleep 

predictors, over time. Consequently, I find that sleep does not promote consolidation of d’gist 

(DRM) recognition memory in the night following encoding.  

Proportion of REM positively predicted immediate memory for d’gist at immediate test, 

suggesting preparatory effects of trait-like REM on immediate multi-item gist extraction. An 

alternative interpretation is that immediate memory for d’gist positively predicted subsequent 

REM sleep, which was found in Djonlagic and colleagues (2009) in a probabilistic learning task. 

However, even if immediate memory for d’gist positively predicted subsequent REM, REM does 

not predict change in memory for d’gist collapsed over time, so memory for d’gist is unlikely to 

be consolidated during sleep.  

Interestingly, d’gist was significantly below 0 at Sleep7, indicating that participants 

systematically responded ‘new’ to ‘old’ and ‘related’ items. The large number of words 

participants learned during the SleepPM study session may have resulted in too much 

interference and a rapid decay in memory after 24 hours.  

4.5.2. Single-item Gist 
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Single-item gist is a new task that was developed to measure local gist contained within a 

single word-scene pair, and not structurally related to other word-scene pairs. Local gist refers to 

the gist of an individual item, and it differs from detail memory in that the information is not 

presently directly during study and needs to be abstracted from the individual item. In this case, 

local gist requires abstracting the category and supercategory of a scene in a word-scene pair. I 

found that single-item gist was the only task predicted by both hippocampal volumes and sleep 

stages at immediate test and collapsed over time. However, the hippocampal effects were in the 

opposite direction of what I predicted. Specifically, participants with smaller aHPC and larger 

pHPC volumes had better single-item gist extraction both at immediate test and collapsed over 

time, suggesting either that smaller aHPC volumes are predictive of single-item gist, or that 

single-item (local) gist, proximal to detail measures, is encoded in the pHPC. Furthermore, 

because hippocampal effects predicted memory both at immediate test and collapsed over time,  

the hippocampus is involved in consolidating single-item gist over longer intervals. This 

discrepancy can be clarified in future fMRI studies to localize where in the hippocampus single-

item gist is encoded and consolidated.    

 I also found that proportion of REM sleep positively predicted single-item gist collapsed 

over time, suggesting a delayed gist extraction effect.    

4.5.3 Transitive Inference (Inferential Gist) 

 Overall, hippocampal volumes only predicted inferential gist at immediate test. Smaller 

left aHPC and pHPC volumes were associated with more immediate gist extraction, but did not 

predict change in inferential gist collapsed over time. Individual differences in hippocampal 

volumes primarily predict encoding and immediate gist extraction, rather than consolidation of 

gist memory. Previous research found that activation in the right aHPC occurs during 
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overlapping transitive inference pairs (Heckers, Zalesak, Weiss, Ditman, & Titone, 2004), and 

activation in the aHPC occurs during more distant inference pairs at immediate test (Collin et al., 

2015).  

 I also found that proportion of REM sleep positively predicted inferential gist both at 

immediate test and collapsed over time, suggesting a combination of immediate and delayed gist 

extraction effects.    

4.5.4 Visual Statistical Learning (Statistical Gist) 

Overall, hippocampal volumes predicted immediate memory only on deterministic 

sequences in statistical learning, similar to transitive inference. If I also consider deterministic 

sequences to be a gist measure, deterministic sequences provide further evidence that the 

hippocampus is primarily involved in immediate gist extraction, rather than gist extraction 

collapsed over time. In terms of sleep stages, REM negatively predicted deterministic sequences 

at immediate test and collapsed over time, suggesting a combination of immediate and delayed 

effects. However, as mentioned above, REM may impair statistical learning, perhaps by 

preventing the discretization necessary to segment a continuous environment.  

4.5.4.1 Are deterministic and non-deterministic sequences dissociable? 

One of the challenges I faced in this project was reconciling various definitions of gist 

and detail with deterministic sequences. On one hand, being able to distinguish these patterns 

from noise requires extracting the gist from the whole sequence. On the other hand, as detail 

memory is often considered to be veridical information, because deterministic sequences test 

these items in the exact form they are learned against a sequence that was never seen, it can also 

be considered a detail measure. To resolve this issue somewhat, I introduced non-deterministic 

sequences, which were presented in one arrangement 3/4 of the time and in other arrangement 
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1/4 of the time. Participants were tested on the arrangement that was presented 3/4 of the time 

against the one presented 1/4 of the time. Answering this test section required participants to 

extract gist from noise while both types of stimuli were presented. Thus, they had to 

probabilistically choose which arrangement was more familiar and presented more frequently. If 

hippocampal volumes or sleep predictors predicted both types of sequences the same way, I 

would say that the non-deterministic sequences are simply introducing more noise into the signal 

but are overall similar constructs. However, if predictors predict these sequences differently, then 

perhaps they are dissociable constructs.  

Based on the summary of statistical learning results above, hippocampal volumes and 

sleep may predict memory and changes in memory only for deterministic sequences, suggesting 

that deterministic sequences are dissociable from non-deterministic sequences. Looking at the 

neural and sleep predictors in general, REM and small aHPC volumes predict gist memory. 

Because REM and small aHPC volumes also predict deterministic sequences, this corresponds to 

the other gist measures and may be considered a gist measure itself.  

4.6 Is gist extraction the result of sleep or time? 

These data show a sleep-specific effect of gist extraction, because sleep stages predict 

changes in gist memory collapsed over time. However, although there have been careful wake-

sleep control groups for many of these tasks across 12 hours – in these data, inferential gist 

(transitive inference) increased over the course of a week. Sleep and wake groups over longer 

intervals cannot be compared, although memories continue to change. A recent study by 

Tompary and Davachi (2018) found that feature overlap emerged in the hippocampus over the 

course of a week after encoding. Hence, gist memories in particular may integrate into other 

forms of knowledge over longer intervals, making sleep vs wake (and time) comparisons 
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impractical, because participants cannot be reasonably deprived of sleep for such long periods. I 

briefly describe a few critiques that sleep stages may be involved in patterns of memory change 

over time. 

Vertes and Eastman (2000) argue that major classes of antidepressant drugs, monoamine 

oxidase inhibitors, tricyclic antidepressant, and selective serotonin reuptake inhibitors, suppress 

REM sleep with no subsequent disruptions on learning and memory. They propose that the role 

of REM is to provide endogenous stimulation to the brain to maintain central nervous system 

activity during sleep. To systematically test whether REM suppression affects inferential gist 

extraction (transitive inference), a future study could investigate transitive inference over sleep 

as predicted by anti-depressant and non-antidepressant groups.  

Furthermore, there have been cases where gist extraction was primarily associated with 

wake and not sleep. For instance, Hennies, Lewis, Durrant, Cousins, and Lambon Ralph (2014) 

found that gist extraction was predicted by awake consolidation rather than sleep. It is possible 

that different kinds of gist are consolidated during sleep and wake, perhaps yielding some 

interesting class boundaries between different kinds of gist. However, in this dataset, there is 

strong evidence to support that inferential gist extraction takes place over multiple nights of 

sleep, predicted by REM.  

Lastly, some researchers suggest that memory changes over time can be accounted for by 

rest intervals and test-retest effects. For instance, Brawn, Fenn, Nusbaum, and Margoliash (2010) 

found that a 5-minute rest period showed the same overall performance improvement as sleep. In 

this study, participants were encouraged to take short breaks between tasks, but I did not 

mandate a rest interval. However, I did measure test-retest effects after delay intervals during the 

SleepPM session. I found test-retest effects at Sleep PM in memory only for deterministic 
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sequences (statistical learning), but no test re-test effects in memory for non-deterministic 

sequences (statistical learning) or any variables in transitive inference task. Because I do not see 

any change in deterministic sequences (statistical learning) over time, the change in time effects I 

observed are unlikely to be the result of test-retest or short delays. Furthermore, memory for 

inferential gist (transitive inference) showed ongoing improvement: it rose not only between 

SleepPM and SleepAM, but also between SleepAM and Sleep7.  

4.7 Limitations and Future Directions 

  One of the goals of this study was to identify various types of gist and measure those 

types in the same individuals over time. However, there were a few limitations of this approach. 

The first was that participants were asked to encode a large amount of information, which would 

be tested over the course of a week, in one evening session before sleep. There was a large 

amount of information in single-item gist and DRM tasks, which tested different types of 

information at each test session. Participants did not perform above chance on memory for d’gist 

(DRM) at Sleep7, possibly as a result of saturation in encoding or due to a large number of items 

competing during consolidation. Although alternative approaches could include measuring only 

one kind of gist at a time, this approach would introduce state-based noise (e.g., more fatigue on 

a particular day), which is controlled for in the current design.  

 Another limitation of this approach was that different types of gist may have had 

contrasting effects on subsequent sleep stages. For instance, Schabus and colleagues (2008) 

found that an increase in sleep spindles, relative to a control night without learning, predicted 

overnight changes in memory. If immediate encoding did predict subsequent sleep stages, one 

kind of gist could promote an increase in a specific sleep stage, whereas another could promote a 

decrease, thereby cancelling any effects. However, I found that proportion of REM positively 
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predicted memory in a few tasks while negatively predicting statistical learning in the same 

individuals. This finding allowed me to discern the limits of REM’s role in gist memory, a 

comparison which would not have been possible if measured on separate nights.  

 A third limitation was that either gist or detail memory traces could have been retrieved 

based on how memory questions were phrased in different tasks.  For instance, in DRM and 

single-item gist, participants were explicitly asked to select the correct answer, exactly how it 

was studied, thus asking for a detailed response. However, in statistical learning, participants 

were asked which sequence was more familiar, thus possibly eliciting a gist memory trace. In 

future studies, when comparing different kinds of gist, memory tasks should be worded such that 

they are asking for a similar kind of representation. I chose the wording of memory questions in 

this study to be consistent with previous studies, to easily compare my results with previous 

research. Altering the phrasing of statistical learning questions to “Which exact sequence did you 

see?”, for example, could be associated with a number of other unexpected changes.  

Lastly, the current design did not allow me to pinpoint the dynamic changes in 

hippocampal activation and sleep over time. Although I was able to behaviorally measure 

different kind of gist and relate those to individual differences in hippocampal volumes, there 

may be time-dependent changes in the activation of the aHPC and pHPC. For instance, in a 

recent paper, Dandolo and Schwabe (2018) found that activity in the aHPC significantly 

decreased over time and was related to memory specificity at encoding, whereas pHPC activity 

remained the same. Tompary and Davachi (2018) found that feature overlaps emerged in the 

hippocampus over the course of a week. Individual differences in hippocampal volumes do not 

allow us to see these time-related changes.  
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Future studies could test within an fMRI over three sessions to relate activation in the 

aHPC to pHPC to time-dependent memory changes. Furthermore, diffusion tensor imaging 

(DTI) scans could determine the degree to which water diffuses within the aHPC, whether this 

density is related to gist memory and whether degree of diffusion is related to aHPC volume.  

4.8 Conclusion 

In summary, I show that gist extraction can be predicted by both hippocampal volumes 

and sleep stages. Inferential gist is associated with the accumulation of new information during 

time and sleep, whereas single- and multi- item gist decrease over time. Hippocampal volumes 

primarily predicted immediate, rather than delayed, gist extraction, with the exception of single-

item gist. By contrast, REM, rather than SWS, predicted both immediate and delayed gist 

extraction, perhaps by creating associative links between discrete events. This difference 

explains the positive predictions of REM in transitive inference, single-item gist, and DRM 

tasks, and the negative prediction in statistical learning (a task which involves the ability to 

discretize a continuous and complex environment).  

In terms of timing, I show that REM has preparatory effects in memory only for d’gist 

(DRM), suggesting that multi-item gist involves making associations during encoding. By 

contrast, REM has consolidation effects only for single-item gist, suggesting that single-item gist 

promotes associations primarily after encoding. However, REM predicts both encoding and 

consolidation for transitive inference and statistical learning but in opposite directions. This 

suggests that statistical learning is distinct from other memory types, and involves a different 

form of processing.  

I also provide evidence that smaller aHPC volumes are associated with better gist 

memory at immediate test, suggesting that in this sample of young adults, smaller aHPC volumes 
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may promote the identification of patterns and higher-order structure. Smaller aHPC volumes 

predict gist memory in all tasks, except for memory for d’gist (DRM), where larger aHPC 

volumes were associated with better immediate gist memory. Therefore, examining hippocampal 

and sleep effects at different time points is important in understanding the dynamics of these 

systems. 
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Appendix A 

 

Study Information 

Title 

Provide the working title of your study. It is helpful if this is the same title that you submit for publication of your final 

manuscript, but it is not a requirement. 

Sleep Contributions to Hippocampal Consolidation of Gist Memory  

Authors 

The author who submits the preregistration is the recipient of the award money and must also be an author of the published 

manuscript. Additional authors may be added or removed at any time. 

Nelly Matorina, Jordan Poppenk  

Research Questions 

Please list each research question included in this study. 

1. There is evidence to suggest that the hippocampus is functionally specialized in its  

anterior segment for gist memory and its posterior segment for detail memory (Poppenk,  
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Evensmoen, Moscovitch, & Nadel, 2013). Therefore, we will measure anterior and  

posterior hippocampal volumes, as well as detail and gist memory on four tasks (Transitive  

Inference, Statistical Learning, Single-Item Gist and Deese-Roedigger-McDermott) to  

determine if individual differences in anterior hippocampal volume predict gist memory  

and if individual differences in posterior hippocampal volume predict detail memory. 2.  

Furthermore, previous research has shown that sleep, as compared to wake, promotes  

memory consolidation in Transitive Inference, Statistical Learning and DRM tasks  

(Ellenbogen, Hu, Payne, Titone, & Walker, 2007; Payne et al., 2009; Durrant, Taylor,  

Cairney, & Lewis, 2011). We will measure gist and detail memory across three time points  

(before sleep, after sleep and one week later) to determine whether anterior hippocampal  

volume predicts change in gist memory over time, and if posterior hippocampal volume  

predicts change in detail memory over time. 3. There is also evidence that individual  

differences in sleep physiology can predict overnight changes in gist and detail memory  

(Tamminen, Ralph, & Lewis, 2013; Durrant et al., 2011). We will measure gist and detail  
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memory before sleep, sleep physiology, and gist and detail memory after sleep to  

determine if sleep physiology predicts overnight changes in gist and detail memory. We  

are also interested in whether individual differences in anterior and posterior hippocampal  

volumes will moderate this relationship. 4. There is evidence to suggest that sleep  

physiology is trait-like, such that it is consistent within people over time with large  

differences between people (De Gennaro, Ferrara, Vecchio, Curcio, & Bertini, 2005).  

Furthermore, theoretical accounts of sleep and gist memory suggest that sleep physiology  

may take several nights in order to change memory (Walker & Stickgold, 2010).  

Therefore, we are asking participants to record their sleep times in a Sleep Diary for one  

week after the initial test, and estimating their total amount of different sleep stages using  

their total sleep times and initial sleep physiology recording. We will use these estimates to  

determine if sleep physiology over the week after learning predicts changes in gist and  

detail memory over time. We are also interested in whether individual differences in  

anterior and posterior hippocampal volumes will moderate this relationship.  

Hypotheses 
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For each of the research questions listed in the previous section, provide one or multiple specific and testable hypotheses. Please 

state if the hypotheses are directional or non-directional. If directional, state the direction. A predicted effect is also appropriate 

here. 

1. Larger anterior and smaller posterior hippocampal volumes will be associated with  

better accuracy on gist measures (inference pairs, non-determinstic sequences,  

superordinate category and category scores, Gr and Gt). Conversely, larger posterior and  

smaller anterior hippocampal volumes will be associated with better accuracy on detail  

measures (premise pairs, deterministic sequences, detail scores, Dr and Dt). 2. Participants  

with larger anterior and smaller posterior hippocampal volumes will show more  

improvement or less decline in gist memory over time (hereafter simply referred to as  

more improvement). Participants with larger posterior and smaller anterior hippocampal  

volumes will show more improvement in detail memory over time. 3. Since there are  

existing theoretical models connecting both slow-wave sleep (SWS) and rapid eye  

movement (REM) sleep to gist memory, we will run model comparisons between SWS  

and REM sleep models. Participants with either higher SWS or REM sleep will show  

greater improvement in gist memory over time. Anterior and posterior hippocampal  

volumes will moderate this relationship, such that participants with the most SWS or  
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REM, largest anterior, and smallest posterior hippocampal volumes will show the most  

improvement in gist memory scores. We predict that for the DRM task, SWS will  

negatively predict detail memory (Payne et al., 2009), while in Statistical Learning SWS  

will positively predict deterministic sequences (Durrant, Taylor, Cairney, & Lewis, 2011).  

We predict that anterior and posterior hippocampal volumes will moderate this relationship  

if such a relationship exists, such that larger posterior and smaller anterior hippocampal  

volumes will be associated with the most improvement in detail memory scores. We're  

unsure which sleep stages will predict detail memory in Transitive Inference and Single-

Item Gist – this part is exploratory. However, our variables of interest include SWS, REM,  

Stage 2 and sleep spindles. 4. We are interested in the distinct contributions of three SWS  

and REM predictors: SWS and REM the night following study, SWS and REM for the five  

days after that (SWS5 and REM5), and SWS and REM the night before our testing session  

one week later. Our predictions involve all three predictors, which we’ve termed SWS-all  

and REM-all. Participants with either higher SWS-all or REM-all will show greater  
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improvement in gist memory over time. Anterior and posterior hippocampal volumes will  

moderate this relationship, such that those with the most SWS-all or REM-all, largest  

anterior, and smallest posterior hippocampal volumes will show the most improvement in  

memory scores. We predict that for the DRM task, SWS-all will negatively predict detail  

memory, while in VSL, SWS-all will positively predict detail memory. We predict that  

anterior and posterior hippocampal volumes will moderate this relationship if such a  

relationship exists, such that larger posterior and smaller posterior hippocampal volumes  

will be associated with the most improvement in detail memory scores. We’re not sure  

which sleep stages will predict detail memory in Transitive Inference and Single-Item Gist  

– this part is exploratory. However, our variables of interest include SWS-all, REM-all,  

Stage 2 and sleep spindles.  

Sampling Plan 

Existing Data 

Preregistration is designed to make clear the distinction between confirmatory tests, specified prior to seeing the data, and 

exploratory analyses conducted after observing the data. Therefore, creating a research plan in which existing data will be used 

presents unique challenges. Please select the description that best describes your situation. Please do not hesitate to contact us if 

you have questions about how to answer this question (prereg@cos.io). 

Registration prior to creation of data  
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Explanation of existing data 

If you indicate that you will be using some data that already exist in this study, please describe the steps you have taken to assure 

that you are unaware of any patterns or summary statistics in the data. This may include an explanation of how access to the 

data has been limited, who has observed the data, or how you have avoided observing any analysis of the specific data you will 

use in your study. The purpose of this question is to assure that the line between confirmatory and exploratory analysis is clear. 

We have initiated data collection, but less than a third of participants have completed the  

study. We inspect each participant's practice night sleep data to ensure they are using the  

device properly. Also, two raters are manually validating the device's automated sleep  

scoring for the first ten participants. We have checked that behavioural and brain data are  

being properly stored in our database, and for an undergraduate student presentation,  

assessed means for two tasks from the data so far. However, we have not related sleep or  

brain data to behavioural data.  

Data collection procedures 

Please describe the process by which you will collect your data. If you are using human subjects, this should include the 

population from which you obtain subjects, recruitment efforts, payment for participation, how subjects will be selected for 

eligibility from the initial pool (e.g. inclusion and exclusion rules), and your study timeline. For studies that don’t include human 

subjects, include information about how you will collect samples, duration of data gathering efforts, source or location of 

samples, or batch numbers you will use. 

Participants will be recruited in Kingston, Canada using posters, Facebook advertisements  

and posts in local forums including reddit, kijiji and craigslist. Recruits who meet the  

following criteria will be invited for an initial session: - between the ages of 22 – 35 (to  

avoid developmental effects) - right-handed - English native-speaker - normal or  
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corrected-to-normal vision and hearing - no contraindications for MRI scanning - no  

history of neurological disorders, or recurrent mental illness that included medication - no  

sleep disorders - not currently taking psychotropic mediations Participants meeting these  

criteria will be invited to undergo a more detailed in-person screening session involving a  

simulated MRI scanner (with no magnetic field) at the Queen's fMRI facility in Botterell  

Hall. They are advised that the session will last approximately two hours, and that they  

will be compensated C$20 for their time (or a pro-rated amount in the case of early  

withdrawal). This session will be conducted in order to test for the following further  

eligibility criteria: - no evidence of claustrophobia while inside the simulated MRI scanner  

- does not report falling asleep after instructed to stay awake for a 20-minute eyes-open  

resting session in the simulated MRI scanner. - follows instructions to stay still in our  

simulated MRI scanner (operationalized as falling below the 95th percentile of low-

frequency motion as measured in a reference sample) - demonstrates task engagement by  

responding to at least 33% of encoding trials in a memory task administered inside the  
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mock scanner, and obtains a d-prime of at least 0.1 in a subsequent memory test -  

illustrates acceptable reading comprehension and speed through TOWRE score of at least  

26.4, and Nelson-Denny score of 2. - indicates that they regularly sleep at least 5 hours a  

night - does not indicate high usage of alcohol or recreational drugs - shows up on time for  

appointment (within 15 minutes of the scheduled time) or reschedules 12 hours in advance  

for the pre-screening session (with tolerance for one missed appointment without notice). -  

illustrates attention to and comprehension of verbal and written instructions presented  

during the screening session - courteous in all interactions with experimenter Participants  

who meet these further criteria will be invited to participate in a comprehensive battery  

involving 18 further sessions, including data collection by various collaborators for various  

unrelated studies. Most sessions are unrelated to the current study and will be described  

elsewhere; only five are relevant to the current study, and these are described below. In  

behavioural sessions, participants complete approximately two hours of testing and are  

compensated at a rate of $10/hour. In one of their visits, participants collect an EEG  
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headband (the Sleep Profiler) for a practice night of sleep with the device. Within the next  

few days, they come back for an evening session (between 7 – 11 pm) which lasts 2.5  

hours (SleepPM). In this session, they complete the study and test components of a number  

of memory tasks: Transitive Inference (TI), Visual Statistical Learning (VSL), the Deese-

Roedigger-McDermott paradigm (DRM), and a new task we have developed called Single-

Item Gist (SG). Participants also complete the Operation Span task (OSPAN) to measure  

fatigue. After the SleepPM session, participants take home the Sleep Profiler again. They  

also take home a Sleep Diary, a subjective sleep measure, to fill in for one week beginning  

from the SleepPM night. The next morning, 12 hours after the start of the evening session,  

participants complete the test component of the same tasks listed above, as well as a  

shortened version of OSPAN (SleepAM). Seven days after the evening session,  

participants return for another testing session at any time of day (Sleep7). All participants  

will complete a neuroimaging session close to the end of the test battery. The day prior to  

the MRI scan, participants will complete a biofeedback session in the simulated MRI  
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scanner in order to help them learn to reduce their head movement (and thereby improve  

the signal quality of their brain images sampled the next day). During the biofeedback  

session, participants will view a 45-minute documentary while viewing a live readout of  

their head motion. When their head motion exceeds an adaptive threshold, the  

documentary will be paused for several seconds while static is played on the screen along  

with a loud, unpleasant noise. Following the documentary, a brief memory test is  

administered outside of the mock scanner to ensure they were paying attention to the film  

content rather than just their motion (not analyzed here). During the MRI session on the  

next day, we will gather the following scans: resting-state fMRI, fMRI of movie viewing,  

high-resolution T1w and T2w anatomical images (0.7mm iso), ultra-high resolution T2w  

medial-temporal lobe images (0.5mm iso), and high-resolution DTI images (1.5mm iso).  

As described elsewhere in the current pre-registration, our hypotheses in the current study  

relate specifically to the medial-temporal lobe anatomical analyses with a focus on the  

hippocampus, although exploratory analyses involving the hippocampus in the resting  
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state, movie and DTI scans will also be performed. Because of the increased invasiveness  

of neuroimaging, participants are compensated at a higher-than normal rate of $20 while in  

the MRI scanner (with the scanning session lasting a total of 1.5 hours). We began data  

collection in September, 2017, and predict we will complete data collection by April,  

2018.   

no file selected  

Sample size 

Describe the sample size of your study. How many units will be analyzed in the study? This could be the number of people, birds, 

classrooms, plots, interactions, or countries included. If the units are not individuals, then describe the size requirements for 

each unit. If you are using a clustered or multilevel design, how many units are you collecting at each level of the analysis? 

Our data collection goal is to gather data from 66 participants completing the experimental  

battery.  

Sample size rationale 

This could include a power analysis or an arbitrary constraint such as time, money, or personnel. 

Four neuroanatomical predictors were of primary interest in our analysis: anterior and  

posterior hippocampus in each brain hemisphere. We also wished to normalize these  

variables using nuisance regressors of age and intracranial volume. The rule-of-thumb  

proposal for detection of medium effect sizes in regressions involving six predictors, as  
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proposed by Harris (1985), is sixty. We increased this value by six to support exclusion of  

up to 10% of unusable data points (see data exclusion section). This is also the maximum  

sample size that our funding is able to support.  

Stopping rule 

If your data collection procedures do not give you full control over your exact sample size, specify how you will decide when to 

terminate your data collection.  

N/A  

Variables 

Manipulated variables 

Describe all variables you plan to manipulate and the levels or treatment arms of each variable. For observational studies and 

meta-analyses, simply state that this is not applicable. 

There are no manipulated variables in this study.  

no file selected  

Measured variables 

Describe each variable that you will measure. This will include outcome measures, as well as any predictors or covariates that 

you will measure. You do not need to include any variables that you plan on collecting if they are not going to be included in the 

confirmatory analyses of this study. 

In this preregistration, gist memory measures refer to non-determinstic sequence accuracy,  

superordinate category and category scores, Gr (probability of retrieving a target’s gist  

trace given a related probe) and Gt (probability of retrieving a target’s gist trace given a  
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target probe), and first and second order inferences. Detail memory measures are  

deterministic sequence accuracy, detail score, Dr (probability of retrieving a target’s detail  

trace given a related probe) and Dt (probability of retrieving a target’s detail trace given a  

target probe), and premise pair accuracy. Fatigue is quantified as OSPAN score. TI and  

VSL are split into Sections A and B which are identical tasks with different stimuli in  

order to measure a test-retest effect. A second reason for two sections is that during  

piloting, we found that certain stimuli would have chance scores at all levels, while others  

would be above chance for some participants. Section A is tested twice at SleepPM, once  

at SleepAM and once at Sleep7 (SleepPM1_A, SleepPM2_A, SleepAM_A, Sleep7_A).  

Section B is tested once at SleepPM, once at SleepAM and once at Sleep7 (SleepPM_B,  

SleepAM_B, Sleep7_B).  

Measured Variables.docx   

 

Indices 

If any measurements are going to be combined into an index (or even a mean), what measures will you use and how will they be 

combined? Include either a formula or a precise description of your method. If your are using a more complicated statistical 

method to combine measures (e.g. a factor analysis), you can note that here but describe the exact method in the analysis plan 

section. 

https://osf.io/project/y8649/files/osfstorage/5a7a63abd647ab0011419839/
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We will estimate Dr, Dt, Gr, and Gt from 'old', 'related', and 'new' responses to  

'old','related', and 'new' items based on the simplified conjoint recognition paradigm  

proposed by Stahl and Klauer (2008). Detail memory in our model is analogous to  

verbatim memory in theirs. For TI and VSL, we will normalize the data to SleepPM1_A  

and SleepPM_B in order to combine the two stimulus sets. The four combined sets would  

be: SleepPM1_A and SleepPM_B, SleepPM2_A, SleepAM_A and SleepAM_B, and  

Sleep7_A and Sleep7_B. We will then create three effects-coded variables, which will be  

compared to the SleepPM1_A and SleepPM_B reference group: test-retest effect, sleep  

effect, and 7-day effect. The test-retest, sleep and 7-day effects will be coded (-1,1,0,0), (-

1,0,1,0), and (-1,0,0,1), respectively. Our Sleep Profiler software computes Total Sleep  

Time, Total Amount of SWS and Total Amount of REM. However, in order to determine  

the reliability of its automated scoring system, two independent raters are currently  

rescoring the first 10 SleepPM nights of data. We will compute an ICC value for the  

average of the two raters scores and the automated scoring system for Total Sleep Time,  
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Total amount of SWS, and Total Amount of REM. If the ICC is good (between 0.75 and  

0.9) or excellent (over 0.9) for these variables (Koo & Li, 2016), we will use the variables  

derived from the automated scoring system. If it is below 0.8, then we will manually  

rescore all of the sleep data. For our hippocampal variables, we don't have any specific  

hypotheses regarding laterality. We will therefore perform a preliminary Pearson's  

correlation of anterior and posterior hippocampal volumes across hemispheres. If r is  

greater than 0.9, we will merge the values across hemispheres. Otherwise, we will run the  

models detailed in Statistical Models with both left and right anterior and posterior  

hippocampal volumes as predictors.  

Indices.docx   

 

Design Plan 

Study type 

Please check one of the following statements 

https://osf.io/project/y8649/files/osfstorage/5a7a63abd647ab0011419838/
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Observational Study - Data is collected from study subjects that are not randomly assigned  

to a treatment. This includes surveys, “natural experiments,” and regression discontinuity  

designs.  

Blinding 

Blinding describes who is aware of the experimental manipulations within a study. Mark all that apply. 

No blinding is involved in this study.  

Study design 

Describe your study design. Examples include two-group, factorial, randomized block, and repeated measures. Is it a between 

(unpaired), within-subject (paired), or mixed design? Describe any counterbalancing required. Typical study designs for 

observation studies include cohort, cross sectional, and case-control studies.  

We are examining longitudinal effects (memory consolidation over time) cross-sectionally  

(using individual differences in sleep and hippocampal neuroanatomy as predictors). For  

details on the examined population, please see inclusion/exclusion criteria.  

no file selected  

Randomization 

If you are doing a randomized study, how will you randomize, and at what level?  

In TI, we assign participants into one of six conditions: one of three assignments of  

symbols to positions on hierarchy, and one of two sets of stimuli which participants are  

tested on twice in SleepPM. In VSL, we assign participants into one of six conditions: one  
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of six assignments of shapes to letters in a sequence, and one of two sets of stimuli which  

participants are tested on twice in SleepPM. In DRM, we assign participants to be tested  

on one of two sequences of word lists at the three time points. In SG, we randomly assign  

word-scene associates, and randomize the order in which word-scene associates are tested  

at the three time points.   

Analysis Plan 

Statistical models 

What statistical model will you use to test each hypothesis? Please include the type of model (e.g. ANOVA, multiple regression, 

SEM, etc) and the specification of the model (this includes each variable that will be included as predictors, outcomes, or 

covariates). Please specify any interactions that will be tested and remember that any test not included here must be noted as an 

exploratory test in your final article. 

Age has been found to covary with hippocampal volumes, but we are working with a  

narrow age-range among healthy adults. If age significantly predicts either anterior and  

posterior hippocampal volume in a regression, we will include age as a covariate in our  

models. If it does not significantly predict either anterior or posterior hippocampal volume,  

then to simplify our models, we will not utilize age in our analyses.  

Statistical Models.docx   

 

Transformations 

https://osf.io/project/y8649/files/osfstorage/5a7a63abd647ab0011419837/
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If you plan on transforming, centering, recoding the data, or will require a coding scheme for categorical variables, please 

describe that process. 

In MLM models, we will grand-mean center anterior and posterior hippocampal volumes.  

We will normalize hippocampal volumes across participants by regressing out the effect of  

intracranial volume. We will also grand-mean center sleep physiology variables. For DRM  

and SG, the three time points will be coded as 0, 1 and 2 for SleepPM, SleepAM and  

Sleep7. For VSL and TI, we will use three effects-coded time variables (test-retest effect,  

sleep effect, and 7-day effect) as described in Indices.  

Follow-up analyses 

If not specified previously, will you be conducting any confirmatory analyses to follow up on effects in your statistical model, 

such as subgroup analyses, pairwise or complex contrasts, or follow-up tests from interactions? Remember that any analyses not 

specified in this research plan must be noted as exploratory. 

For SG and DRM MLM models, we will follow up any significant interactions containing  

hippocampal variables with simple slopes and will create two effects-coded time variables  

to compare SleepPM with SleepAM (coded -1, 1, 0) and SleepPM with Sleep7 (coded -1,  

0, 1). Simple slopes for VSL and TI will be calculated using the three effects-coded times  

variables described in Indices.  

Inference criteria 

What criteria will you use to make inferences? Please describe the information you’ll use (e.g. specify the p-values, Bayes 

factors, specific model fit indices), as well as cut-off criterion, where appropriate. Will you be using one or two tailed tests for 

each of your analyses? If you are comparing multiple conditions or testing multiple hypotheses, will you account for this?  
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We will use the standard p less than 0.05 criteria for determining if the predictors in MLM  

models, regressions and post-hoc tests are significantly different from those expected if the  

null hypothesis were correct. Regressions and comparisons will be performed using  

bootstrap-resampling procedures.  

Data exclusion 

How will you determine which data points or samples (if any) to exclude from your analyses? How will outliers be handled? 

- In TI, we will exclude participants that do not meet our minimum learning criterion on  

one of the last two learning blocks (75%). - For TI and VSL, we will exclude either stimuli  

sets A, B, or both if the average of both determinstic and non-determinstic sequence  

accuracy is at or below chance (0.5). We will also exclude participants on SG who score at  

chance on the average of superordinate category, category, and detail scores. - Prior to  

statistical analysis, we will perform a quality control (QC) inspection of each brain image  

using procedures established for use with a large data-gathering initiative (CAN-BIND).  

Images that fail QC inspection will be excluded. We will perform pairwise deletion for  

outliers in hippocampal volumes that are above or below 3 median absolute deviations. -  
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QC of sleep data will also be performed, and partial recordings (those which do not  

contain the whole night) will be removed. If participants' sleep data doesn't include at least  

some REM and SWS, or if their Total Sleep Time is less than 50% of their typical amount  

of sleep on weekdays, we will exclude the data.  

Missing data 

How will you deal with incomplete or missing data? 

Normally, we will draw hippocampal volumes from our ultra-high resolution medial  

temporal lobe scans. When these scans are missing or fail inspection, we will substitute  

volumes obtained from the next-highest-resolution scan (the same information can be  

obtained from a variety of scans). Likewise, intracranial volume will be drawn from the  

whole-brain scan with the highest available resolution. We will include participants with  

missing data in our models, unless they are missing both sleep physiology and all MRI  

scans (i.e., did not complete any scans during the scan session). If data from an individual  

task is missing, we will perform pairwise deletion for that task.   

Exploratory analysis 

If you plan to explore your data set to look for unexpected differences or relationships, you may describe those tests here. An 

exploratory test is any test where a prediction is not made up front, or there are multiple possible tests that you are going to use. 

A statistically significant finding in an exploratory test is a great way to form a new confirmatory hypothesis, which could be 

registered at a later time. 
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We predict that certain demographic variables may be related to sleep, as well as memory  

processing during sleep. We will look for relationships among these variables (age, gender,  

income, education) as predictors in the models we describe in the Statistical Models  

section.  

Scripts 

Upload an analysis script with clear comments 

This optional step is helpful in order to create a process that is completely transparent and increase the likelihood that your 

analysis can be replicated. We recommend that you run the code on a simulated dataset in order to check that it will run without 

errors. 

no file selected  
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