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Abstract

The Role of Memory Retrieval in Retrieval Practice.
By Andrew T.J. Cawley-Bennett

Retrieval practice involves intervening memory tests to enhance retention of information on a
later test. The memory benefit from practice tests compared to restudying information is known
as the retrieval practice effect. Retrieval practice has been studied for over a century, and
retrieval practice effects are robust. However, the precise role of recall in retrieval practice
remains uncertain. Relative to a restudy control condition, memory testing during retrieval
practice involves recall but can also differentially engage participants’ attention or depth of
processing with the test stimuli. The possibility of increased participant involvement while
testing brings up a potential issue, suggesting that the effects of retrieval practice might not
solely be due to memory retrieval. In this dissertation, | compared a cued-recall retrieval practice

condition (e.g., APPLE-WAGON; APPLE-WAGON). The final memory test involved an
old/new recognition memory paradigm, testing either the cue word (APPLE) or the target word
(WAGON) from each word pair. The rationale of testing individual words was to differentiate
the general memory testing influences on cue words from the specific contribution of memory
recall for target words, relative to restudy control words. Across two behavioral experiments and
one TMRI experiment, the results consistently showed a retrieval practice effect for both cue and
target words. However, signal detection theory-based analyses revealed distinct memory effects
for cue and target words. Retrieval practice cue words exhibited a modest yet consistent memory
benefit from testing, while retrieval practice target words showed a larger and more variable
benefit. The fMRI findings indicated more memory-related activity for retrieval practice target
words compared to retrieval practice cue words in several brain regions, including the prefrontal
cortex, medial temporal lobe, and medial occipital lobe. These results suggest that similar
memory performance improvements for retrieval practice cue and target words are supported by
different neural processes. These findings indicate that retrieval practice effects are not solely
reliant on memory retrieval but are significantly influenced by it during retrieval practice.
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CHAPTER I. GENERAL INTRODUCTION



Overview

The focus of this dissertation is retrieval practice, an experimental intervention in which
one is asked to retrieve a memory on an interim test with the intent to improve performance on a
later final memory test (Roediger & Butler, 2011). For example, if one were provided the word
pair “APPLE — WAGON” and moments later were asked to complete “APPLE - ????” from
memory, one would be more likely to remember “WAGON” on a subsequent final test (retrieval
practice condition: “APPLE - WAGON - APPLE - ???? > WAGON?”) than if the word pair
were studied twice prior to the final test (restudy control condition: “APPLE - WAGON ->
APPLE - WAGON -> WAGON?”). This memory benefit from retrieval practice relative to that
achieved from the restudy condition is large. Moreover, this effect is robust, reliably reproduced,
and commonly referred to as the retrieval practice effect (Karpicke, 2017).

A main goal of the present dissertation is to assess the extent to which the retrieval
practice effect depends on recalling information during an intervention test. If participants were
to achieve better performance on the final memory test for the cue word (e.g., “APPLE”) relative
to those in the restudy control condition, the result would indicate that the retrieval practice
effect does not depend on recalling the to-be-recalled information during the intervention. This
possibility has not been fully tested, despite hundreds of studies on retrieval practice. Of course,
tests result in increased engagement with the study information, which correspondingly can
affect attention, arousal, or vigilance. The presence of increased participant engagement during
testing introduces a potential confounding variable, meaning that the effects of retrieval practice
may not be solely attributable to memory retrieval. In the given example, participants are
required to recall the target word "WAGON" while the cue word "APPLE" is presented on the

screen during the retrieval practice intervention. In the restudy control condition both the cue and



target words are also presented on the screen. Therefore, if memory for cue words such as
"APPLE" is better from retrieval practice relative to restudy control cue words, it suggests that
the retrieval practice effect may be influenced, at least partially, by increased engagement with
the stimuli rather than memory factors solely relying on recall alone.

The possibility that deep engagement with stimuli can benefit subsequent retention, even
in the absence of memory retrieval, resonates with earlier theories on "levels of processing"
(Craik & Lockhart, 1972; Craik & Tulving, 1975). According to these theories, the depth of
memory formation can be attributed to factors associated with the extent of encoding and thus
determines the subsequent retention of the stimuli. In the context of retrieval practice, it is
possible that the practice of retrieving information not only facilitates memory retention, but in
so doing also triggers deeper levels of processing for the stimuli (see Buchin & Mulligan, 2017;
Harlen & Crick, 2003; Lozito & Mulligan, 2006; Mulligan & Picklesimer, 2016; Nielson &
Powless, 2007 for other examples on encoding factors that can impact subsequent retention). By
considering the interplay between depth of engagement and recall, we can gain a more nuanced
understanding of the mechanisms underlying retrieval practice effects and how they may
differentially impact retention of cue versus target words.

A secondary goal of this dissertation is to connect the findings from these studies to
existing hypotheses that account for the mechanisms supporting retrieval practice effects. Many
hypotheses have been proposed and the present dissertation seeks to contribute to this debate by
considering the possibility that different processes contribute to retrieval practice effects for
target words (e.g., "WAGON") and cue words (e.g., "APPLE"). To address this concern, we will
assess final memory performance separately for cue words and target words to ask: 1) do

participants demonstrate a retrieval practice effect for cue words, and, if so, 2) do different



underlying factors contribute to the effect for cue words versus target words as determined by
participants’ performance patterns on the final memory test?

Across two behavioral experiments (Chapter 2) and one functional MRI experiment
(Chapter 3), this dissertation addressed both goals. In all three experiments, participants studied
word pairs, then received a retrieval practice and a restudy control intervention (with different
word pairs appearing in each condition). One or two days later, participants then completed a
final recognition memory test wherein either the cue or target word was presented from each
word pair. The following introduction will first provide some background on findings from
previous retrieval practice studies demonstrating its robustness. Then a brief review of a few
studies that investigated testing effects for non-recalled information during the intervention will
be provided. I will discuss the differences between the motivations of those studies relative to the
motivations of the current dissertation or the methodological considerations that limit the
strength of those findings. Subsequently, many of the influential hypotheses explaining the
mechanisms supporting retrieval practice effects will then be reviewed. Finally, I will detail how

all three experiments conducted in this dissertation answered both core questions.

Brief Historical Background and Additional Terminology
Testing is typically used to measure retention of material taught in a classroom.
Additionally, testing (a form of retrieval practice) can enhance encoding of information and
increase retention of material (Brame & Biel, 2015; Halamish & Bjork, 2011; Roediger &
Butler, 2011). While the benefits of testing have been studied since the early 20™ century
(Abbott, 1909), only in recent decades have studies incorporated better controlled

methodological approaches when investigating retrieval practice (Roediger & Karpicke, 2006).



In modern studies evaluating the efficacy of retrieval practice, just after learning some set
of information, researchers administer retrieval practice in an intervention and compare
subsequent memory to an alternative re-exposure control condition, such as restudying the
information. After a delay from the intervention, participants are then provided a final memory
test to measure retention for all the information presented during initial study. Retrieval practice
research has consistently demonstrated a strong pattern of improved memory associated with
retrieval practice compared to the control condition (Rowland, 2014; Yang et al., 2021),
commonly known as the retrieval practice effect or testing effect (Karpicke & Roediger, 2006;
Malmberg et al., 2014).

Students often leverage the retrieval practice effect when learning a new language by
studying with flashcards. In this method, individuals test their memory by attempting to recall
the associated translational word, either using the English word or the foreign translation written
on the opposite side as a cue. Using foreign translation word-pairs are an example of one type of
stimuli used in retrieval practice studies. Additionally, flashcards represent one of a few formats
of retrieval practice known as cued-recall retrieval practice. The following sections will briefly
summarize some of the other various stimuli and formats used to investigate the efficacy of
retrieval practice. Furthermore, the following will highlight the specific methods chosen in this
dissertation to optimize the outcomes across the conducted experiments. By delving into the
background of retrieval practice studies, readers will also gain a better understanding of the
confounding factors that negatively affected previous similar studies investigating retrieval
practice effects between cue and target words, thereby offering a more informed perspective on

the flaws introduced in those studies’ design.

Background on Methods and Experimental Designs Formats



Retrieval practice research often utilizes one of three testing formats during the
intervention or on the final memory test: 1) a recognition memory test, 2) a cued-recall test, or 3)
a free-recall tests (see Whiffen & Karpicke, 2017 for additional but less common testing
formats). In recognition tests, participants must select the correct response among two or more
options, such as in a true or false test or a multiple-choice test. Cued-recall tests include partial
information used as a memory cue while omitting other information, requiring individuals to
retrieve the to-be-recalled target information. Free recall tests do not provide any specific
memory cues and instead asks participants to produce from memory as much information from a
studied set of stimuli as possible. Debate among which testing format leads to better memory
retention remains unresolved. While some researchers argue that recognition memory tests can
be as effective as cued-recall or free recall tests (e.g., Smith & Karpicke, 2014; Kang et al.,
2007), evidence from a recent meta-analysis reported greater retrieval practice effect sizes on a
final test from cued-recall or free-recall intervention formats (Rowland, 2014). To assess the
extent to which retrieval practice effects rely on retrieving the to-be-recalled target word during
the intervention for cue words, the experiments in the present dissertation will employ a cued-
recall retrieval practice intervention. This format allows us to appropriately address many of the
proposed processes underlying retrieval practice effects.

Stimuli

Retrieval practice studies often used various language-based stimuli. Such language-
based material have included prose passages (e.g., Butler, 2010; Kang et al., 2007; Karpicke &
Blunt, 2011; Roediger & Karpicke, 2006), factual knowledge (e.g., McDaniel et al., 2007),
foreign language translations (e.g., Karpicke & Smith, 2012; Pyc & Rawson, 2009; 2010; 2012;

Toppino & Cohen, 2009), and word pair associations (e.g., Carpenter et al., 2006; Carpenter,



2009; 2011; Hong et al., 2019; Lehman & Karpicke, 2016; Wing et al., 2013). Because factual
knowledge and prose passages can contain potentially confounding factors affecting outcome
performance, such as pre-existing knowledge effects, impaired reading comprehension, or taxing
working memory, the experiments in this dissertation are better served by more simplified
stimuli. For feasibility, the experiments in the current dissertation will use English noun word
pairs.
Delays

Another variation commonly implemented in prior retrieval practice research reflects the
variations in delay length between the intervention and the final memory test. These delay
lengths vary from minutes (termed immediate tests; e.g., Carpenter & DelLosh, 2005; Hong et al.,
2019; Lehman & Karpicke, 2016; Wheeler et al., 2003;), to days (e.g., Carpenter et al., 2006;
Kang et al., 2007; Roediger & Karpicke, 2006), to a week or longer (e.g., Karpicke & Blunt,
2011; Karpicke & Roediger, 2007; Wheeler et al., 2003). Yet, retrieval practice effects are not
always readily apparent on immediate final tests (e.g., Roediger & Karpicke, 2006; Toppino &
Cohen, 2009; Wheeler et al., 2003). Moreover, larger effect sizes tend to be found with longer
test delays relative to shorter test delays (e.g., Chan, 2010; Rowland, 2014). The stronger
retrieval practice effects observed after longer test delays highlight the practical relevance of
retrieval practice for long-term memory. Consequently, the experiments in this dissertation
aimed to explore the real-world applications of retrieval practice effects on long-term memory,
necessitating a minimum one-day delay period.
Between-subject vs within-subject designs

A key methodological consideration in prior retrieval practice research is the choice

between using within-subject and between-subject experimental designs. Findings from one



meta-analyses revealed greater retrieval practice effect sizes for between-subject experiments
relative to within-subject experiments (Rowland, 2014; though see Yang et al., 2021). This may
explain why a large number of studies might have used between-subject experimental designs.
However, a limitation of using between-subject paradigms, as suggested by some researchers, is
that participants assigned to the retrieval practice condition could be equipped with better
learning or testing strategies during the intervention, potentially aiding them with stimulus-
general advantages on the later final memory test (e.g., Cho et al., 2017; Lehman & Malmberg,
2013; Roediger & Karpicke, 2006). That is, between-subject designs leave open the possibility
that retrieval practice effects could be more about literally practicing a particular memory
strategy rather than stimulus-specific benefits obtained from reactivating representations of that
stimulus. Accordingly, in this dissertation, a within-subject experimental paradigm was
implemented to ensure that performance is not solely dependent on strategies benefitting a

particular group of participants.

Studies Examining Testing Effects for Non-recalled Information During an Intervention
The following section summarizes previous research that has examined the influence of

interim memory testing of some stimuli on subsequent memory for other, associated stimuli.
This prior literature can be partitioned into two paradigms that might initially seem similar but
are rather different. One paradigm is similar to the specific retrieval practice procedure used in
the present dissertation. It has focused on how interim memory tests can improve memory for the
provided cue information that is present during the interim test—stimuli that appear on the
interim test but do not require recall to benefit from the test. The second paradigm has
investigated how interim memory tests can improve memory for stimuli that never appeared on

those interim tests yet are related to the tested stimuli. Although, the focus of the present



dissertation is the first paradigm, this summary will begin by reviewing the findings from the
second paradigm, referred to as testing-induced facilitation effects (Chan et al., 2006). The
motivation for summarizing testing-induced facilitation effects is to clarify how those effects
differ fundamentally from the retrieval practice effects that are the focus of this dissertation.

The testing-induced facilitation effect studies examined how successful retrieval
facilitated the memory for associated studied concepts with the tested stimuli. In these studies,
researchers required participants to study either prose passages (Bauml & Tribl, 2022; Chan et
al., 2006; Hinze & Wiley, 2011; LaPorte & Voss, 1975; Nungester & Duchastel, 1982),
educational videos (Cranney et al., 2009), word pairs (e.g., Rowland & DelLosh, 2014), or noun
word lists (Bauml & Tribl, 2022; Rowland & DeLosh, 2014). Participants then either received
interim test questions, some form of a re-exposure control (e.g., restudy), or were not afforded
with re-exposure to the material (e.g., baseline measure). After a varied delay length from the
intervention, participants completed a final memory test including questions from the
intervention as well as additional questions not provided during the intervention.

In one example study, Chan and colleagues (2006) provided reading passages about
toucans and the big bang theory and then tested participants only about toucans during the
interim testing phase. Later, on the final test, participants received the same test questions about
toucans from the interim tests as well as additional new questions regarding both the toucan
passage and the big bang theory passage, neither of which were presented during the intervention
(Chan et al., 2006). The testing-induced facilitation effect was quantified as the extent to which
participants performed better on the novel toucan questions as compared to the novel big bang
theory questions, presumably reflecting the indirect benefit of being previously tested on the

original toucan questions. Indeed, the study revealed a testing-induced facilitation effect with
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better memory found for the novel toucan questions relative to the novel big bang theory
questions.

In another example study (Rowland & Delosh, 2014), participants studied three separate
word lists of semantically unrelated nouns. Immediately after studying each of those lists,
participants were prompted to recall half of the words from those lists in an interim-testing
intervention. To cue recall, the first letter of each word was presented and each list was carefully
constructed so that no two words on a list began with the same first letter. On the final test,
participants were asked to recall those same words from the interim test as well as the remaining
words from the original word lists (see Experiment 2; Rowland & DeLosh, 2014). As a control,
participants studied an additional three separate word lists, however no interim-testing was
performed on these lists. On the final test, participants were also prompted to recall as many
words from the control lists as they could. The testing-induced facilitation effect from this study
revealed better recall for words that were not tested from the interim-test condition relative to
words from the control condition.

Most of these studies demonstrated an interim-testing effect on the final test, and a
testing-induced facilitation effect for information related to the tested material that was not
initially tested. Some of the authors from these studies have suggested that these testing-induced
facilitation effects are consistent with the concept of “spreading activation” (Collins & Loftus,
1974), the idea that successfully retrieving information will also activate strongly associated
representations. A few studies, however, did not find a testing-induced facilitation effect (e.g.,
Hinze & Wiley, 2011; LaPorte & Voss, 1975; Nungester & Duchastel, 1982). The findings from
these testing-induced facilitation effect studies hold important implications regarding the role of

interim testing, but they do not directly address the primary goal of this dissertation. Rather than
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asking if interim testing effects depend on retrieval, these studies have presumed it does and have
asked instead how successful retrieval can lead to improved downstream memory outcomes for
other associated stimuli. In contrast, the primary goal of this dissertation is to assess the extent to
which memory retrieval is necessary to observe a retrieval practice effect in the first place.

There have been two prior studies that used retrieval practice paradigms similar to the
procedure used in the present dissertation (Carpenter, 2011; Carpenter et al., 2006). Despite the
procedural similarity, neither experiment was designed to ask the same core question asked by
the present dissertation—to what extent do retrieval practice effects actually depend on memory
recall? Nevertheless, the results of these studies are worth describing, if only to clarify the
knowledge gaps present in the existing literature.

In the first study (Carpenter et al., 2006), participants initially studied word pairs and
then engaged in cued-recall retrieval practice for half the word pairs and restudied the remaining
word pairs. Feedback was provided after each retrieval attempt. For the final memory test,
conducted 18 to 48 hours later, participants were separated into two final test groups, with one
group given a cued-recall test and the other a free-recall test. For both groups, retrieval practice
effects were reported for both target words and also for cue words in both test formats,
representing a potentially novel finding. However, several major limitations of the study made
interpreting the results difficult. For instance, one limitation was that participants provided covert
responses. Consequently, assessing the extent to which participants were successful in recalling
the target words remained unclear, potentially diminishing the retrieval practice effects for those
words. Another limitation was the provision of feedback after retrieval attempts. Feedback is
considered a moderating factor that enhances the effects of retrieval practice after recall (Kang et

al., 2007). Feedback can also impact metacognitive judgments (Butler et al., 2008), such as



12

improving the level of confidence from one’s response. For these reasons, feedback is considered
an indirect effect of retrieval practice (Roediger et al., 2011). To study the direct effects of
testing, a factor important in this dissertation, feedback interference should be avoided. One last
limitation of the study was the absence of inferential statistics directly addressing the question of
whether retrieval practice enhanced final test memory for cue words compared to the restudy
control condition.

A second study (Carpenter, 2011) also found that cued recall retrieval practice improved
memory for both cue and target words relative to a restudy control condition. After an immediate
delay from the intervention, participants completed an old/new final recognition memory test. In
old/new recognition memory tests, participants are to try and identify previously seen words
from the word pairs as old and identify novel words that have never been seen as new. The
immediate final test results revealed similar memory retention for cue and target words in both
the retrieval practice and the restudy control conditions, though memory was found to be
significantly greater for the retrieval practice condition (Experiment 1). However, one limitation
with this study was the requirement for participants to remember a small number of words pairs
(16) combined with a short delay length, on the order of minutes, between the intervention and
final test. Using a small number of word pairs reduces the potential for decay or interference
effects, especially when tested minutes after an intervention. It is often more practical to apply
longer delay lengths to increase retrieval practice effect sizes (Rowland, 2014). A second
limitation was the use of a between-subjects design, which can introduce confounds related to
differences in participant engagement. Because only half the participants received a retrieval
practice intervention, those participants may have been more engaged overall in the experiment.

For example, those participants that received retrieval practice during the intervention could have
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rehearsed or ruminated on answers between or after intervention trials. Using a between-subject
design can therefore potentially exacerbate the differences between the two conditions. Finally,
participants provided a recognition response for both the cue and target words separately from
each word pair. The problem with testing both words from a word pair is that it complicates the
separability of memory performance for cue and target words. To address this concern, it is
advisable for a recognition memory test to include either the cue or the target word exclusively,
rather than both, to ensure a fair assessment of memory performance. Overall, the findings from
these two studies (Carpenter, 2011; Carpenter et al., 2006) offer limited evidence pertaining to
the central question of the present study regarding the influence of memory recall on retrieval

practice effects.

Retrieval practice fMRI investigations

While most retrieval practice research focuses on behavioral paradigms, a small set of
research has included functional neuroimaging. The majority of these neuroimaging studies have
primarily examined brain activity during the intervention phase, specifically comparing between
a retrieval practice condition and a restudy control condition (e.g., Liu et al., 2014; Vanesst et al.,
2012; Vestergren et al., 2014; Wiklund-Horngvist et al., 2017; Wing et al., 2013). These studies
have shown that retrieval practice during the intervention elicits distinct patterns of brain activity
in posterior brain regions, including the lateral temporal and parietal cortical regions, when
compared to restudying information (Liu et al., 2014; van den Broek et al., 2013; Vannest et al.,
2012; Wing et al., 2013). Specifically, successfully recalled trials appear to enhance neural
representations in these posterior regions, leading to the presumed stabilization of the memory
traces for the retrieved information. Additional findings from these studies include increased

engagement in the ventrolateral prefrontal cortex during retrieval practice relative to a restudy
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control during the intervention. This prefrontal region is thought to contribute to better controlled
retrieval processes by suppressing competing information (van den Broek et al., 2013; Vannest et
al., 2012; Wing et al., 2013). However, one study noted that higher activity in this prefrontal
region may not always predict better learning (Vannest et al., 2012). Lastly, a few neuroimaging
studies discovered greater activity in the anterior cingulate cortex and the anterior insula during
the intervention for retrieval practice trials relative to restudy control trials (van den Broek et al.,
2013; Vannest et al., 2012; Vestergren et al., 2014; Wing et al., 2013). The authors suggested
these areas were associated with attentional processes, which may correlate with increased
engagement during retrieval practice (for a comprehensive overview see van den Broek et al.,
2016).

One limitation of scanning during the intervention is that it can exacerbate the task
engagement differences between retrieval practice and restudy control conditions that are not
specific to memory retrieval. For instance, restudying information is a less demanding cognitive
process, whereas retrieval practice is an active cognitive process that typically requires overt
responses. These distinctions in cognitive processes and overt responses would of course yield
different neural activity. Even if overt responses were required in the restudy control condition,
the results would still differ, such as with measures in response times. As a result, scanning
during retrieval practice may hinder rather than facilitate the identification of retrieval-specific
contributions to the retrieval practice effect on subsequent memory. To better understand how
retrieval practice impacts memory relative to a restudy control condition, experiments should
instead focus on the memory differences between conditions during the final test, when retrieval
is required in both conditions. Rarely have neuroimaging studies investigated this approach (e.g.,

Eriksson et al., 2011; Keresztes et al., 2014; Wirebring et al., 2015), which are discussed next.
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In one study (Eriksson et al., 2011), fMRI was used to examine the impact of retrieval
practice from a cued-recall intervention on a final test. Native Swedish speakers learned
Swedish-Swahili word pairs (e.g., “MASHUA-BOAT?”) and then underwent repeated study-test
trials (e.g., “MASHUA-??7?"). The fMRI scan occurred the next day, but subsequent memory
tests were also performed one week and five months later. On the following day, participants
completed a cued-recall memory test. Participants viewed cue words (e.g., “MASHUA-????")
and indicated their level of recall certainty for the to-be-recalled target word (i.e., recall,
uncertain recall, or no recall) followed by a post-scan recall test as verification. To explore the
neural correlates of successful memory formation from retrieval practice, the authors compared
brain activity between intervention trials where participants less frequently recalled the correct
target word versus trials where participants more frequently recalled the correct target word. On
the one-day memory test, Eriksson and colleagues determined that more frequently recalled
targets resulted in greater neural activity in the anterior cingulate cortex. More successful recalls
also resulted in decreased activity in the mid-ventrolateral PFC and parietal cortex. One must
consider when interpreting the results that a limitation of this study was its small sample size
(n=12), which diminishes the statistical power of the results. An additional limitation was the
inconsistent number of repeated test trials across participants. Four participants had only four
repeated test trials per word pair while other participants had up to eight repeated test trials. This
confound of repeated test trials could have resulted in biased distinctions in brain activity
observed on the one-day memory test. Additionally, this study lacked a control condition,
making it unclear if restudying the material would produce similar patterns of neural activity for

memory.
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A second fMRI study (Wirebring et al., 2015), conducted a similar study that also had
native Swedish speakers learn Swedish-Swahili word pairs (e.g., “MASHUA-BOAT”) through
multiple rounds of cued-recall retrieval practice (e.g., “MASHUA-????"). A final cued-recall
memory test was administered one week later in an fMRI scanner. During the final test,
participants were asked to mentally retrieve the missing target word when provided the cue word
(e.g., “MASHUA-????”) and indicate their level of certainty for recalling the target word (i.e.,
knew it was correct, believed it was correct, could not recall). Participants then selected the
second letter of the missing target word from four alternative options. The analysis focused on
comparing brain activity between words that were remembered both during the initial
intervention and during the final memory test versus words only remembered during the initial
intervention. The researchers observed that there was higher activity in several brain regions
during recall of words remembered at both instances compared to those only recalled in the
initial intervention. These brain regions included the bilateral posterior parietal cortex, bilateral
lateral temporal cortex, right medial temporal lobe (including the hippocampus), right middle
occipital cortex, and bilateral frontal cortex. Like the previous study, this study lacked a suitable
control condition, limiting the ability to distinguish memory performance between a retrieval
practice and a restudy control condition.

In one last fMRI study (Keresztes et al., 2014), patterns of neural activity were also
compared between a retrieval practice and a restudy control condition. However, the primary aim
of this study was to compare successful memory performance from either condition on the final
test to an n-back working memory task. In this working memory task, participants studied a
sequence of stimuli and then were required to indicate whether the current stimulus was in a

given prior n™" position in the sequence. By comparing successful memory performance from



17

either condition on the final test to the n-back working memory task the authors could examine if
there were overlapping neural correlates associated with either of the two conditions and
working memory. Native German speakers learned German-Swabhili word pairs (e.g.,
“MASHUA-BOAT”) followed by half the word pairs being provided in a cued-recall retrieval
practice condition (e.g., “MASHUA-????”) and the remaining half provided in a restudy control
condition (e.g., “MASHUA-BOAT?”). Corrective feedback was provided after each retrieval
attempt. A final fMRI cued-recall test was conducted either immediately or one week later.
During the final test, participants responded only when they knew the answer to the missing
target word. Then the 2-back working memory task was administered in the fMRI. A post-scan
test assessed recall verification. The behavioral results demonstrated a retrieval practice effect
only in the one-week group. However, fMRI analyses at one week did not reveal any significant
differences between conditions when correcting for multiple comparisons. Instead, a less
stringent threshold was applied in the one-week group revealing greater brain activity differences
for retrieval practice, primarily in the inferior frontal gyrus, medial frontal/anterior cingulate
cortex, and occipital lobe. Overlapping patterns of neural activity was found in the retrieval
practice condition and the working memory task at one week, whereas overlapping activity from
both intervention conditions and the working memory task was found in the immediate test
group. The study also contained limitations, including a small sample size per group (n=13) and
confounding factors such as feedback during retrieval practice. An additional limitation was the
difference in re-exposure times between conditions during the intervention (eight seconds for
retrieval practice and five seconds for restudy control). These subtle differences in re-exposure

times could result in subsequent memory disadvantages on the final test.
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In sum, these fMRI studies investigating the effects of retrieval practice on a final
memory test (Eriksson et al., 2011; Keresztes et al., 2014; Wirebring et al., 2015) provided
limited insights into the memory differences in brain activity between a retrieval practice and a
restudy control condition. Furthermore, none of these fMRI retrieval practice studies assessed the

memory impact from recall during retrieval practice for cue words.

Hypothesized Mechanisms for Retrieval Practice Effects

The retrieval practice literature contains multiple hypotheses for retrieval practice effects.
For simplicity, we have grouped these into three hypothetical categories referred to as the
effortful search, the elaborative association, and the episodic reactivation hypotheses. | will now
individually review each of these hypotheses.

The effortful search hypothesis suggests that harder-to-retrieve information requires
greater mental effort and such effort subsequently leads to better memory. Prior research on this
hypothesis has often focused on observed behavioral effects rather than putative cognitive
processes. For example, earlier studies examined how retrieving information strengthened the
memory for that information supported by the extent of the effort involved during the retrieval
process and further provided descriptions about how more difficult forms of retrieval should lead
to greater memory improvements (Bjork & Bjork, 1992; Gardiner et al., 1973). Later research
connected these ideas to retrieval practice and this memory benefit was later found to apply
specifically to information that was successfully recalled during retrieval practice (Pyc &
Rawson, 2009), an outcome consistent with the effortful search hypothesis. Other research found
that the benefit from retrieval practice is consistently observed across longer test delays from a
couple days to weeks after retrieval practice, whereas inconsistent results are more typically

found on immediate tests (Halamish & Bjork, 2011). An interpretation of these results was that
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effortful, yet successful memory search delayed forgetting (Kornell et al., 2011; Pyc & Rawson,
2009). Most effort-based hypotheses lack specificity with respect to putative cognitive processes
and do not offer a clear definition of mental effort, but the narrative descriptions highlight that
the greater the search process, the better the memory benefit for only the successfully recalled
target information.

The elaborative association hypothesis suggests that retrieval practice activates additional
information relevant to the memory cue. This extra information subsequently leads to retrieval of
the to-be-recalled target word, providing an improvement in later retrieval. A key distinction
from the effortful search hypothesis is that the elaborative association hypothesis focuses on the
experimenter-provided cues rather than the missing, to-be-recalled information. The elaborative
association hypothesis builds on early studies that found that deeper “levels of processing”
(Craik & Lockhart, 1972) lead to more semantic associations and thus better memory for to-be-
recalled information. Semantic memory was later proposed to be made up of concepts, where the
activation of a concept would activate other related concepts sharing semantic characteristics that
were all contained within a much larger conceptual framework. This phenomenon is referred to
as the spreading activation theory (Collins & Loftus, 1975). Later research connected these ideas
to retrieval practice. For example, several studies found that memory cues during retrieval
practice elicit an elaborate network of related semantic associations (Chan et al., 2006;
Carpenter, 2009; 2011). These studies proposed that the generation of additional information
provides more resources, or pathways, to subsequently retrieve the to-be-recalled information. In
support of this idea, one retrieval practice study observed greater memory enhancement for word
pairs that had weak semantic relatedness as compared to word pairs that had strong semantic

relatedness (Carpenter, 2009). The author’s interpretation was that the pre-existing link for
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strongly related words cut short the cue elaboration process. By this view, the elaboration
process would indirectly benefit memory for the to-be-recalled target information but would
improve memory to a greater degree for the association-triggering cue. Later research
complicated the interpretation by suggesting that only one robust association generated during
the elaborative process would be sufficient to support the retrieval practice effect (Carpenter &
Yeung, 2017; Pyc & Rawson, 2012). However, the association indirectly linking the cue to the
target information was proposed to be directional (i.e., cue = association - target). Thus, by
this view, the benefit of retrieval practice focuses on the cue because encountering the target
information alone on a final test would not offer the opportunity to capitalize on the enhanced
directional associations.

The episodic reactivation hypothesis suggests that retrieval practice plays a role in
reactivating the initial study episode, including the original stimuli and context. This hypothesis
differs from the prior two in that successful reactivation of the entire study episode would benefit
all information to a similar degree, including both the retrieval practice cue and the to-be-
recalled target words. The episodic reactivation hypothesis encompasses ideas from autonoetic
mental time travel (Tulving, 2005), in which humans are said to possess the ability to place
oneself in the past to reinstate a memory in the present moment. However, as operationalized
here, the hypothesis is agnostic with respect to the importance of autonoetic awareness. Indeed,
the episodic reactivation hypothesis also includes ideas taken from mathematical models of
episodic memory, particularly the Temporal Context Model (Howard & Kahana, 2002), which
emphasizes reactivation of past item-context representations. Several studies have supported the
idea that retrieval practice works by reinstating the original context, including the initial temporal

order of the information (Karpicke et al., 2014; Rowland & DeLosh, 2014; Whiffen & Karpicke,
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2017). The episodic reactivation hypothesis proposes that retrieval practice improves memory
more so than restudying the material because reactivation of the original study episode during the
intervention affords more opportunity to connect the original memory to the memory of the

intervention—a synergy not available during restudy.

Current Aims

Across three experiments, we assessed how much of the retrieval practice effect relies on
recall and, simultaneously, examined the underlying contributing cognitive factors. The memory
task across all three experiments consisted of three phases: a study phase, an intervention phase,
and a final memory test phase. Briefly, participants initially studied word-pairs, then received a
cued-recall retrieval practice or a restudy control intervention. One to two-days later, participants
then received an old/new recognition memory test wherein only the cue or target word from each
word-pair was tested. For example, if “APPLE - WAGON” was initially studied as a word-pair,
then during the intervention participants either saw “APPLE - ????” or “APPLE - WAGON”. On
the final test, participants were either presented with “APPPLE” or “WAGON” and were
required to indicate if the word was old or new. Each old/new response on the final test was also
provided with a confidence rating. By testing individual words on the final test, it was possible to
separately assess the impact of retrieval practice on to-be-recalled target words and on cue words
that were consistently displayed on the screen, like the cue words in the restudy control
condition. An added benefit to implementing a word pair paradigm is the opportunity to test
multiple retrieval practice hypotheses. The effortful retrieval, the elaborative association, and the
episodic reactivation hypotheses will make distinct predictions regarding the memory benefits

afforded to either retrieval practice target words, cue words, or both words respectively.
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In Chapter 2, we assessed the extent to which recall during retrieval practice impacts
subsequent memory. We included receiver operating characteristic (ROC) models to help
disambiguate between the effects of memory strength and memory variability. We additionally
conducted a second experiment in Chapter 2. The aim of the second experiment was to determine
whether two distinct memory factors supported retrieval practice effects for cue words compared
to target words, or if memory differences between cue and target words were attributable to a
single set of enhancing factors that varied in terms of memory strength. We further attempted to
connect the findings from Chapter 2 with the three categories of retrieval practice effect
hypotheses. In Chapter 3, we extended the findings from Chapter 2 by applying functional MRI
during the final test to determine whether the retrieval practice effects for cue and target words
reflected similar or different neural processes. In Chapter 4, the general discussion reviews the
findings from all three experiments and further connect the findings from the three experiments

with the three categorized retrieval practice effect hypotheses.
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Abstract
Retrieval practice involves interim memory testing to improve subsequent retention on a final
test. It has been studied for more than a century and found to be a reliable technique for
enhancing memory retention relative to restudy. However, the precise role of retrieval itself
remains unclear. Relative to a restudy control condition, memory testing during retrieval practice
can uniquely involve memory factors involved with recall but can also differentially engage
participants’ attention or depth of processing of the test stimuli. The potential confound of
increased participant engagement during testing means that retrieval practice effects may not be

wholly attributable to memory retrieval. In the present word-pair memory study, a cued-recall

control condition (e.g., APPLE-WAGON; APPLE-WAGON). The final memory test was an
old/new recognition memory test in which only one word from each word pair was tested, either
the cue word (e.g., APPLE) or the target word (e.g., WAGON). The rationale was that, relative
to control, memory for cue words would reflect general influences from memory testing,
whereas memory for target words would additionally reflect the contribution of memory recall.
Across two experiments, the results indicated that, relative to a restudy control condition,
retrieval practice significantly improved final test memory for both target words and cue words,
indicating that retrieval practice effects did not depend only on recalling words alone. However,
additional analyses based on signal detection theory revealed underlying differences in retrieval
practice effects for cue and target words. Specifically, cue words received a modest yet

consistent benefit from memory testing, whereas target words received a larger yet more
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inconsistent benefit. The findings indicate that retrieval practice effects do not depend on, but are
significantly influenced by, memory recall during a retrieval practice intervention.
Keywords: retrieval practice, practice testing, testing effect, recognition memory, signal

detection theory, declarative memory
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Retrieval is Unnecessary to Observe a Retrieval Practice Effect

Practice tests have been shown to improve information retention relative to rereading the
information a second time. For example, if participants were to initially learn the word pair
“APPLE — WAGON?”, their memory would on average be improved more by testing themselves
on the word pair (e.g., “APPLE - ????”) as compared to rereading the word pair a second time
(termed restudy). This form of interim testing is commonly referred to as retrieval practice
(Rowland, 2014). For more than a century, researchers have explored the advantages of testing
(Abott, 1909; Bauml & Tribl, 2022). However, only in recent decades have investigations
embraced better controlled experimental designs, integrating a restudy control condition to
equate stimulus exposure (Roediger & Karpicke, 2006). Many studies report stronger advantages
of retrieval practice relative to a restudy control condition on a delayed final memory test,
resulting in what is referred to as a retrieval practice effect (Rowland, 2014) or a testing effect
(e.g., Malmberg et al., 2014). Retrieval practice effects have been observed across various
stimuli (e.g., foreign language translations, prose passages, abstract symbols, and word lists;
Rowland, 2014) and numerous delay intervals (e.g., minutes, days, and weeks; Roediger &
Karpicke, 2006), demonstrating the generalizability of the effect and its robustness.

An unanswered question remains: does the retrieval practice effect depend on recalling
the information alone? Retrieval practice may uniquely involve overt recall, but may also
differentially engage participants’ attention to or depth of processing of the test stimuli relative to
when restudying/rereading materials. The potential confound of increased participant
engagement during testing means that retrieval practice effects may not be wholly attributable to
memory retrieval. In the example above, participants are asked to recall the target word

“WAGON” from memory during the retrieval practice intervention, and therefore have only one
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exposure to the word. However, they have two exposures to the cue word “APPLE”, which
appears on the screen during both learning and testing, as it does in the control condition.
Accordingly, the presentation of a repeated cue word might trigger some memory for the original
presentation of the cue word in both the experimental and control conditions. Therefore, if
memory for cue words like “APPLE” benefit from retrieval practice, then the retrieval practice
effect may be at least partly attributable to increased engagement with the stimuli rather than
overt recall. Investigating this possibility further is the primary focus of the current study.

Two prior cued-recall word-pair studies have examined how retrieval practice impacts
both target and cue words relative to a restudy control condition (Carpenter, 2011; Carpenter et
al., 2006). Yet, methodological considerations limit the insights from the results from both
studies. The first study (Carpenter et al., 2006) found that retrieval practice improved memory
for both target words and cue words on a final test administered 18 to 48 hours later. One
limitation of this study was that participants were not required to make overt responses during
the cued-recall intervention and were provided the missing target word after 4 seconds on each
trial. Accordingly, it was unclear how much effort participants devoted to recalling the target
words or how successful they were at doing so, potentially attenuating retrieval practice effects
for those words. Additionally, providing immediate feedback during retrieval practice has been
critiqued for adding an indirect effect on memory beyond retrieval practice (Roediger et al.,
2011) because it involves processes after retrieval (Kang et al., 2007), including metacognitive
processes (Butler et al., 2008). Another limitation of the study was that final memory was
assessed using procedures that made it difficult to distinguish memory for cue words from
memory for target words. Specifically, for some participants, memory of cue words was assessed

on the final test by providing what had been the target word and asking the participant to recall
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its associated cue word, thereby confounding cue word performance with memory for the target
word and its association with the cue word. For other participants, memory for cue words was
assessed with a free recall test in which the prompt was to recall only the cue words, again
confounding cue word performance with memory for target words to the extent that well-
remembered target words would aid recall of cue words and well-remembered target words
would also be less likely to be erroneously included as intrusions. A final limitation of the study
was that no inferential statistics were provided that directly addressed the specific question of
whether retrieval practice improved final memory for cue words relative to the restudy control
question.

A second study (Carpenter, 2011) also found that cued-recall retrieval practice improved
memory for both target and cue words relative to a restudy control condition. In this study, no
feedback was provided during the retrieval practice intervention, and final memory performance
was assessed using separate old/new recognition memory tests for cue words and target words.
Thus, the second study avoided some of the procedural limitations of the first. However, the
second study included only a small number (16) of word pairs and used a between-subjects
design in which only some of the participants engaged in retrieval practice. A between-subjects
design can exacerbate confounds related to participant engagement between retrieval practice
and restudy control conditions to the extent that participants in the retrieval practice condition
would likely be more engaged overall in the experiment, for example, by rehearsing or
ruminating on answers between or after intervention trials. Further, the delay in this second study
between the intervention and final memory test was only 5 minutes. Some prior studies have
found that shorter delays can result in better final memory for the restudy control condition

relative to the retrieval practice condition (e.g., Karpicke & Roediger, 2006), and a general trend
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is that longer (e.g., 24-hour) delays tend to result in larger beneficial retrieval practice effects
(Rowland, 2014). Finally, the second study assessed final recognition memory for cue and target
words separately yet across all trials included both words from each pair on the final test, thereby
complicating the separability of memory performance for cue and target words. In sum, these
two studies (Carpenter, 2011; Carpenter et al., 2006) provided only limited evidence relevant to
the current study’s key question regarding the extent to which retrieval practice effects depend
on recall.

Other studies have asked whether retrieval practice effects go beyond retrieving the
missing target information, referred to as testing-induced facilitation effects (Chan et al., 2006).
However, these studies have addressed questions that differ importantly from that of the current
study. Rather than asking if retrieval practice effects depend on recall, these studies have
presumed it does and have asked instead how successful recall can have beneficial downstream
memory consequences for other related stimuli, such as content of prose passages (e.g., Chan et
al., 2006; Chan, 2009; LaPorte & Voss, 1975; Nungester & Duchastel, 1982; Rowland &
DeLosh, 2014), educational videos (e.g., Cranney et al., 2009), or noun word lists (e.g., Bauml &
Tribl, 2022; Rowland & DelLosh, 2014; see also LaPorte & Voss, 1975 and Nungester &
Duchastel, 1982 for counterexamples). For example, in one study participants either reread
paragraphs about toucans or were given interim test questions about the birds before taking a
final test with interim test questions and new questions (Chan et al., 2006). The interim testing
condition led to better performance for these new questions relative to the restudy control
condition. The authors’ interpretation was consistent with the idea of “spreading activation”
(Collins & Loftus, 1975), the notion that successfully retrieved information can activate

representations of additional related information. In sum, these studies addressed an important



30

topic but did not directly investigate the extent to which memory recall is necessary at all for
retrieval practice effects.

The possibility that deep engagement with stimuli can benefit subsequent retention even
in the absence of memory testing echoes earlier ideas that “levels of processing” primarily
influence the amount of memory encoding and thereby subsequent retention (Craik & Lockhart,
1972; Craik & Tulving, 1975). Related to this view, retrieval practice might elicit deeper levels
of processing of the stimuli in addition to retrieval itself (see Harlen & Crick, 2003; Lozito &
Mulligan, 2006; Mulligan & Picklesimer, 2016; Nielson & Powless, 2007 for examples of deep
encoding improving retention). If so, then retrieval practice effects for target words would be
supported by the participant’s depth of engagement and recall, whereas retrieval practice effects
for cue words would only be supported by the participant’s depth of engagement.

The current study consisted of two experiments that aimed to elucidate whether the
retrieval practice effect was solely observed as a result from memory factors related to recall or
whether the effect was also supported by the increased participant engagement associated with
retrieval practice. We used a within-subject study design where participants were presented with
noun word pairs and were then re-exposed to each word pair in either a retrieval practice
condition or restudy control condition. After two days, we subsequently assessed memory for
both cue and target words using an old/new recognition memory test. Analyses were bolstered by
fitting receiver operating characteristic (ROC) curves to data to disambiguate effects on memory
strength and memory variability. Results from both experiments indicated that retrieval practice
significantly improved retention performance for both cue words and target words relative to a
restudy control condition. However, results from ROC analyses indicated that the performance

improvement for cue words was due to a modest yet consistent benefit to memory, whereas the
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performance improvement for target words was due to a larger yet more variable benefit to
memory. The results are discussed in terms of implications for partitioning retrieval practice

effects into factors related to levels of engagement and to memory retrieval.

Experiment 1

Materials and Methods

Participants

Sixty-seven undergraduate students were recruited by offering course credit for
introductory psychology courses at a private university. An a-priori sample size of 52
participants was targeted for inclusion in the final data set to achieve a power of at least 0.8,
Cohen’s d = 0.4, and an alpha = .05. The estimated effect size between the retrieval practice and
restudy control intervention conditions for cue and target words was based on pilot testing.
Additional participants were recruited with the expectation that some data would not be included
in the final analyses based on exclusion criterion (see Results for details). All procedures were
approved by the Institutional Review Board at Emory University.
Stimuli

Pairs of five to seven letter nouns were compiled, constrained to moderate imageability
(330-600), concreteness (400-600), and familiarity (300-550) based on ratings available in the
MRC psycholinguistic database

(https://websites.psychology.uwa.edu.au/school/MRCDatabase/uwa_mrc.htm; Coltheart, 1981).

In Experiment 1, four separate randomly counterbalanced stimuli sets were created, and each
participant received one set of stimuli. For each stimulus set, words were randomly paired
together. Word pairs were then randomly assigned as “old” words (i.e., appearing in all phases of

the study) or were assigned as “new” words (i.e., appearing only on the final memory test).
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Additionally, all old word-pairs in each set were randomly assigned to either the retrieval
practice condition or restudy control condition.
Procedure

Figure 1 provides a schematic of the procedure. All participants completed a study phase,
an intervention phase, and a final recognition memory test phase. All phases were presented on a
computer in a private research laboratory room using Qualtrics software

(https://www.qualtrics.com; Provo, UT). Prior to beginning the experiment, participants provided

written consent and were then given two examples of the study and intervention phases.
Participants were informed that they would be tested on their memory for the word pairs
presented to them.

In the study phase, participants first saw six word-pairs presented in a randomly-chosen
order for six seconds each. Blocks of six trials were selected based on pilot testing to increase
intervention performance in the retrieval practice condition. Participants were then immediately
presented with the same six trials in a newly randomized order in the intervention phase, with
each trial lasting 12 seconds. Half of the intervention trials were retrieval practice interventions,
and half were restudy control trials. For retrieval practice trials, one word in a pair was provided
as the cue and the other was replaced by an underlined blank. For restudy control trials, both
words were presented. One word in the restudy control condition was underlined, mimicking the
target from the retrieval practice trials, thus termed the control target words. The non-underlined
words were termed control cue words. In both conditions, participants were asked to type in both
words for each trial. The left versus right position of cue and target words was counterbalanced
across trials for both retrieval practice and restudy control trials. No feedback was provided

during the intervention based on prior literature highlighting that feedback may introduce
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influences on memory that are not directly attributable to retrieval (e.g., Kang et al., 2007). The
six study and six corresponding intervention trials comprised one block of trials. Participants
completed a total of 14 blocks. In total, participants saw 42 word-pairs in the retrieval practice
condition and 42 word-pairs in the restudy control condition.

After two days (between 47—72 hours), participants returned to the laboratory and first
completed a demographic questionnaire. Participants then completed an old/new recognition
memory test, starting with seven test trial examples. Four of the trials included a word from the
previously presented example word pairs, and the remaining trials included a new word. For each
trial, a single word was presented, and participants were instructed to identify previously studied
words as old and novel words as new, with a level of confidence. Thus, participants provided one
of six response options: sure old, maybe old, guess old, guess new, maybe new, or sure new. In
total, 168 test trials were presented (84 new words and 84 old words), with each trial lasting five
seconds. Trials were partitioned into six 28-trial blocks with intervening self-paced rest periods.
In each block, words were presented in a random order and were equally divided between old
(14) and new (14) words. In each block, old words were equally divided between the retrieval
practice (7) and restudy control (7) conditions. Across blocks, old words in each condition were
equally likely to have previously served as either cue or target words.

At the end of each visit, participants additionally completed a free recall test with 10
novel words to assess participant engagement. Specifically, 10 new words taken from the same
word pool as the test stimuli were presented simultaneously for 30 seconds. After answering
three to five intervening survey questions, participants were asked to type in as many of the 10
words as they could remember within a 90 second period. Each free recall task used new words

that did not appear elsewhere in the experiment.
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Analyses

Analyses were conducted using MATLAB version 2022b (MathWorks; Natick, MA).
The focus of the present study was the extent to which retrieval practice effects for cue words
were similar to retrieval practice effects for target words. Accordingly, the three key analytic
questions were 1) was there a significant retrieval practice effect for cue words, 2) was there a
significant retrieval practice effect for target words, and 3) within the retrieval practice condition,
was the memory for cue words and target words significantly different from one another? The
analyses focused on three statistical comparisons: memory for retrieval practice cues versus
restudy control cues, memory for retrieval practice targets versus restudy control targets, and
memory for retrieval practice cues versus retrieval practice targets. These comparisons were
evaluated with two-tailed paired t-tests, unless otherwise noted. Analysis of variance (ANOVA)
was not used because neither the main effect of condition irrespective of word type nor the main
effect of word type irrespective of condition would directly address the study’s main questions.
Moreover, a significant interaction term between condition and word type would be ambiguous
as it could result, for example, from either a unique or disproportionate retrieval practice effect
for targets relative to cues (i.e., disordinal or ordinal interaction terms).

Performance on the final recognition memory test was calculated as a d-prime score
(denoted as d’; Tanner & Swets, 1954), a standard metric of memory that subtracts a normalized
false alarm rate (proportion of new words judged as old) from a normalized hit rate (proportion
of old words judged as old). Non-responses were considered incorrect guesses. For each
participant, all new words contributed to the false alarm rate but separate hit rates were
calculated for each word type from each condition. Therefore, separate d’ scores were calculated

for retrieval practice cues, restudy control cues, retrieval practice targets, and restudy control
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targets. Instances of perfect hit rates (1.0) or false alarm rates (0.0), which would yield infinite
normalized values, were adjusted by subtracting (hits) or adding (false alarms) one-half trial
from the numerator prior to normalization.

Additional analyses capitalized on fitting receiver operator characteristic (ROC) models
to the data from final recognition memory test performance using the ROC Toolbox v.1.1.1
(Koen et al., 2017). Briefly, cumulative hit rates and false alarm rates were calculated across
participants’ confidence ratings, and curves were fitted to these data using maximum likelihood
estimation. The number of trials per old word type (21 trials) was insufficient to fit ROC models
to each participant’s data, and thus ROC models were fit to group data by summing cumulative
judgment values across participants. The ROC approach yielded estimates of memory
performance that were theoretically similar to the d” scores described above. Signal Detection
Theory conceptualizes memory as the discriminability of a memory signal distribution of old
words from a noise distribution of new words (Pastore & Scheirer, 1974). We will refer to this
discriminability as signal strength. An additional advantage of fitting ROC models is that the
approach can also provide an estimate of how the shape (standard deviation) of the signal
distribution differs from that of the noise distribution (Egan, 1958). Therefore, fitting ROC
models to the data allows one to disambiguate whether increases in memory performance are due
to relative increases in memory signal strength, decreases in signal standard deviation, or some
combination of both. Accordingly, a commonly-used unequal variance signal detection model
(UVSD; Mickes et al., 2007; Wixted, 2007) was fit to the ROC data to yield parameter estimates
of both signal strength and the signal standard deviation (as a ratio of the standard deviation of

the noise distribution).
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A caveat to this ROC approach is that consensus does not exist regarding which model is
best for recognition memory data. Accordingly, we also fit the data with a dual-process signal
detection (DPSD) model that assumes two independent memory processes contribute to
recognition memory judgments (Yonelinas, 1994). One process, termed familiarity, is
conceptually similar to the estimate of graded memory signal strength described by signal
detection theory. The other process, termed recollection, is depicted as an all-or-none threshold
process that involves episodic-like mental time travel (Yonelinas, 1994). To be clear, the
motivation of the ROC analyses here was not to arbitrate which model was best but instead to
use ROC models in general to ask if the memory supported by retrieval practice differed between
cue words and target words. Moreover, both the UVSD and DPSD ROC models allow for the
possibility that multiple memory processes contribute to recognition memory judgments
(Wixted, 2007). The theoretical distinction between these models is whether it assumes that
multiple memory processes contribute independently to memory judgments (DPSD) or aggregate
into a combined signal for the purposes of making memory judgments (UVSD).

For both UVSD and DPSD models, we used a random bootstrap procedure to estimate
variability across participants with respect to ROC parameter estimates (UVSD: signal strength
and signal standard deviation; DPSD: recollection and familiarity). Specifically, in each of the
1,000 bootstrap iterations, a random sample of n participants was drawn from the original n
participants by random sampling with replacement. For each iteration, the ROC model was fit to
the resampled data in the same manner as it was for the original data. The standard deviations of
the ROC parameter estimates across these 1,000 iterations served as the standard errors of the

mean for the parameters.
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A random shuffling procedure was used to estimate statistical significance for the ROC
parameter differences between retrieval practice and restudy control conditions for both cue and
target words. In this approach, only experimental and control conditions were randomly shuffled
using all original participants. No participant bootstrap resampling took place during these
shuffles. Specifically, in each of the 1,000 iterations, the retrieval practice and restudy control
labels were swapped for a randomly-selected subset of participants. In each iteration, ROC
models were then fit to the shuffled data in the same manner as for the original data, and for each
ROC parameter estimate an experimental-control difference was calculated. Original parameter
estimates that fell in the outer 51 percentile of these distributions was considered statistically
significant at an alpha level of .05.

Results

We excluded data from individuals whose performance was two standard deviations
below the mean on either the final recognition memory test, the cued-recall intervention trials, or
the two free recall word lists that were administered solely to assess task engagement (n=4). Data
generated from non-primary English speakers (n = 13) and data from trials where a computer
error occurred (n = 10) were also excluded from our dataset. Of the 40 remaining participants
(Age range = 18-24; n = 27 self-identified as female, n = 4 as a nonbinary gender), the mean
proportion of correct responses on cued-recall intervention trials was 0.748 (SD = 0.173).
Subsequent analyses of final test performance were based on all old words, irrespective of
intervention performance, to avoid retrievability biases that occur when one analyzes final test
data for only the stimuli that participants recall during the intervention.

We first assessed how memory performance on the final recognition memory test differed

as a function of the word type (cue or target word) and intervention condition (retrieval practice
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or restudy control). Figure 2 shows performance on the final recognition memory test, using d’
based on the normalized hit rate minus the normalized false alarm rate (i.e., not based on ROC
models or a specific theory of recognition memory). Three paired t-tests were used to compare
memory of retrieval practice cues versus restudy control cues, retrieval practice targets versus
restudy control targets, and retrieval practice cues versus retrieval practice targets (see Analyses
section for rationale of approach). Memory for both target and cue words learned in the retrieval
practice condition was significantly better than memory for words learned in the restudy control
condition (target words: t(39) = 5.41, p <.001; cue words: t(39) = 3.44, p < .01). There was not,
however, a significant difference in memory found between retrieval practice cue words and
retrieval practice target words (t(39) = 0.88, p > .05, d = 0.14). Thus, retrieval practice improved
final recognition memory test performance relative to restudy control for both cue and target
words, though the size of the retrieval practice effect (Cohen’s d) for target words (d = 0.86,
indicating a large effect) was numerically greater than that of cue words (d = 0.54, indicating a
medium effect).

We next assessed how retrieval practice performance during the intervention may have
influenced final recognition memory test performance, separately for cue and target words.
Specifically, for each participant, cued-recall intervention performance (proportion correct) was
calculated separately for trials for which the target word appeared on the final test and trials for
which the cue word appeared on the final test. Those intervention scores were then separately
correlated with their corresponding final recognition memory test scores (d”) for target words
and cue words. Figure 3 shows separate scatterplots and highlights significant correlations
between retrieval practice intervention performance and final test performance for both target

words (r(39) =0.70, p <.001) and cue words (r(39) = 0.423, p < .01). An analysis of the two
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correlations that accounted for the dependence (within-subject) of the data indicated that the
correlation was significantly greater (two-tailed, p = .018) for target words compared to cue

words (http://quantpsy.org; Lee & Preacher, 2013).

Final recognition memory test performance was also assessed by fitting the data to a
classic ROC model of recognition memory, the unequal variance signal detection model (UVSD;
Egan, 1958). The model fits two parameters: the difference between distributions of memory
strength for old words (signal) and new words (noise), referred to here as signal strength, as well
as the signal standard deviation (as a ratio of the standard deviation to the noise distribution). An
advantage of ROC models over the simpler estimate of d’ (normalized hit rate minus normalized
false alarm rate) is that the ROC model parameter estimates offer empirical information about
the shape of the memory distribution in addition to information about the strength of the memory
(Brady et al., 2023). Figure S1 in the Supplemental Material additionally shows results from
fitting the data based on another common ROC model of recognition memory, the dual process
signal detection model (DPSD; Yonelinas, 1994). The basic findings from the UVSD and DPSD
ROC models were similar: both cue words and target words benefitted from retrieval practice
relative to restudy control, but the specific impact on ROC parameter estimates differed between
cue words and target words. The main analysis will focus on the results from the UVSD model.

Figure 4 shows the two parameters (signal strength and signal standard deviation) fit by
the UVSD model, separately for restudy control cue words, retrieval practice cue words, restudy
control target words, and retrieval practice target words. A random shuffling approach was used
to determine whether observed differences were greater than one would expect by chance (see
Method Section). Relative to the restudy control condition, retrieval practice improved signal

strength scores for both cue (p < .05) and target (p < .001) words. However, a direct comparison
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between retrieval practice cue and target words indicated that the signal strength scores were
significantly (p < .01) greater for target words. The estimates of signal standard deviations
indicated that, relative to restudy control, retrieval practice numerically increased the variability
of the signal for target words yet numerically decreased the variability of the signal for the cue
words. Although those comparisons to the control condition did not reach statistical significance
(both p’s > .05), a direct comparison between retrieval practice cue and target words indicated
that the signal standard deviations were significantly (p < .01) smaller for cue words. These
findings suggest that relative to restudy control, retrieval practice benefitted memory for cue
words with a smaller but more consistent boost to memory and target words with a larger but
more variable boost to memory.

Using another approach to determine how the influence of retrieval practice might differ
between cue words and target words, we compared only correct final test trials for old items
(hits) across the conditions. Figure 5 depicts this analysis wherein we analyzed the proportion of
hits that were given with high confidence (“sure old”) relative to all hits (“sure old”, “maybe
old”, and “guess old”). Proportion of hits given high confidence ratings were found to be similar
for cues in the retrieval practice and restudy control condition (t(39) = 0.24, p = .81, d = 0.04). In
contrast, the proportion of hits given high confidence ratings for target words was significantly
higher in the retrieval practice condition relative to the restudy control condition (t(39) = 4.62, p
<.001, d = 0.73). In addition, there was a greater proportion of high confidence ratings for
retrieval practice target words relative to retrieval practice cue words (t(39) = 4.53, p<.001,d =
0.72). These results suggest that participants, on average, more frequently provided correct high
confidence ratings for retrieval practice target words relative to cue words.

Discussion
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As demonstrated in prior literature (Rowland, 2014), we found that retrieval practice
improved memory of target words relative to memory of restudy control target words, a
phenomenon known as the retrieval practice effect. Additionally, we found that retrieval practice
also improved memory for cue words. This finding indicates that at least some of the memory
benefits from retrieval practice may not depend exclusively on recall during the intervention.

Additional findings from our study suggest that the retrieval practice effect for cue words
may be caused by a process distinct from the retrieval practice effect for target words. This
interpretation is supported by the following findings. Firstly, the retrieval practice effect size
from memory accuracy (d’) was numerically greater for target words relative to cue words.
Secondly, memory for retrieval practice target words was significantly more correlated with
intervention performance than correlations for retrieval practice cue words. Thirdly, we found
significantly greater signal strength for retrieval practice target words compared to cue words,
along with significantly greater memory variability for target words compared to cue words
(signal standard deviation). The UVSD model used to derive these findings accounts for two
parameters as opposed to the single parameter with d’, thereby providing a more accurate and
precise estimation of the signal to noise distribution (Brady et al., 2023). Further results from
Experiment 1 also revealed a greater proportion of high confidence responses for retrieval
practice target words relative to cue words. Therefore, we hypothesize that there are at least two
effects occurring here: a target-only memory retrieval effect and an effect of attention or
engagement that applied to both retrieval practice cue and target words.

An alternative interpretation of the data is that a single set of memory-enhancing factors
operated on both cue and target words during retrieval practice and that these factors differed

from the restudy control condition only in terms of magnitude. That is, relative to restudy
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control, retrieval practice might have benefitted cue words and target words in the same manner
but just to a greater extent for target words. By this interpretation, all of the differences in the
patterns of results between retrieval practice cue and target words could be traced back to the
observation that the d' retrieval practice effect size was numerically (though not statistically
significantly) larger for target words (Cohen’s d = 0.86) than for cue words (Cohen’s d = 0.54).
Unless a memory-enhancing process adds the same amount of memory strength to each item,
that process will tend to increase memory variability in addition to mean memory strength
(Wixted, 2007). Thus, the increase in signal standard deviation for retrieval practice target words
could have resulted as a byproduct of increased memory signal strength for target words to the
extent that, broadly speaking, increased signal could also lead to increased variability. Moreover,
the increased proportion of correctly endorsed target words (target word hits) with high
confidence in the retrieval practice condition (Figure 5) could be a byproduct of the increased
standard deviation for memory of those words. Figure 6 depicts an illustration of this point.
Specifically, a wider distribution includes heavier tails, which means that a greater proportion of
the distribution would reside in the upper limit of memory strength. To the extent that these
stronger memories would be endorsed with high confidence, the wider memory distribution
would include a greater proportion of high confidence hits. Similarly, the greater correlation
between intervention and final test performance for retrieval practice target words versus cue
words could also be attributed to increased variability in final test memory strength. More
variability would hypothetically open more parametric space for a stronger correlation to
emerge. In short, it was unclear as to whether all of the results from Experiment 1 could have
been attributable to the somewhat greater retrieval practice effect size for targets as compared to

cues.
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Experiment 2 sought to address this possibility by including an additional restudy control
condition in which participants restudied word pairs two-times rather than once. The rationale for
this design was that two restudy opportunities might improve final memory test performance for
cues and targets at a level similar to a single retrieval practice opportunity for cues and targets.
We sought to determine whether an increase in overall memory performance via a single
retrieval practice or two restudy opportunities would lead to similar or dissimilar changes in
other outcomes, such as signal standard deviations, in a manner that still permitted separate
evaluation of final test performance for cue words and target words. We pursued this rationale in
Experiment 2 rather than trying to equate performance between retrieval practice cues and
retrieval practice targets so as to minimize changes to the retrieval practice intervention

procedure used in Experiment 1.

Experiment 2

Materials and Methods

Participants

Seventy-three undergraduate students were recruited. The a-priori sample size for
Experiment 2 was based on similar estimations for the sample size in Experiment 1, yet we
included additional participants in Experiment 2 because of the unanticipatedly large number of
excluded participants from Experiment 1. All procedures were approved by Institutional Review
Board at Emory University.
Stimuli, Procedure, and Analyses

Figure 7 provides a schematic of the procedures for Experiment 2. The same procedures
and stimuli used in Experiment 1 were applied to Experiment 2, with four exceptions. First, the

general administration of the tasks in Experiment 2 were carried out using PsychoPy
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(http://psychopy.org; Peirce et al., 2019). For each participant, PsychoPy randomly assigned old

word pairs evenly to each intervention condition and randomly assigned new words for the final
recognition memory test. With PsychoPy we also collected response times from each trial on the
final recognition memory test.

Second, an additional restudy control condition was included. In Experiment 2 there were
three intervention conditions: a single restudy control condition, a restudy two-times control
condition, and a retrieval practice condition. Each block during the initial study consisted of six
study trials (two trials per condition), and the intervention phase now contained eight trials.
These eight intervention trials consisted of two trials for the single restudy control condition, two
trials for the retrieval practice condition, and two trials for the restudy two-times control
condition that were repeated (i.e., four total trials for restudy two-times control).

Third, the number of word-pairs used in the intervention conditions reduced from 42 to
36 per condition. Despite the decreases in word pairs per intervention condition, there was an
overall increase in the total number of old word trials on the final test. This increase went from
84 to 108 words. With the increase in old words on the final test, we also increased the number
of new word trials to 108. Trials were partitioned into six 36-trial blocks with intervening self-
paced rest periods in between. Each block was equally divided between old (18) and new (18)
words. In each block, old words were equally divided between retrieval practice (6), restudy
control (6), and restudy two-times control (6) conditions.

Fourth, the delay interval between the intervention and the final recognition memory test
decreased from a two-day delay to a one-day delay. The adjustments to the number of word pairs
and test delay were based on pilot testing wherein preliminary results suggested that as the total

overall number of word pairs increased, final test performance after a two-day delay decreased.
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Despite the decrease in performance after a two-day delay, we found more similar memory
retention after a one-day delay to the d’ results from Experiment 1.

Further, all analyses carried out in Experiment 1 were also applied to data in Experiment
2. We continued to make direct contrasts between conditions for each word type using two-tailed
paired samples t-tests. For Experiment 2, additional comparisons included retrieval practice cues
versus restudy two-times control cues and retrieval practice targets versus restudy two-times
control targets. A repeated-measures analysis of variance (ANOVA) is not suitable as it does not
directly address the present study’s core questions. For instance, a main effect for word type or
intervention condition, collapsed across all three conditions, would not directly address the
study’s primary questions. Additionally, an interaction between intervention conditions and word
types, although relevant, could still be ambiguous as it could result, for example, from either a
unique or disproportionate retrieval practice effect for targets relative to cues. Therefore, to better
address the key questions of interest, we continued with analyses using two-tailed paired samples
t-tests. One additional analysis was introduced in this experiment that tested response times
between conditions on the final recognition memory test. Analyzing response times provides
valuable insights into potential variations in cognitive processes associated with decision-
making.
Results

We excluded data from individuals whose performance was two standard deviations
below the mean on either the final recognition memory test, the cued-recall intervention trials, or
the two free recall word lists that were administered solely to assess task engagement (n=4). Data
generated from non-primary English speakers (n = 15) were also excluded from our dataset. Of

the 54 remaining participants (age range = 18-24; n = 37 self-identified as female,n =3 as a
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nonbinary gender), mean proportion of correct responses on cued-recall intervention trials was
0.68 (SD = 0.20). Subsequent analyses of final test performance were based on all old words,
irrespective of intervention performance.

We first addressed how memory performance on the final recognition memory test
differed as a function of word type and intervention condition. Figure 8 shows performance on
the final recognition memory test using d’ (normalized hit rate minus the normalized false alarm
rate). Paired t-tests revealed a statistically significant retrieval practice effect for memory of both
cue and target words relative to the single restudy control condition (cues: t(53) = 2.58, p < .05, d
= 0.35; targets: t(53) = 3.86, p <.001, d = 0.52). Direct contrasts between retrieval practice cue
and target words revealed that memory accuracy was slightly better for retrieval practice target
words, though not significantly better (t(53) = 1.91, p = .06, d = 0.26). Thus, the results from
Experiment 1 were largely replicated for the conditions that were repeated again in Experiment 2
insofar as retrieval practice improved performance relative to a single restudy control condition
for both target and cue words. Moreover, the effect size was numerically larger for memory of
retrieval practice target words relative to retrieval practice cue words.

The results for the restudy two-times control condition indicated that the extra study
opportunity improved final test performance (Figure 8). However, for both cue and target words,
final test performance in the restudy two-times control condition was still numerically lower than
that of cue and target words in the retrieval practice condition. The effect sizes for those
differences were small and did not approach statistical significance (cues: t(53) = 1.17, p = .25, d
= 0.16; targets: t(53) = 1.63, p = .11, d = 0.22). Thus, providing an additional restudy opportunity
to engage with word pairs provided a gain in memory accuracy for cue and target words but did

not quite match the retrieval practice condition performance.
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To further explore memory performance differences on the final test based on word type
and intervention condition, we analyzed response times. Measuring response times allows us to
assess variations in decision-making cognitive processes. Figure 9 depicts the direct contrasts in
response times for both words between intervention conditions. The direct contrasts revealed
significantly faster response times for retrieval practice target words relative to target words from
both restudy control conditions (restudy one-time: t(53) = 3.32, p <.01, d = 0.45; restudy two-
times: t(53) = 3.63, p <.001, d = 0.49). A similar benefit in response times was found for
retrieval practice cue words relative to restudy control cue words (t(53) = 2.08, p <.05,d =
0.28). However, response times for cue words between the retrieval practice and restudy two-
times control condition were not significantly different from one another (t(53) = 0.17,p =.87,d
=0.02). A direct comparison between participant response times for retrieval practice cue versus
target words also revealed significantly faster response times for target words (t(53) = 2.76, p <
.01, d = 0.37). In sum, these results demonstrated faster decision-making processes for both cue
and target words in the retrieval practice condition compared to the single restudy control
condition. Additionally, there was a greater advantage in decision-making processes specifically
for retrieval practice target words, in which response times were also faster relative to restudy
two-times control target words and retrieval practice cue words.

We next assessed how retrieval practice performance during the intervention influenced
final recognition memory test performance, separately for cue and target words. These
correlations were carried out similar to the procedure described in Experiment 1. Figure 10
demonstrates separate scatter plots and correlations between retrieval practice intervention
performance and final test performance (d”) for both target words (r(53) = 0.733, p <.001) and

cue words (r(53) = 0.464, p < .001). An analysis of the two correlations that accounted for the
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dependence (within-subject) of the data indicated that the correlation was significantly greater
(two-tailed p = .019) for target words compared to cue words. These results replicate the parallel
analyses from Experiment 1.

Final recognition memory test performance across conditions was also assessed by fitting
the data to the two parameters from the UVSD model. Figure 11 depicts the signal strength and
signal standard deviation fit by the UVSD model and assessed separately for restudy control cue
words, restudy two-times control cue words, retrieval practice cue words, restudy control target
words, restudy two-times control target words, and retrieval practice target words. Figure S2 in
the Supplemental Material shows the results from fitting the data to the parameters from the
DPSD model. Results from the random shuffling approach, applied to ask if there were observed
differences between the conditions indicated that, relative to the single restudy control condition,
retrieval practice improved signal strength for both target (p < .001) and cue (p < .01) words.
Retrieval practice also improved signal strength relative to the restudy two-times control
condition for both target (p < .001) and cue (p = .001) words. Signal strength was also found to
be significantly greater for retrieval practice target words relative to retrieval practice cue words
(p <.001).

Direct comparisons of the signal standard deviation from the UVSD model for target
words between the retrieval practice and both restudy control conditions revealed greater
variability for retrieval practice target words (single restudy control: p < .001; restudy two-times
control: p <.001). While the signal standard deviation for cue words between the retrieval
practice condition and the restudy control condition was similar (p = .82), variability was greater
for retrieval practice cue words relative to restudy two-times control cue words (p < .05). The

direct comparison between retrieval practice cue and target words also indicated that there was
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more variability for retrieval practice target words (p < .001). Although, the additional study
opportunity in the restudy two-times control condition did not boost overall d> memory
performance to the same level as retrieval practice (Figure 8), it did bring overall d’ performance
closer to retrieval practice levels for both cue and target words. Despite that increase in overall d’
performance for restudy two-times cue and target words, there was no evidence in the ROC
analyses that this increase in performance resulted in a greater signal variability. Indeed, the
signal standard deviation was slightly numerically less for restudy two-times cue and target
words as compared to cues and targets in the single restudy control condition. This result
signifies that an increase in memory strength from an additional restudy opportunity does not
consequently lead to more response variability.

We additionally explored how the influence of retrieval practice might differ between cue
words and target words by examining only correct final test trials for old items (hits) among the
conditions. Figure 12 depicts the results of the proportion of hits given high confidence analysis.
The proportion of high confident responses for retrieval practice target words were found to be
significantly higher relative to target words from both restudy control conditions (single restudy:
t(53) = 6.89, p <.001, d = 0.94; restudy two-times: t(53) = 6.25, p <.001, d = 0.85). The
proportion of high confident responses for retrieval practice cue words were also significantly
higher relative to cue words from both restudy control conditions (single restudy: t(53) = 2.54, p
<.05, d = 0.35; restudy two-times: t(53) = 2.57, p < .05, d = 0.35). Nonetheless, retrieval practice
target words contained a greater proportion of high confidence ratings relative to retrieval
practice cue words (t(53) = 4.07, p <.001, d = 0.55). In sum, these results suggest that correct
high confident responses were more pronounced for both retrieval practice words relative to

words from both restudy control conditions. Moreover, there were particularly more frequent
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high confidence ratings for retrieval practice target words relative to retrieval practice cue words,
replicating the findings from Experiment 1.
Discussion

A retrieval practice effect was observed for both cue and target words compared to
words from the single restudy control condition, replicating findings from Experiment 1. Similar
to the UVSD results from Experiment 1, relative to the restudy control condition, retrieval
practice cues received a modest yet consistent memory improvement whereas retrieval practice
target words received a stronger and more variable memory improvement. However, the results
of the memory accuracy analysis (d') did not reveal a retrieval practice effect for cue and target
words compared to words from the restudy two-times control condition. In contrast to results
from the memory accuracy analysis, the parameters from the UVSD model indicated greater
memory strength and variability for both retrieval practice cue and target words compared to
words from the restudy two-times control condition. Furthermore, there was a greater proportion
of hits given high confidence responses for retrieval practice cue and target words relative to
words from both restudy control conditions.

It seems that providing a second restudy opportunity in Experiment 2 does improve final
memory test performance at least relative to the single restudy control condition. Despite this
small memory improvement, memory strength and memory variability were still lower for
restudy two-times control cue and target words relative to both words from the retrieval practice
condition. These findings therefore do not provide support for the notion that an improvement in
memory performance necessarily translates into corresponding increases in other outcome
variables, specifically in terms of memory variability. Nevertheless, the results obtained in

Experiment 2 confirm that a single retrieval practice condition consistently leads to a
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significantly greater memory improvement compared to restudying the information twice.
Moreover, similar to findings from Experiment 1, we continued to find a greater memory
improvement for retrieval practice target words relative to retrieval practice cue words. What
remains unclear is if the potential differences in memory performance found between retrieval
practice cue and target words result from differences in memory strength or if these differences

are the result of two distinct memory processes.

General Discussion

The current study across two experiments revealed a retrieval practice effect for target
and cue words relative to a restudy control condition. The finding of a retrieval practice effect for
cue words confirmed that retrieval practice effects do not necessarily depend on recall, the type
of memory retrieval of missing information. The memory accuracy analyses (d') from both
experiments revealed a significant memory improvement for both retrieval practice cue and
target words relative restudy control words, with no significant differences between retrieval
practice cue and target words. The results from the unequal variance signal detection (UVSD)
model, however, across both experiments revealed underlying differences in retrieval practice
effects between cue and target words. Specifically, relative to the restudy control condition,
retrieval practice cue words received a modest yet consistent memory improvement, whereas
retrieval practice target words received a larger and more variable memory improvement. The
results from additional analyses, including the correlation analysis, response times analysis
(Experiment 2), and proportion of hits given high confidence analysis, further support the notion
that retrieval practice enhances memory for target words to a greater extent than for cue words.

In sum, these findings suggest that retrieval practice effects for cue words are influenced by
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factors associated with deeper levels of engagement during testing, while retrieval practice
effects for target words are influenced by both deeper levels of engagement and memory recall.

The results from the current study provides findings with substantial implications
compared to prior studies investigating retrieval practice effects for cue and target words
(Carpenter et al., 2006; Carpenter, 2011). While the previous studies provided valuable insights,
they had some methodological limitations that affected the strength of their conclusions. To
address some of those limitations, the present study used a more robust analysis to evaluate
recognition memory performance. For instance, whereas the Carpenter (2011) study reported
responses as a function of hit rates and false alarms separately, the present study used a more
standard measure of memory using d’ to assess recognition memory test results. We additionally
included an additional method using ROC analyses from recognition memory signal detection
models. An additional limitation that was addressed in the current study was the separate
assessment of memory for retrieval practice cue and target words, whereas Carpenter (2011)
tested both cue and target words from each word pair which could have biased their results.
Thus, the present study included additional analyses for both retrieval practice cue and target
words, which were not conducted in prior studies, to assess retrieval practice effects for stimuli
requiring recall versus stimuli that did not require recall. These analyses allowed us to examine
these retrieval practice effects in a more comprehensive and distinct manner, highlighting the
contribution of the current study.

A retrieval practice effect was found for cue words, yet both retrieval practice and
restudy control cue words were provided on the screen during the intervention. Moreover, the
task requirements for both conditions included typing in the provided cue word. The key

distinction between the conditions was that retrieval practice cue words were associated with a
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to-be-recalled target word. Since the cue word from both conditions was present during initial
study and the intervention, it would be expected that automatic recognition memory processes on
the final test would be similar for cue words from both conditions. Despite this assumption, the
parameters from the UVSD model depicted a greater yet consistent memory improvement to
retrieval practice cue words relative to restudy control cue words. The findings from both
experiments indicate that this memory improvement for retrieval practice cue words is not
dependent on recall but rather relies on encoding factors related to deeper engagement during the
retrieval process, such as attention, arousal, or vigilance. Furthermore, it is evident that
restudying word pairs twice did not result in similar improvements to memory strength or
memory variability of cue words as observed in the retrieval practice condition. Nevertheless,
this memory improvement for retrieval practice cue words was less than the memory
improvement afforded to retrieval practice target words. Memory for retrieval practice target
words improved both from deeper levels of engagement with the stimuli and memory recall. This
greater memory benefit was found in both experiments. Results from the UVSD model indicated
a larger and more variable memory improvement, as well as a higher proportion of high
confidence and faster decision-making responses, relative to that for retrieval practice cue words.
These findings can be better contextualized and understood with consideration to
hypotheses that explain the mechanisms behind retrieval practice effects. These hypotheses
provide valuable implications regarding the occurrence of retrieval practice effects on the cue
word, the target word, or both words. One collection of ideas proposed that harder-to-retrieve
information that requires greater mental effort supports the retrieval practice effect (e.g., Bjork,
1975; Bjork & Bjork, 1992; Halamish & Bjork, 2011; Kang et al., 2007; Kornell et al., 2011).

We have categorized these ideas as the effortful search hypothesis. One research study expanded
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on this idea suggesting that more difficult retrieval attempts are beneficial only if they are
successful (Pyc & Rawson, 2009). The disproportionate memory benefit provided to retrieval
practice target words from the current study supports this idea. However, according to this
hypothesis, retrieval practice should benefit memory for only target words and not cue words
since no mental effort was expended to retrieve cue words. With respect to memory strength and
memory variability, an interpretation of this hypothesis would assume an improvement to
memory strength and variability only for target words relative to restudy control target words.
There should be no improvements to memory strength or variability for retrieval practice cue
words relative to restudy control cue words. The observation of a retrieval practice effect for cue
words from the current study contradicts this simple interpretation. For this reason, this
hypothesis as currently provided, does not account for the finding of a retrieval practice effect for
both cue and target words.

Another set of ideas revolves around retrieval practice cue words. According to this view,
the provided cue word triggers semantically-related associations and memory recall for the to-be-
retrieved target word. This activation of additional associations enriches the memory for word
pairs and contributes to retrieval practice effects (e.g., Carpenter, 2009; 2011; Carpenter &
Yeung, 2017; Pyc & Rawson, 2012). We will categorize this set of ideas as the elaborative
association hypothesis. Later research added to this hypothesis suggesting that the association
linking cue to the target information is unidirectional (Carpenter & Yeung, 2017), leaving to
interpretation that memory would be better for the elaborated-on cue words relative to target
words. Based on this interpretation, we would anticipate a greater memory advantage specifically
for retrieval practice cue words. With respect to memory strength and memory variability, we

could interpret from this hypothesis that a greater improvement in memory strength and
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variability for retrieval practice cue words should be observed relative to restudy control cue
words. In contrast, improvements in memory strength and variability for retrieval practice target
words would be modest relative to restudy control target words. The findings from the current
study, however, do not align with this hypothesis. Yet, the concept that retrieval promotes
elaborative associations and establishes more connections, leading to a memory benefit, aligns
with previous notions that deeper processing of information also enhances memory (Craik &
Lockhart, 1972; Craik & Tulving, 1975). A key distinction between the elaborative association
hypothesis and previous ideas regarding deeper levels of processing is that depth of processing
does not necessarily rely upon retrieval to receive a memory benefit.

An alternative set of ideas proposed that retrieval practice uses provided cues to
reactivate the original study episode, including the items and prior context (e.g., Karpicke et al.,
2014; Lehman & Malmberg, 2013; Rowland & DeLosh, 2014; Tulving, 2005; Whiffen &
Karpicke, 2017). Furthermore, successful retrieval practice would integrate the study and
retrieval trial episodes, leading to a subsequent memory benefit. We will categorize this set of
ideas as the episodic reactivation hypothesis. This hypothesis builds on the foundational
principles of the Temporal Context Model (Howard & Kahana, 2002) which emphasizes the
reactivation of prior item-context representations, such that retrieval reinstates the original
context and leads to better memory. According to the episodic reactivation hypothesis account,
the retrieval practice effect should benefit equally both the cue and target word, as reactivating
and integrating the study and retrieval episodes should benefit both words. In relation to memory
strength and memory variability, an interpretation of this hypothesis would assume that a similar
memory improvement for both retrieval practice cue and target words should be observed

relative to both restudy control words. This account raises two potential concerns. First, is
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reactivation of the initial study episode restricted to only retrieval, or is it possible for
reactivation to also occur during a restudy control trial? Perhaps it does occur in the restudy
control condition, but not to the same extent as retrieval practice. Second, even if retrieval
practice leads to a greater advantage in reactivation, the findings in the present study, beyond the
memory accuracy analysis, did not demonstrate similar retrieval practice effects for cue and
target words. Instead, many of the results demonstrated some unique memory distinctions. Thus,
the findings suggest the memory processes for retrieval practice cue words relative to target
words are different.

The findings in the present study cannot be fully explained by a single categorical
hypothesis alone, as currently proposed, but it is possible that these hypotheses are not mutually
exclusive (Carpenter & Yeung, 2017). For instance, the retrieval practice effect for cue words
could be attributed to the episodic reactivation hypothesis. Alternatively, additional encoding
factors like deeper engagement, attention, and vigilance during retrieval practice may be
contributing to the effect. We believe this latter interpretation is more likely to be what is
occurring. These encoding factors may be activated during memory search, resembling concepts
from the elaborative association hypothesis, even though recall is not dependent for the effect on
retrieval practice cue words to occur. These ideas align more closely with the concept of deeper
levels of processing (Craik & Lockhart, 1972). Even though retrieval practice also increased
memory for cue words, the disproportionate retrieval practice effect for target words aligns with
the effortful search hypothesis, wherein increased mental effort during retrieval provides a
greater memory improvement. This greater effort for target words from recall may also
contribute to increases in memory strength and greater memory variability. Further research, for

instance including neuroimaging methods, is needed to test these ideas more broadly.
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A potential limitation of Experiment 1 was that we did not meet the intended sample size.
Despite aiming a-priori for a sample of 52 participants, we experienced a higher participant
exclusion rate than anticipated, which may have decreased overall statistical power. Even with
this complication, the results were largely replicated in Experiment 2 using the initially planned
sample size, providing evidence for the replicability of the findings from Experiment 1.

Additionally, it is important to note that the findings from retrieval practice studies using
word pairs as stimuli may not always apply to real-world memory scenarios or different types of
memory tasks. Memory performance can vary across different contexts and tasks, suggesting
caution in generalizing the results beyond the specific experimental conditions employed in the
present study. It is also possible that performance from the restudy two-times control condition
may have benefitted from a longer interval between each restudy opportunity during the
intervention than what was currently provided. Accordingly, future research may benefit from
investigating this idea with a longer delay between restudy opportunities, and then assessing
memory performance relative to a retrieval practice condition. Despite these limitations, the
findings of the present study indicate that recall during retrieval practice is not strictly required to
observe a retrieval practice effect. Nonetheless, memory recall during a retrieval practice
intervention can significantly influence the effect.
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Figure 1

Schematic of Procedures in Experiment 1

Note. Each participant underwent an initial study phase, intervention phase, and a final test phase
administered after a 2-day delay. Word pairs were presented in blocks of 6 in the initial study

followed immediately by the intervention phase. This cycle repeated a total of 14 times.
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Memory Accuracy Results from Experiment 1

Note. Error bars based on SEM; **indicates p <.01; ns = not significant.
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Scatterplot and Correlations from Experiment 1
Note. Correlations between performance during the retrieval practice intervention and on the

final test, separately for retrieval practice cues (left) and retrieval practice targets (right) in

Experiment 1.
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Figure 4

Unequal Variance Signal Detection Model Results from Experiment 1

Note. The two parameters from the unequal variance signal detection theory model depict signal
strength (left) and the signal standard deviation (right) in Experiment 1. Error bars depict SEM
based on random permutation, whereas p-values are based on random shuffling procedures.

*indicates p < .05; **indicates p < .01; ns = not significant.
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Proportion of Hits Given High Confidence Analysis from Experiment 1

Note. Error bars based on SEM; **indicates p <.01; ns = not significant.
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Example of Signal Detection Theory Results from Experiment 1

Note. Signal strength for retrieval practice cue words (middle) is greater relative to words from
the restudy control condition (top), though the signal standard deviation is the same. However,
signal strength and the signal standard deviation for retrieval practice target words (bottom) is
greater relative to both retrieval practice cue words and words from the restudy control
condition. The middle-dashed line depicts old/new discrimination whereas the far left-dashed
line depicts the proportion of high confident responses. The blue dotted line depicts signal

strength for restudy control words as a comparison relative to retrieval practice words.
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Schematic of Procedures in Experiment 2

Note. The procedure consisted of three phases (initial study, intervention, final memory test),
with the initial study of six word-pairs. Unlike in Experiment 1, the immediate intervention
phase, however, included 2 additional word-pairs in the restudy two-times control condition. The

initial study followed immediately by the intervention phase was repeated for a total of 18 times.
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Memory Accuracy Results from Experiment 2

Note. Error bars based on SEM; *indicates p < .05; **indicates p < .01; ns = not significant.
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Note. The two parameters from the UVSD model depicting signal strength and signal standard

deviation from Experiment 2. Error bars depict SEM based on random permutation, whereas p-

values are based on random shuffling procedures. *indicates p < .05; **indicates p <.01; ns =

not significant.
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Supplemental Material

Supplementary Text

Results from Experiment 1

A common ROC model of recognition memory is the dual process signal detection model
(DPSD; Yonelinas, 1994). The two parameter estimates from the DPSD model include
familiarity, similar to signal strength from the UVSD model, and recollection, an all-or-none
threshold process. Familiarity is considered a fast and automatic memory process whereas
recollection is considered a slower memory process. A random shuffling approach was used to
ask if observed differences were greater than one would expect by chance, similar to results from
the UVSD model (see Method Section). Figure S1 depicts the results of this analysis. Relative to
the restudy control condition, retrieval practice improved familiarity for cue words (p < .01),
though not for target words (p = .09). A direct comparison between retrieval practice cue and
target words found no differences in familiarity scores between both word types (p = .17). In
contrast to findings for familiarity, the results from the recollection parameter indicated that
recollection for retrieval practice target words was better relative to restudy control target words
(p < .01), though the same memory benefit did not apply for cue words between the retrieval
practice and restudy control conditions (p = .42). A direct contrast for recollection between
retrieval practice cue and target words revealed a greater recollection for target words compared
to cue words (p < .001). These results suggest that relative to restudy control words, recollection
was strongest for retrieval practice target words whereas familiarity was greater for retrieval

practice cue words.
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Results from Experiment 2

Figure S2 depicts the results of the analysis from the DPSD model. The results from the
DPSD model, with a random shuffling approach, revealed improved familiarity from restudying
the word lists two times for target words relative to the familiarity of retrieval practice target
words, (p <.05). Furthermore, familiarity for retrieval practice cue words was also better relative
to familiarity for retrieval practice target words (p < .001). There was however, no other
significant distinctions in familiarity between retrieval practice and the single restudy control
condition for cue (p = .11) or target (p = .38) words, nor between retrieval practice and the
restudy two-times control condition for cue words (p = .47). However, recollection was found to
be significantly greater for retrieval practice target words relative to target words from both
restudy control conditions (single restudy: p < .001; restudy two-times: p <.001) and retrieval
practice cue words (p < .001). Moreover, recollection for retrieval practice cue words was better
relative to restudy two-times control cue words (p < .05), although they were not any different
when compared to cue words from the single restudy control condition (p = .13). In sum, these
results suggest that an additional restudy opportunity improved familiarity for cue and target
words, yet this improvement was substantially better relative to retrieval practice target words.
Familiarity was also better for retrieval practice cue words relative to retrieval practice target
words, although the opposite was true in regards to recollection with a much stronger sense of
recollection for target words. Moreover, recollection memory for retrieval practice target words

was vastly superior relative to words from both restudy control conditions.
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Dual Process Signal Detection Model Results from Experiment 1

Note. The two parameters from the dual process signal detection theory model depict familiarity
(left) and recollection (right) in Experiment 1. Error bars depict SEM based on random

permutation, whereas p-values are based on random shuffling procedures. **indicates p < .01; ns

= not significant.
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Figure S2

Dual Process Signal Detection Model Results from Experiment 2

Note. The two parameters from the dual process signal detection theory model depict familiarity
(left) and recollection (right) in Experiment 2. Error bars depict SEM based on random
permutation, whereas p-values are based on random shuffling procedures. *indicates p < .05;

**indicates p < .01; ns = not significant.
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Abstract
The retrieval practice effect (also known as the testing effect) refers to the benefit to subsequent
memory from intervening practice tests compared to restudying information. The effect has been
studied extensively, yet the extent to which retrieval itself contributes to the effect was
questioned in a recent study that used a cued-recall retrieval practice intervention (Cawley-
Bennett et al., Chapter 2). The study found that, compared to a restudy control condition, the
retrieval practice intervention improved subsequent memory for the to-be-recalled target words
but also for the cue words that appeared on the screen during retrieval practice. The present
fMRI study aimed to determine if the memory improvement for cue words and target words were
supported by similar neural processes. Participants learned word pairs in either a cued-recall
retrieval practice or a restudy control condition and completed a final recognition memory test in
a scanner one day later for cue words and target words. Similar to the previous study, retrieval
practice improved final test memory for both cue words and target words relative to the restudy
control condition. In contrast, the fMRI results revealed more neural correlates of memory for
retrieval practice target words compared to retrieval practice cue words in several brain regions,
including the prefrontal cortex, medial temporal lobe, and medial occipital lobe. These findings
suggest that the similar improvement in memory performance for cue words and targets words

was supported by different neural processes.
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Functional MRI Correlates of Recall-Based Retrieval Practice Effects
We tend to be better at remembering information that we actively tested ourselves on

compared to information that we simply read twice. For example, if one were presented with the

from memory, one would later remember the to-be-recalled target word “BARGE” better on
average than if one had read the word pair twice (termed restudied). This benefit to memory is
termed the retrieval practice effect, or testing effect. The benefits of testing have been studied for
over a century (e.g., Abott, 1909), though only in recent decades have studies incorporated better
controlled experimental paradigms that include a restudy control condition to match exposure to
the stimuli (e.g., Roediger & Karpicke, 2006). The memory benefits of retrieval practice relative
to a restudy control condition have proven to be reliable and robust (Rowland, 2014).

Despite this recent progress in implementing a proper control condition, an important
question that remains unanswered is to what degree factors other than memory recall during the
intervention contribute to the retrieval practice effect, specifically when comparing it to a restudy
control condition. In particular, a retrieval practice trial could elicit more participant engagement
with the task as compared to a restudy control trial. This increased engagement could
hypothetically include sharpened attention, increased vigilance, or deepened levels of processing,
for example. Thus, a retrieval practice intervention could benefit subsequent memory relative to
a restudy control due to memory recall only, these other factors related to engagement, or to
both.

Cawley-Bennett and colleagues (Chapter 2) recently addressed this question in a study
that used a cued-recall retrieval practice intervention, similar to the example above. Participants

learned word pairs, with half of the word-pair stimuli presented in a retrieval practice condition
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and half of the word-pair stimuli presented in a restudy control condition. One to two days later,
participants completed an old/new recognition memory test for the stimuli from both conditions.
A novel aspect of the study was that only one word from each word pair appeared on the final
test. Testing one word at a time allowed for a separate assessment of the effect of retrieval
practice on the to-be-recalled target words and cue words. We suspected that the confound of
deeper engagement might improve memory during retrieval practice for both cue and target
words relative to the words from the control condition, even though the cue word from both
conditions was always provided on the screen. Yet, retrieval practice target words might receive
an additional memory improvement from both recall and increased engagement. The Cawley-
Bennett et al. (Chapter 2) study found that, compared to restudy control condition, the retrieval
practice intervention improved subsequent memory for cue words in addition to target words.
This finding indicated that the retrieval practice condition differed from the restudy control
condition by factors possibly other than memory recall. Despite the observation that retrieval
practice improved subsequent memory accuracy for both targets and cues, additional findings
from the prior study noted other differences on the final test between retrieval practice cue words
and retrieval practice target words. These differences included a numerically larger effect size for
target words relative to cue words and an increased likelihood of participants expressing high
confidence in their correct memory judgments for target words as compared to cue words.
Further analysis from a receiver operating characteristic (ROC) model revealed a modest yet
consistent memory boost provided for retrieval practice cue words, whereas retrieval practice
target words received a greater and more variable memory boost relative to words from the

restudy control condition. Thus, the retrieval practice effect for target words appeared to be
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influenced by recall during the cued-recall intervention in addition to factors related to task
engagement that also likely applied to cue words.

The present study sought to extend the findings of Cawley-Bennett et al. (Chapter 2) by
using fMRI during the final memory test of a retrieval practice study to determine the extent to
which the memory improvement for cue words and target words reflected similar or different
neural processes. The overall rationale for this study was that patterns of brain activity might
distinguish differing underlying cognitive processes even if accuracy from memory performance
was similar between retrieval practice cues and retrieval practice targets. Moreover, a large body
of functional imaging studies on the neural correlates of recognition memory broadly
(Eichenbaum et al., 2007; Squire et al., 2007) and a small set of functional imaging studies on
the neural correlates of retrieval practice specifically (van den Broek et al., 2016) are available to
help frame the current study. The following section focuses on fMRI studies of retrieval practice.

Many neuroimaging studies investigating the effects of retrieval practice on memory
have focused on neural activity during the retrieval practice intervention and have contrasted
activity between retrieval practice and restudy control trials (e.g., Liu et al., 2014; Nelson et al.,
2013; van den Broek et al., 2013; Vannest et al., 2012; Vestergren & Nyberg, 2014; Wing et al.,
2013). These studies have typically found distinct neural engagement patterns during retrieval
practice compared to during restudy, often involving posterior brain regions and the ventrolateral
prefrontal cortex. These regions are presumed to contribute to strengthening neural
representations and controlled retrieval processes, respectively. The anterior cingulate cortex and
anterior insula have also been implicated for their involvement in attentional factors during

retrieval practice (see van den Broek et al., 2016 for a review).
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One limitation of scanning during the intervention is that it can exacerbate the task
engagement differences between retrieval practice and restudy control conditions that are not
specific to recall. For instance, if participants were to make overt memory responses during
retrieval practice trials yet silently reread information during restudy control trials, overt
behavior would differ and spuriously influence neural activity. Even if overt responses were
made in both conditions, subtler differences, such as differences in response times, could
similarly complicate the contrasts between retrieval practice and restudy control conditions.
Thus, scanning during the intervention could make it harder rather than easier to identify
retrieval-specific contributions to the retrieval practice effect on subsequent memory. An
alternative approach is to scan neural activity during the final test, when all stimuli is presented
in the same fashion and memory can be assessed identically. Relatively few studies have adopted
this approach (e.g., Eriksson et al., 2011; Keresztes et al., 2014; Wirebring et al., 2015), and their
findings are discussed next.

One fMRI study (Eriksson et al., 2011) investigated the memory effects from repeated
cued-recall retrieval practice. The fMRI scan occurred one day after repeated study-test
intervention trials of word pairs, and subsequent memory tests were also provided one week and
five months after the fMRI scan. In the scanner, participants indicated their recall certainty for
the target word when provided with the cue word, followed by a post-scan recall test for
verification. The authors correlated the frequency of correctly retrieved trials during repeated
retrieval practice the day prior with subsequent patterns of neural activity observed on the
memory test one day later. The authors determined that the more times words were successfully
recalled during encoding, the greater the amount of activity was observed in the anterior

cingulate cortex one day later. In contrast, more successful recalls resulted in decreased activity
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in the mid-ventrolateral prefrontal cortex (PFC) and parietal cortex. The authors suggested that
repeated testing reduced cognitive control in these specific brain regions, as linking the cue and
target words became easier. Nonetheless, this study had limitations that limit the strength of the
fMRI results. For instance, this study included a small sample size (n=12), which diminish the
statistical power of the fMRI results. An additional limitation of the study included an
inconsistent number of repeated test trials across participants. A few participants received only
four repeated test trials per word pair whereas others received up to eight repeated trials. This
confound of repeated test trials could have resulted in biased distinctions in brain activity
observed during the one-day memory test. An additional limitation was the lack of a control
condition to compare memory with the retrieval practice condition. Thus, it was unclear if good
memory resulting from restudying the word pairs would have yielded similar neural activity
patterns.

In another study (Wirebring et al., 2015), participants also learned word pairs through
repeated cued-recall retrieval practice. The final test was conducted one week later using fMRI.
In the scanner, participants mentally recalled the missing target word given the cue word and
indicated their confidence in the correctness of their recall. They were then presented with four
single letters and asked to select the second letter of the target word. The analysis focused on
comparing patterns of brain activity between words that were both remembered during the
intervention and also on the final test versus words only remembered during the intervention.
The results revealed higher patterns of neural activity for those words remembered at both
instances in several brain regions including the bilateral posterior parietal cortex (primarily the
left inferior parietal cortex including the angular and supramarginal gyri), lateral temporal cortex,

right medial temporal lobe (including the hippocampus), right occipital cortex, and bilateral
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frontal cortex (including the ventrolateral PFC, dorsolateral PFC, inferior and superior frontal
gyri). Nevertheless, this study also lacked a suitable control condition. The lack of a control
condition obscures the ability to assess whether good memory from restudy would elicit
comparable neural activity patterns.

Lastly, Keresztes et al. (2014) compared patterns of brain activity for word pairs learned
across a cued-recall retrieval practice and a restudy control condition. Corrective feedback,
which is considered a memory modifier (Kang et al., 2007), was provided after each retrieval
attempt. The fMRI final test was conducted immediately or one week later, with participants
clicking a button only when they knew the missing target word when provided with the cue
word. A post-scan test was then conducted for verification. An additional fMRI scan was
conducted that included a n-back working memory task. The study’s primary aim was to
examine shared neural correlates between memory recall on the final test with the working
memory task. Behavioral results revealed a retrieval practice effect only in the one-week group
whereas the fMRI data did not reveal any significant differences in neural correlates of memory-
related activity between conditions in either the immediate or one-week group when correcting
for multiple comparisons. However, using a less stringent statistical threshold revealed
differences between conditions for the one-week group with greater patterns of neural activity
for the retrieval practice condition in the inferior frontal gyrus, medial frontal/anterior cingulate
cortex, and occipital lobe. Additional analyses revealed overlapping patterns of neural activity
between the retrieval practice condition and working memory tasks in the one-week group, while
patterns of neural activity from both intervention conditions and the working memory task
overlapped in the immediate group. Nonetheless, the findings from this study were also limited

by the small sample sizes per group (n=13), which diminish the statistical power of the fMRI
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results. An additional limitation included the time differences in exposure between conditions in
the intervention (i.e., eight seconds for retrieval practice trials and five seconds for restudy
control trials). Differences in exposure times could have resulted in biased behavioral
performance on the final test. In sum, these fMRI studies investigating retrieval practice offer
limited insights into the neural correlates related to memory on a final test. Moreover, none of
these studies depicted the neural correlates of memory-related activity for retrieval practice cue
words, which is a goal of the present study.

The present study builds upon findings from Cawley-Bennett and colleagues (Chapter 2).
One goal of this study was to replicate the behavioral findings of the previous study. While the
research by Cawley-Bennett and colleagues (Chapter 2) demonstrated that memory factors
related to recall was not necessary to observe retrieval practice effects for cue words, it remains
unclear whether this behavioral similarity between retrieval practice cue and target words is
supported by the same neural mechanisms. As such, the second goal of the present study was to
determine if the retrieval practice effects for cue and target words reflected similar neural
activity. Therefore, the present study examined neural activity related to cue and target words
separately by comparing neural activity when remembering words learned in a retrieval practice
condition or a restudy control condition during a final recognition memory test conducted inside
an fMRI scanner. The behavioral results of this study replicated findings from Cawley-Bennett
and colleagues (Chapter 2); we observed a retrieval practice effect for both cue and target words.
However, the fMRI results revealed more widespread neural correlates of memory for retrieval
practice target words relative to retrieval practice cue words, demonstrating that the memory

processes for both words are different.

Materials and Methods
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Participants

Thirty participants were recruited from Emory University, with local Institutional Review
Board approval. In order to be included, participants had to be native English speakers or use
English as their primary language, at least 18 years of age to participate, and right-handed or
right hand dominant. Right-handed participants were only included because brain regions
involving language are considered to be lateralized to some degree and neural activity during
episodic memory related tasks varies according to handedness in the medial temporal lobe
(MTL) (Cuzzocreo et al., 2009). All participants were initially screened for prior history of head
trauma (e.g., traumatic brain injury, concussion resulting in loss of consciousness for 30 seconds
or longer) or cognitive impairments (e.g. Tourette syndrome, strokes, epilepsy, autism spectrum
disorder). The a-priori sample size was determined based on previous fMRI retrieval practice
investigations that included sample sizes ranging from 22 participants (Wiklund-Horngvist et al.,
2017) to 35 participants (Hulbert & Norman, 2015). An initial sample size of 30 participants was
determined to suffice, wherein potential exclusion of a few participants based on excessive head
movement, systematic errors during scanning (such as computer synchronization errors), or
attrition loss would be accounted for. Participants were required to complete two separate
sessions and were compensated $50 after they completed both sessions. All participants were
screened for eligibility and provided written consent prior to participation.
Stimuli

The stimuli were unrelated noun word-pairs taken from the MRC psycholinguistic
database (Coltheart, 1981), with each word made up of five to seven letters. Additional factors,
such as imageability, concreteness, and familiarity were also constrained to range from 330-600,

400-600, and 300-550, respectively (from the database’s scale of 100—700; see Appendix A for
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the list of words). Words were randomly paired together for each participant. The new words
used as lures in the recognition memory final test in Session 2 were selected at random from the
remaining list of unused words. An additional 20 words were taken from the word pool and used
to create two additional follow-up immediate free recall memory tests. These words for the
immediate free recall tests were never provided in any other portion of the study and each
immediate free recall test was administered after the study related tasks. These immediate free
recall tests were used as to assess participant engagement and in addition with final memory test
and intervention performance, used as a basis for exclusion analysis.
Procedure

Administration of the task in both sessions was conducted in a private research laboratory

on a computer using PsychoPy v2021.2.3 (http://psychopy.org; Peirce et al., 2019). Figure 1

provides a schematic of the procedures. Participants completed an initial study phase, an
intervention phase, and a final memory test phase. Participants were initially instructed in
Session 1 that they would learn and need to memorize many word pairs as their memory for the
word-pairs would be later tested. Participants were then provided with instructions and two
examples. One example demonstrated the procedural task for the retrieval practice condition and
the other demonstrated the restudy control condition.

Once participants completed the instructions and examples, they then proceeded with the
study phase. In the study phase, six randomly selected word-pairs were presented in a randomly
chosen order for six seconds. Participants then viewed the same six word-pairs a second time in a
new randomly chosen order for 12 seconds in the intervention phase. Half of the trials in the
intervention were assigned to the restudy control condition and the remaining half were assigned

to the retrieval practice condition. For retrieval practice trials, one word was provided as a cue
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and the other was replaced by an underlined blank line, termed the target. For restudy control
trials, word-pairs were presented similarly to the initial study, with both words provided on the
screen. To mimic a target word in the restudy control condition, one word was underlined and
thus termed the control target word. The non-underlined word was termed the control cue word.
In both conditions, participants were required to type in both words. The left versus right
position of cue and target words was counterbalanced across trials for both retrieval practice and
restudy control trials. No feedback was provided during the intervention. The six word-pairs
presented during initial study and then immediately in the intervention made up one block of
trials. Participants completed a total of 18 blocks. In total, participants studied 54 word-pairs in
the retrieval practice condition and 54 word-pairs in the restudy control condition.

After twenty-four hours from the first session, participants returned to the MRI center to
complete Session 2. In Session 2, participants were given old/new recognition memory tests in
the scanner. Half of the trials in the recognition memory test were made up of old words, either
the cue or target word from each word pair, and half of the trials were made up of new words.
Prior to beginning the task, participants were first provided with instructions and nine examples
of the recognition memory test and 10 baseline control trials. The exemplar recognition memory
trials consisted of four words taken from the initial example words used in Session 1 (i.e., both
words from the two word-pairs) intermixed with five new words. For each recognition memory
trial, a single word was presented and participants provided one of six response options: Sure
Old, Maybe Old, Guess Old, Guess New, Maybe New, or Sure New. Responses were provided
in a single horizontal row. Counterbalancing of response options was applied with half of the
participants being presented with responses as described from left to right, whereas the other half

of participants were presented with response options in reverse going from left to right starting
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with Sure New. The presentation of Old and New recognition memory responses was
counterbalanced across participants to prevent bias in brain activity in the primary motor and
sensory cortices corresponding to the selection of responses. Participants selected one of six
buttons from two separate MRI compatible button boxes (Current Designs, 8-button bimanual
boxes; Winona, MN). Each recognition memory trial lasted five seconds.

Intermixed with the recognition memory trials were baseline control trials. The 10
baseline control examples were presented just after the recognition memory examples. These
baseline control trials replaced passive resting state trials to prevent mind wandering (Stark &
Squire, 2001). The baseline trials were designed to look similar to the recognition trials, but did
not recruit long-term memory retrieval. In these baseline trials, a randomly selected single digit
from one to six was presented between 1000 and 3750 milliseconds after the start of the trial.
The presentation of the digit was shown briefly for either 100, 150, or 200 milliseconds. The
onset presentation time and duration of the number was also randomly determined. Participants
were to respond by pressing one of six buttons from two separate MRI compatible button boxes
that corresponded to the number that participants viewed on the screen (i.e., 1 through 6 from left
to right). Each baseline trial also lasted five seconds.

Once participants read the instructions and completed the example sets, participants then
began the recognition memory tests. The recognition memory test was partitioned into four runs
with each run beginning with a six second countdown to allow for MRI equilibration effects.
Each run consisted of 27 new lures and 27 old words. The old words were evenly split (as best as
possible) between the retrieval practice (13-14 trials) and restudy control conditions (13-14
trials). Only an individual cue or target word was presented from each old word pair. In total,

216 test trials were presented (108 old words and 108 new words). Intermixed with the
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recognition memory trials in each run were 27 baseline control trials. A blank inter-stimulus
interval (ISI) of 500 milliseconds was provided between all trials. Based on prior simulations, we
randomly intermixed half of the recognition and baseline trial-run set in the first half of the run
and the remaining set in the second half. We applied two constraints to the presentation of trials:
1) each run should begin with a recognition trial after the six-second countdown and 2) no more
than two baseline control trials were consecutively presented. After all of the recognition and
baseline trials were completed in each run, two additional baseline control trials followed to
allow for the tapering of the hemodynamic response from the last recognition memory trial.

Upon completing the tasks in the MRI, participants were removed from the scanner and
were then provided with a demographic questionnaire, using a Qualtrics survey (Provo, UT).
Once participants completed each session, participants completed an immediate free recall task
to assess task engagement. In this task, participants studied a new list of 10 words, from the same
word pool as the stimuli, presented simultaneously for 30 seconds on Qualtrics. Participants were
instructed to remember the words from the list. Participants were then provided with three
questions as distractors, followed by an immediate free recall test. During the test, participants
were instructed to type in all the words they could recall from the initial word list within 90 secs.
Once complete with all study requirements in Session 2, participants received monetary
compensation for their participation.
Behavioral Data Analyses

Analyses were conducted using MATLAB version 2022b (MathWorks; Natick, MA).
While the focus of the present study was to determine if retrieval practice effects for cue words
reflected similar patterns of neural activity as retrieval practice effects for target words, we

needed to assess behaviorally that there was a retrieval practice effect for cue and target words.
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The three key analytic questions were accordingly: 1) was there a significant retrieval practice
effect for cue words, 2) was there a significant retrieval practice effect for target words, and 3) is
memory resulting from retrieval practice significantly different between cue words and target
words? Thus, the behavioral analyses focused on three statistical comparisons: 1) retrieval
practice cues versus restudy control cues, 2) retrieval practice targets versus restudy control
targets, and 3) retrieval practice cues versus retrieval practice targets. These comparisons were
evaluated with two-tailed paired t-tests, unless noted otherwise. Analysis of variance (ANOVA)
was not used because neither the main effect of condition irrespective of word type nor the main
effect of word type irrespective of condition would directly address the study’s main questions.
Moreover, a significant interaction term between condition and word type would be ambiguous
as it could result, for example, from either a unique or disproportionate retrieval practice effect
for targets relative to cues.

Performance on the final recognition memory test was calculated as a d-prime score
(denoted as d’; Tanner & Swets, 1954), a standard metric of memory that subtracts a normalized
false alarm rate (proportion of new words judged as old) from a normalized hit rate (proportion
of old words judged as old). Non-responses were considered incorrect responses. For each
participant, all new words contributed to the false alarm rate but separate hit rates, and thus
separate d’ scores, were calculated for retrieval practice cues, restudy control cues, retrieval
practice targets, and restudy control targets. Instances of perfect hit rates (1.0) or false alarm
rates (0), which would yield infinite normalized values, were adjusted by subtracting (hits) or
adding (false alarms) one-half trial from the numerator prior to normalization.

A second set of analyses capitalizes on fitting receiver operator characteristic (ROC)

models to the data from final recognition memory test performance, using the ROC Toolbox



95

v.1.1.1 (Koen et al., 2017). Cumulative hit rates and false alarm rates were calculated across
participants’ confidence ratings, and curves were fit to these data using maximum likelihood
estimation. The number of trials per old word type (27 trials) was insufficient to fit ROC models
to each participant’s data, and thus ROC models were fit to group data by summing cumulative
judgment values across participants. All participant trials containing missing responses were
substituted with a low confidence (guess) response. Determining the guess response as an old or
new judgment was arbitrarily, yet evenly, selected. The ROC approach yielded estimates of
memory performance that were similar to the d” scores described above in which memory is
conceptualized in signal detection theory as the discriminability of a memory signal distribution
of old words from a memory noise distribution of new words (Pastore & Scheirer, 1974). We
will refer to this discriminability as signal strength. An additional advantage of fitting ROC
models is that the approach can also provide an estimate of how the shape (standard deviation) of
the signal distribution differs from that of the noise distribution (Egan, 1958). Thus, fitting ROC
models to the data allows one to disambiguate whether increases in memory performance are due
to relative increases in memory signal strength, decreases in signal standard deviation, or some
combination of both. Accordingly, a commonly-used unequal variance signal detection model
(UVSD; Mickes et al., 2007; Wixted, 2007) was fit to the ROC data to yield parameter estimates
of both signal strength and the signal standard deviation (as a ratio of the standard deviation of
the noise distribution).

After capturing both estimates for the UVSD model, a random bootstrap procedure was
used to estimate variability across participants with respect to the ROC parameters estimates.
Specifically, in each of the 1,000 bootstrap iterations, a random sample of n participants was

drawn from the original n participants by random sampling with replacement. For each iteration,
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the UVSD ROC model was fit to the resampled data in the same manner as the original data. The
standard errors of the mean for the parameters were calculated based on the standard deviations
of the ROC parameter estimates across these 1,000 iterations.

An additional random shuffling procedure was used to estimate statistical significance for
the original ROC parameter differences between retrieval practice and restudy control conditions
for both cue and target words. In this approach, only experimental and control conditions were
randomly shuffled using all original participants. No participant bootstrap resampling took place.
Specifically, in each of the 1,000 iterations, the retrieval practice and restudy control labels were
swapped for a randomly-selected subset of participants. In each iteration, ROC models were then
fit to the shuffled data in the same manner as for the original data, and for each ROC parameter
estimate an experimental-control difference was calculated. Original parameter estimates that fell
in the outer 5 percentile of these distributions was considered statistically significant at an alpha
level of .05.

Neuroimaging Acquisition

Functional imaging was conducted using a 3T Siemens Trio scanner at the Facility for
Education and Research in Neuroscience (FERN) at Emory University. All functional and
anatomical images were acquired using a 32-channel head coil. A localizer scan was conducted
prior to running a high resolution anatomical T1-weighted (MPRAGE) sagittal scan (1900 ms
TR; 2.26 ms TE; 9° flip angle; 1 x 1 x 1 mm voxel resolution) for each participant to aid in
spatial normalization to standard MNI-atlas space. Blood oxygen level dependent (BOLD)
functional images were then acquired using a gradient-echo, echoplanar T2*-weighted pulse
sequence (1200 ms TR; 33.2 ms TE; 45° flip angle; 2.5 x 2.5 x 2.5 mm voxel resolution; 3 multi-

band acceleration factor).
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All fMRI data were preprocessed using fMRIPrep pipeline 21.0.1 (Esteban et al., 2018;
Esteban et al., 2019), which is based on Nipype 1.6.1 (Gorgolewski et al., 2011). fMRIPrep
generates text regarding the preprocess pipeline to be implemented in the analyses section.

Accordingly, the following unaltered text is provided per the request of the authors.

Anatomical Data Preprocessing

A total of 1 T1-weighted (T1w) images were found within the input BIDS dataset. The
T1-weigted image was corrected for intensity non-uniformity (INU) with N4BiasFieldCorrection
(Tustison et al., 2010), distributed with ANTs 2.3.3 (Avants et al., 2008, RRID:SCR_004757),
and used as a T1w-reference throughout the workflow. The T1w-reference was then skull-
stripped with a Nipype implementation of the antsBrainExtraction.sh workflow (from ANTS),
using OASIS30ANTS as target template. Brain tissue segmentation of cerebrospinal fluid (CSF),
white-matter (WM) and gray-matter (GM) was performed on the brain-extracted T1w using fast
(FSL 6.0.5.1:57b01774, RRID:SCR_002823, Zhang et al., 2001). Brain surfaces were
reconstructed using recon-all (FreeSurfer 6.0.1, RRID:SCR_001847, Fischl et al., 1999), and the
brain mask estimated previously was refined with a custom variation of the method to reconcile
ANTs-derived and FreeSurfer-derived segmentations of the cortical gray-matter of Mindboggle
(RRID:SCR_002438, Klein et al., 2017). Volume-based spatial normalization to one standard
space (MNI152NLin2009cAsym) was performed through nonlinear registration with
antsRegistration (ANTs 2.3.3), using brain-extracted versions of both T1w reference and the
T1w template. The following template was selected for spatial normalization: ICBM 152
Nonlinear Asymmetrical template version 2009c [Fonov et al., 2009, RRID:SCR_008796;

TemplateFlow ID: MNI152NLin2009cAsym].
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Functional Data Preprocessing

For each of the 4 BOLD runs found per subject (across all tasks and sessions), the
following preprocessing was performed. First, a reference volume and its skull-stripped version
were generated using a custom methodology of fMRIPrep. Head-motion parameters with respect
to the BOLD reference (transformation matrices, and six corresponding rotation and translation
parameters) are estimated before any spatiotemporal filtering using mcflirt (FSL
6.0.5.1:57b01774, Jenkinson et al., 2002). The BOLD time-series (including slice-timing
correction when applied) were resampled onto their original, native space by applying the
transforms to correct for head-motion. These resampled BOLD time-series will be referred to
as preprocessed BOLD in original space, or just preprocessed BOLD. The BOLD reference was
then co-registered to the T1w reference using bbregister (FreeSurfer) which implements
boundary-based registration (Greve & Fischl, 2009). Co-registration was configured with six
degrees of freedom. Several confounding time-series were calculated based on the preprocessed
BOLD: framewise displacement (FD), DVARS and three region-wise global signals. FD was
computed using two formulations following Power (absolute sum of relative motions, Power et
al., 2014) and Jenkinson (relative root mean square displacement between affines, Jenkinson et
al., 2002). FD and DVARS are calculated for each functional run, both using their
implementations in Nipype (following the definitions by Power et al., 2014). The three global
signals are extracted within the CSF, the WM, and the whole-brain masks. Additionally, a set of
physiological regressors were extracted to allow for component-based noise correction
(CompCor, Behzadi et al., 2007). Principal components are estimated after high-pass filtering
the preprocessed BOLD time-series (using a discrete cosine filter with 128s cut-off) for the

two CompCor variants: temporal (tCompCor) and anatomical (aCompCor). tCompCor
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components are then calculated from the top 2% variable voxels within the brain mask. For
aCompCor, three probabilistic masks (CSF, WM and combined CSF+WM) are generated in
anatomical space. The implementation differs from that of Behzadi et al. (2007) in that instead of
eroding the masks by two pixels on BOLD space, the aCompCor masks are subtracted a mask of
pixels that likely contain a volume fraction of GM. This mask is obtained by dilating a GM mask
extracted from the FreeSurfer’s aseg segmentation, and it ensures components are not extracted
from voxels containing a minimal fraction of GM. Finally, these masks are resampled into
BOLD space and binarized by thresholding at 0.99 (as in the original implementation).
Components are also calculated separately within the WM and CSF masks. For each CompCor
decomposition, the k components with the largest singular values are retained, such that the
retained components’ time series are sufficient to explain 50 percent of variance across the
nuisance mask (CSF, WM, combined, or temporal). The remaining components are dropped
from consideration. The head-motion estimates calculated in the correction step were also placed
within the corresponding confounds file. The confound time series derived from head motion
estimates and global signals were expanded with the inclusion of temporal derivatives and
quadratic terms for each (Satterthwaite et al., 2013). Frames that exceeded a threshold of 0.5 mm
FD or 1.5 standardized DVARS were annotated as motion outliers. The BOLD time-series were
resampled into standard space, generating a preprocessed BOLD run in MNI152NLin2009cAsym
space. First, a reference volume and its skull-stripped version were generated using a custom
methodology of fMRIPrep. All resamplings can be performed with a single interpolation step by
composing all the pertinent transformations (i.e. head-motion transform matrices, susceptibility
distortion correction when available, and co-registrations to anatomical and output spaces).

Gridded (volumetric) resamplings were performed using antsApplyTransforms (ANTS),
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configured with Lanczos interpolation to minimize the smoothing effects of other kernels
(Lanczos, 1964). Non-gridded (surface) resamplings were performed using mri_vol2surf
(FreeSurfer). After fMRIPrep pre-processing, further fMRI preprocessing was conducted using

SPM12 software (http://fil.ion.ucl.ac.uk/spm/). Images after fMRIPrep were spatially smoothed

to a six-millimeter gaussian kernel size using full width at half maximum (FWHM).

fMRI Data Analyses

Functional data analyses were conducted using SPM12, except where noted otherwise.
First level models were created on a participant basis that included 29 nuisance regressors per
run in a general linear model (GLM). These regressors included six head motion parameters
(three translational and three rotational parameters), six temporal derivatives of motion
parameters, six quadratic terms of motion parameters, six quadratic terms of temporal
derivatives, and the five top-anatomical CompCor (aCompCor) based on the largest singular
values. A high pass filter of 128 seconds was additionally applied to the GLM in each run to
account for slow signal drifts. All trials were combined together (i.e., incorrect and correct
trials), irrespective of confidence. Combining trials was done in an effort to increase statistical
power and limit differences in patterns of neural activity related to memory strength between
conditions for fMRI analyses. Response times were collected and utilized as trial duration in the
study. This approach was adopted because the duration of the BOLD response for each trial is
variable, persisting until a response is provided. Failing to account for reaction time can
potentially disturb the accurate representation of BOLD-related activity (Grinband et al., 2008).
Each individual participant’s normalized-to-MNI-template anatomical brain, provided by fMRI
prep (i.e., MNI152NLin2009cAsym_desc-brain_mask), was applied as an explicit brain mask.

Model estimation was then calculated after establishing each participant’s GLM. Following, one
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sample t-test contrasts were constructed on a participant basis to examine patterns of neural
activity differences between the following conditions: a) retrieval practice cue words relative to
new words, b) retrieval practice target words relative to new words, c) restudy control cue words
relative to new words, d) restudy control target words relative to new words, e) retrieval practice
cue words relative to restudy control cue words, f) retrieval practice target words relative to
restudy control target words, and g) retrieval practice target words relative to retrieval practice
cue words. Subsequent group level contrasts, using each participant’s first level contrasts, were
then constructed followed with an additional model estimation. Group contrast analyses were
subsequently error corrected using statistical non-parametric mapping software (SnPM13.1.09;
http://nisox.org/Software/SnPM13/; Nichols & Holmes, 2002) wherein a cluster-based approach
with a corrected p-value of .05 and 10,000 bootstrap permutation iterations were applied. All
group level contrasts that underwent error correction utilized an initial cluster-based threshold p-

value of .001 for evaluation.

Results

Behavioral Results

Data were excluded for three participants based on: 1) excessive motion across more than
one functional run as indicated by more than 25 framewise displacements (FD) detected per run
(n=1) and 2) scores that were at least two standard deviations below the mean for either overall
performance on the final recognition memory test, performance on the cued-recall intervention
trials, or averaged performance across the two immediate free recall tests (n=2). Of the 27
remaining participants (age range = 19-29; n = 16 self-identified as female, n = 1 as a nonbinary
gender), the mean proportion of correct responses for cued-recall intervention trials was 0.84

(SD =0.16). Final test performance was evaluated to ensure discovery of retrieval practice
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effects for cue and target words as well as to replicate prior findings from Cawley-Bennett and
colleagues (Chapter 2).

We first assessed how memory performance on the final recognition memory test differed
as a function of word type (cue or target) and intervention condition (retrieval practice or restudy
control). Figure 2 shows performance on the final recognition memory test, using d’ (i.e.,
normalized hit rate minus the normalized false alarm rate; not based on ROC models). Three
paired t-tests were used to assess comparisons between retrieval practice cues versus restudy
control cues, retrieval practice targets versus restudy control targets, and retrieval practice cues
versus retrieval practice targets. Direct contrasts between intervention conditions revealed
significantly greater memory for both retrieval practice target (t(26) = 2.67, p < .05, d = 0.51)
and cue words (t(26) = 3.22, p < .01, d = 0.62). There was, however, no differences in memory
performance between retrieval practice cue words and retrieval practice target words (t(26) =
0.004, p > .05, d =0.0007). Thus, we found a retrieval practice effect for cue and target words on
the final recognition memory test. Furthermore, the direct comparison between retrieval practice
cue and target words revealed that memory performance was nearly identical between both
retrieval practice word types. These results parallel the findings from Chapter 2 demonstrating
that retrieval practice improved subsequent memory for cue words in addition to target words.

To further explore memory performance differences on the final test based on word type
and intervention condition, we analyzed response times. Measuring response times allows us to
assess variations in decision-making cognitive processes. Figure 3 depicts the direct contrasts in
response times for both words between intervention conditions. The results revealed significantly
faster response times for retrieval practice target words relative to restudy control target words

(t(26) = 4.02, p <.001, d = 0.77). There was, however, no significant differences in response
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times between retrieval practice cue words and restudy control cue words (t(26) = 1.30, p > .05,
d < 0.25). A direct contrast between retrieval practice cue and target words also revealed
significantly faster response times for target words (t(26) = 4.38, p <.001, d = 0.84). Thus, these
results suggest that decision-making processes were significantly faster for retrieval practice
target words relative to both words from the control condition and relative to retrieval practice
cue words. To account for these observed differences, we also included response times as a
covariate in all the fMRI analyses.

Final recognition memory test performance was also assessed by fitting the data to
parameters from the unequal variance signal detection model (UVSD; Mickes et al., 2007). The
model fits two parameters: the difference between distributions of memory strength for old
words (signal) and new words (noise), referred to here as signal strength, and the signal standard
deviation (as a ratio of the standard deviation from the noise distribution). An advantage of ROC
models over the simpler estimate of d’ is that the ROC model parameter estimates offer more
empirical information about the shape of the memory distribution in addition to information
about the strength of the memory (Brady et al., 2023). Figure 4 depicts the two parameters fit by
the UVSD model separately for restudy control cue words, retrieval practice cue words, restudy
control target words, and retrieval practice target words.

A random shuffling approach was used to ask if observed differences were greater than
one would expect by chance. Relative to the restudy control condition, retrieval practice
improved signal strength scores for both cue (p < .01) and target (p < .001) words. The signal
standard deviation for retrieval practice target words relative to restudy control target words was
significantly more variable (p < .05), though the standard deviation of the memory strength

distribution for cue words between conditions was not (p > .05). When comparing the signal
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strength and the signal standard deviation between retrieval practice cue and target words, there
was greater signal strength and more signal variability for target words (p’s < .001). These
results, suggest that relative to restudy control, retrieval practice benefitted cue words with a
smaller but more consistent memory boost and benefitted target words with a larger but more
variable memory boost. These results further replicate findings from Chapter 2.

As another approach to asking how the influence of retrieval practice might differ
between cue words and target words, we examined only correct final test trials for old items
(hits) among the conditions. Figure 5 depicts the results from the proportion of high confident
hits (“sure old”) relative to all hits (“sure old”, “maybe old”, and “guess old”) analysis. Correct
high confidence responses were found to be significantly more frequent for retrieval practice cue
(t(26) = 2.48, p < .05, d = 0.48) and target (t(26) = 5.64, p < .001, d = 1.09) words relative to
restudy control words. Furthermore, there was a significantly greater proportion of high
confidence ratings for retrieval practice target words relative to retrieval practice cue words
(t(26) = 3.20, p < .01, d = 0.62). These results suggest that correct high confidence ratings were
particularly more frequent for retrieval practice words relative to restudy control words, though
the memory benefit was better for targets relative to cues. These results also further replicated
previous findings from Chapter 2.
fMRI Results
All Trials

We first contrasted fMRI activity for new words and each of the four old word conditions
to assess if patterns of neural activity from the contrasts were similar or dissimilar. The following
fMRI results are based on direct contrasts between conditions when all trials were combined

(i.e., incorrect and correct trials) and with all confidence responses included, to maximize
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statistical power and equate memory strength among all of the old word conditions. Figure 6
depicts all of the contrasts between old words and new words based on significant activity (p <
.05) after correcting for multiple comparisons using SnPM (Nichols & Holmes, 2002). Common
patterns of neural activity that were greater from each of the old word conditions when compared
to new words (e.g., retrieval practice cue words > new words) was found in the left inferior
frontal cortex (IFC), the left lateral orbital frontal cortex (OFC), the left posterior cingulate
cortex (PCC), the left precuneus primarily along the parieto-occipital sulcus, the left striatum
(caudate nucleus and putamen), and the left angular gyrus. The posterior cingulate and precuneus
are commonly associated with self-referential processes and subjective experiences of memory,
related to memory introspection (Kim, 2010; Sestieri et al., 2010). The lateral inferior parietal
cortex, particularly the angular and supramarginal gyri, have been implicated in attentional
control, memory monitoring, and retrieval of contextual information (Cabeza et al., 2008;
Vilberg & Rugg, 2009).

Moreover, similar patterns of neural activity for retrieval practice cue words, retrieval
practice target words, and restudy control cue words were found in the left dorsal lateral
prefrontal cortex (dIPFC), the left superior medial frontal gyrus (MFG; also known as the
supplementary motor area), the left inferior temporal gyrus (ITG), and the right caudate nucleus.
Similar patterns of neural activity in the left lateral occipital lobe, the right OFC, and right
ventral lateral prefrontal cortex (VIPFC) was specifically found for restudy control cue words and
retrieval practice target words when compared with new words. The dIPFC is linked to processes
in retrieval monitoring, response inhibition, manipulation of retrieved information, or evaluation
of memory representations (Ranganath & Blumenfeld, 2005; Simons & Spiers, 2003). The

VIPFC is associated with retrieval of relevant information during memory tasks, particularly for
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contextually or semantically associated familiar items (Dobbins & Wagner, 2005; Wagner et al.,
2001). Additionally, the inferior temporal gyrus is associated with the identification and
discrimination of previously encountered items (Murray et al., 2007; Ranganath & D'Esposito,
2001).

Additional activity in the left ventral medial PFC (vmPFC), which includes the medial
OFC, was found specifically for both retrieval practice cue and target words relative to new
words. The vmPFC is associated in evaluating memory confidence during retrieval or assesses
memory congruency (e.g., Brod & Shing, 2018; Hebscher & Gilboa, 2016; Moscovitch &
Winocur, 2002). More pronounced and widespread patterns of neural activity were observed
primarily for retrieval practice target words throughout many of the regions previously listed as
well as additional activity found in the left medial temporal lobe (MTL), an area crucial in
memory retrieval (Eichenbaum et al., 2007; Manns, 2017; Squire et al., 2007). Additional neural
activity associated with retrieval practice target words was found in the left insula, the left
fusiform gyrus (FFG), the middle and superior temporal gyri (MTG and STG; respectively), and
bilateral activation in the medial occipital lobe such as the calcarine and lingual gyri. In sum, the
contrasts between old word conditions and new words revealed that patterns of neural activity for
old words was primarily left lateralized, consistent with some prior recognition memory studies
involving verbal information (e.g., Yonelinas et al., 2005). Additionally, the old-new contrasts
revealed more widespread patterns of neural activity for retrieval practice target words relative to
retrieval practice cue words and both words from the restudy control condition.

We continued to contrast patterns of activity between old and new words by reversing the
contrast and examining activity found to be significantly greater for new words relative to each

of the old conditions (e.g., new words > retrieval practice cue words). Greater patterns of brain
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activity for new words was found predominantly in the right hemisphere and restricted primarily
to the right inferior parietal cortex (including the supramarginal gyrus and angular gyrus; except
when contrasted with restudy control cue words) and the right superior PFC (except when
contrasted with restudy control target words). Uniquely significant neural activity for new words
when contrasted with restudy control targets revealed additional patterns of brain activity in the
right superior parietal lobe. Similarly, significant patterns of neural activity for new words was
found in the right middle frontal gyrus when contrasted with restudy control cue and target
words. These results suggest that patterns of neural activity for new words was predominantly
lateralized to the right hemisphere. Additionally, sporadic patterns of neural activity were found
when contrasted with different old word conditions. Yet, consistent neural activity appeared in
the inferior parietal cortex and superior PFC.

We next performed a conjunction analysis to help visualize the similarities and
dissimilarities in statistically significant BOLD activity for each of the above four contrasts of
old words (retrieval practice cue words, retrieval practice target words, and restudy control cue
words, and restudy control target words) relative to new words. These conjunction analyses were
not meant to replace more formal direct contrasts between old word conditions (which are
reported below) but instead were meant to help highlight trends in the data presented in Figure 6.
Accordingly, Figure 7 (top) depicts patterns of brain activity unique to each contrast condition by
masking out activity observed in more than one contrast. The contrast of retrieval practice target
words versus new words yielded the most unique patterns of neural activity. Figure 7 (bottom)
also depicts patterns of brain activity found to be common across all four contrasts by masking
out activity that was not statistically significant for each of the four contrasts. Relatively few

patterns of neural activity were statistically significant across all four contrasts. Thus, the results
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of contrasts between old words in each condition and new words indicated that old-new memory
signals were relatively distinct for retrieval practice target words.

We next contrasted fMRI activity directly between only old word conditions. Similar to
the comparisons for the memory performance data, we contrasted patterns of brain activity
between retrieval practice cue words and restudy control cue words, between retrieval practice
target words and restudy control target words, and between retrieval practice cue words and
retrieval practice target words. Figure 8 depicts these additional contrasts based on significant
neural activity (p < .05) found after multiple comparison correction using SnPM. Results from
the direct contrast between retrieval practice and restudy control target words revealed distinct
patterns of neural activity for retrieval practice targets in the left dIPFC, left VIPFC, left IFC,
bilateral OFC, bilateral vmPFC, bilateral superior medial frontal, bilateral insula, left caudate
nucleus, right putamen, left ITG, left MTG, bilateral STG, bilateral PCC, bilateral precuneus,
bilateral medial parietal cortex, left MTL, as well as bilateral activation in the medial occipital
lobe. No distinct patterns of neural activity were observed for restudy control target words.
Similar results from contrasting between memory for retrieval practice targets and retrieval
practice cues also revealed patterns of neural activity for retrieval practice targets in the left
VIPFC, left dIPFC, left IFC, bilateral insula, left precuneus, left PCC, left MTL, bilateral
hippocampus, bilateral FFG, bilateral ITG, left MTG, bilateral STG, areas of the right striatum
such as the pallidum and putamen, as well as bilateral activation in the medial occipital lobe.
Again, there were no distinct patterns of neural activity observed when for retrieval practice cue
words. Furthermore, there were not any significant patterns of brain activity after multiple
comparison correction from the direct contrast between retrieval practice cue words and restudy

control cue words with all trials combined. In sum, these direct old word contrasts revealed more
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patterns of neural activity for retrieval practice target words relative to restudy control target
words and retrieval practice cue words, similar to the analyses between old word conditions
relative to new words.
Correctly Answered Final Recognition Memory Test Trials Only

The previous fMRI analyses focused on all old word trials, regardless of correctness, to
increase statistical power and equate memory strength among all of the old word conditions. To
obtain contrasts that depicted neural correlates specifically related to successfully remembering
old words, we now conducted contrasts using correct trials only. Thus, all the contrasts that were
previously conducted are now repeated with the following contrasts including correct only
responses. Figure 9 depicts the results from the direct contrasts between old word conditions
(i.e., retrieval practice cue and target words, restudy control cue and target words) relative to new
words based on significant neural activity (p < .05) found after correcting for multiple
comparisons using SnPM. Common neural correlates of memory found to be greater for each of
the old word conditions when compared to new words (e.g., retrieval practice target words > new
words) was found in the left IFC, left dIPFC, left OFC, left VIPFC, the left superior medial PFC,
the left PCC, the left precuneus, the left angular gyrus, bilateral caudate nucleus, and the left
lateral occipital lobe. Furthermore, similar patterns of neural activity for retrieval practice cue
words, retrieval practice target words, and restudy control cue words were found in the left
MTG. There was also greater MTL activity for restudy control cue words and retrieval practice
target words. Analogous to contrasts with all trials, there were more neural correlates of
memory-related activity for retrieval practice target words in all of the previously listed regions
and with additional neural activity in the left ITG and STG, as well as bilateral activation in the

medial occipital lobe in the calcarine and lingual gyri. Thus, these findings indicate that the
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contrasts between old word conditions and new words resulted in more neural correlates of
memory for retrieval practice target words compared to retrieval practice cue words. Similarly,
these contrasts also demonstrated more patterns of neural activity for retrieval practice target
words relative to both words from the restudy control condition. The overall result of more
neural correlates of memory-related activity observed for retrieval practice target words relative
to each of the other old word conditions replicates the earlier old-new contrasts with all trials.

We continued to contrast patterns of neural activity between old and new words by
reversing the contrast and examined patterns of activity found to be significantly greater for new
words relative to each of the old conditions (e.g., new words > retrieval practice cue words).
Patterns of neural activity for new words were found in the right inferior parietal cortex and the
right superior PFC, as well as additional activity in the right dIPFC. Patterns of brain activity
were also observed in the right precuneus for the new words condition relative to the restudy
control target word condition and the retrieval practice cue word condition. Unique patterns of
neural activity for new words relative the retrieval practice cue words were also found in the
right MTG, the right ITG, and the right IFC. Once again, these results revealed that patterns of
neural activity for correctly identifying new words were lateralized to the right hemisphere and
were primarily observed in the inferior parietal cortex and superior PFC, similar to previous old-
new contrasts with all trials. However, unlike with the previous analyses, we found additional
consistent activity in the right dorsolateral PFC when correct only trials were considered.

We next performed the conjunction analysis to help visualize the differences and
similarities in significant neural correlates of memory for each of the four old word contrasts
relative to new words with correct only trials. Figure 10 (top) depicts these patterns of neural

activity unique to each old word condition by masking out activity observed in more than a
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single contrast. Figure 10 (bottom) depicts common neural correlates related to memory across
all four contrasts. Similar to the previous conjunction analyses with all trials, the results of the
current conjunction analyses between each old word conditions and new words indicates that
there were relatively few old-new memory signals, but that there were more distinct patterns of
neural activity for retrieval practice target words.

We next directly contrasted fMRI activity between only old word conditions including
retrieval practice cue words versus restudy control cue words, retrieval practice target words
versus restudy control target words, and retrieval practice cue words versus retrieval practice
target words using correct only trials. Figure 11 shows the results for the significant differences
(p < .05) found after multiple comparison correction using SnPM. The results from the direct
contrast between retrieval practice and restudy control cue words revealed greater patterns of
neural activity only for restudy control cues located in bilateral occipital lobe, the right fusiform
gyrus, the right ITG, right MTG, and the right insula. No patterns of brain activity were found
for retrieval practice cue words. Results from the direct contrast between retrieval practice cue
and target words revealed more neural correlates of memory-related activity for retrieval practice
target words including bilateral activity in the OFC, the left dIPFC, the left IFC, the left VIPFC,
the left superior PFC, bilateral activity in the vmPFC, bilateral activity in the medial occipital
lobe, bilateral activation of the hippocampi but right MTL, bilateral activation of the FFG, and
the right anterior-medial temporal pole. Additional patterns of neural activity was found in
bilateral STG, left MTG, left ITG, bilateral activation of the insula, right thalamus, and bilateral
activation of the striatum including the caudate nucleus and putamen, and the right pallidum. No
neural correlates of memory were found for retrieval practice cue words. There was, however, no

significant differences in patterns of neural activity between retrieval practice target words and
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restudy control target words. In sum, the results from the direct contrasts between old word
conditions with correct only trials revealed more neural correlates of memory-related activity for
restudy control cue words and, once again, more memory-related neural activity for retrieval
practice target words.

Overall, direct contrasts between only the old word conditions were inconsistent. That is,
when the direct contrasts between conditions for target words involved all trials, we found
significant differences in patterns of neural activity between conditions. However, when the
same contrasts involved correct only trials, we did not find any differences in neural activity.
When the direct contrasts between conditions for cue words involved all trials, we did not find
any differences in neural activity between conditions. However, when the same contrasts
involved correct only trials, we did find differences in patterns of neural activity between
conditions. Nonetheless, the contrasts between retrieval practice cue words and retrieval practice
target words when including all trials or correct only trials both depicted more neural correlates

of memory-related activity for retrieval practice target words.

Discussion
The behavioral results from the current study revealed a retrieval practice effect for cue
and target words. The memory accuracy (d’) results for retrieval practice cue words resembled
memory for retrieval practice target words. However, the memory improvement for retrieval
practice target words varied more relative to retrieval practice cue words as revealed in the
additional analyses. Specifically, the results from the UVSD model revealed that relative to
restudy control words, retrieval practice cue words received a modest yet consistent memory

improvement whereas retrieval practice target words received a larger and more variable
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memory improvement. These findings replicate those reported by Cawley-Bennett and
colleagues (Chapter 2).

The memory benefits from the retrieval practice condition compared to the restudy
control condition may be attributed to deeper engagement with the stimuli, yet we aimed to
account for these engagement-related differences by contrasting retrieval practice target words
with retrieval practice cue words. While similar memory accuracy was found for retrieval
practice cue and target words, fMRI results revealed that retrieval practice led to dissimilar
neural correlates of memory-related activity for target words relative to cue words. That
dissimilarity was highlighted by analyses that compared old versus new memory signals across
each condition and word type as well as by analyses that directly contrasted retrieval practice
target words and retrieval practice cue words. Moreover, that dissimilarity was present regardless
of whether the analyses included all trials or trials that were answered correctly on the final test.
The following sections will discuss these fMRI findings in more detail with respect to contrasts
specifically involving retrieval practice cue words and retrieval practice target words.

An initial set of analyses focused on the neural correlates of memory for each of the four
types of old words (i.e., retrieval practice targets, restudy control targets, retrieval practice cues,
and restudy control cues) by contrasting each separately with activity for new words. When these
analyses were restricted to correct only trials, memory-related neural activity common to all
four-word types were found in a few brain regions (Figure 10, bottom). These brain regions
included the left inferior frontal cortex (IFC), the left dorsolateral prefrontal cortex (dIPFC), the
left ventrolateral prefrontal cortex (VIPFC), left superior medial prefrontal cortex, left posterior
cingulate cortex (PCC), the left precuneus, and the left angular gyrus. The left middle temporal

gyrus also showed activity when remembering all of the old words except for restudy control
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target words. All of these brain areas were found in previous fMRI studies as typical neural
sources involved in recognition memory (Henson et al., 2000; Henson et al., 2005; Horn et al.,
2016; Wagner et al., 1998). However, when considering correct only trials in these old-new
analyses, there were more patterns of memory related activity specifically for retrieval practice
target words relative to the other old-new contrasts. Additional patterns of neural activity
associated with retrieval practice target words included the left medial temporal lobe (MTL),
areas in the left lateral temporal lobe (ITG, MTG, STG), and bilateral medial occipital lobe.
Many of these aforementioned brain regions were also identified in one previous fMRI study on
retrieval practice (Wirebring et al., 2015).

When similar old-new analyses were conducted with all trials, there were far fewer
common patterns of neural activity found (Figure 7, bottom). Despite the reduction in shared
patterns of neural activity in the old-new analyses using all trials, the left ventromedial prefrontal
cortex (vmPFC) exhibited increased activity exclusively for retrieval practice cue and target
words. However, activity in the vmPFC was not observed in any of the old-new analyses using
correct only trials. Prior research has typically associated the vmPFC with confidence related
decision-making processes (Hebscher & Gilboa, 2016; Moscovitch & Winocur, 2002). Given
this finding, it is unclear why the vmPFC did not additionally show increased activity in these
old-new analyses for restudy control words and in the old-new analyses including correct only
trials. Nevertheless, the old-new contrasts with all trials also revealed more patterns of neural
activity for retrieval practice target words relative to the other old-new contrasts. This finding
complements the previous finding from the old-new contrasts with correct only trials.

An additional set of analyses contrasted patterns of neural activity between only old word

conditions (i.e., retrieval practice cues versus restudy control cues, retrieval practice targets
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versus restudy control targets, retrieval practice cues versus retrieval practice targets). When
restricting these contrasts between retrieval practice cue words and retrieval practice target words
using either all or correct only trials, patterns of neural activity was solely identified for retrieval
practice target words. No patterns of neural activity were observed for retrieval practice cue
words. The patterns of neural activity for retrieval practice target words, whether including all or
correct only trials, included the left dIPFC, the left vIPFC, bilateral insula, bilateral MTL,
bilateral hippocampus, bilateral FFG, the left temporal lobe, and bilateral medial occipital lobe.
These findings further support the notion that neural processes for retrieval practice target words
involve more neural correlates of memory relative to retrieval practice cue words. Moreover,
these fMRI results indicated that distinct memory-related processes were operating separately for
retrieval practice cue words and retrieval practice target words. Similar to these fMRI results, the
results from the additional behavioral analyses indicated that memory processes were dissimilar
between retrieval practice cue words and retrieval practice target words.

Upon initial behavioral analysis using a memory accuracy metric (d’), it appeared that
both retrieval practice cue and target words demonstrated a reliance on similar memory
processes. However, further analyses from the UVSD model revealed a distinction in memory
processes, indicating a more variable memory improvement for retrieval practice target words.
Additional results from the response time analysis revealed faster decision-making processes for
target words relative to cue words. Lastly, results from the high confidence hits analysis revealed
a greater proportion of responses for retrieval practice target words relative to retrieval practice
cue words. From both the behavioral and fMRI findings, we suggest that recall of target words

during a retrieval practice intervention leads to both larger and more variable memory
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performance and instantiates more neural correlates related to memory processing relative to
retrieval practice cue words.

However, our behavioral and fMRI findings did not always agree with one another. For
instance, our behavioral data revealed a retrieval practice effect for cue words. Both memory
accuracy and signal strength from the UVSD model depicted a stronger memory benefit for
retrieval practice cue words relative to cue words from the restudy control condition.
Furthermore, the proportion of hits given high confidence analysis also depicted a greater
proportion of responses for retrieval practice cues relative to restudy control cues. Yet, we did
not find any neural correlates of memory for retrieval practice cue words when compared to
restudy control cue words. Rather, we only found neural correlates of memory for restudy
control cue words. It is possible that the statistically significantly reduced neural activity in
multiple brain regions for retrieval practice cue words relative to restudy control cues reflected
more efficient processing and less mind wandering. Nevertheless, we can still connect the
behavioral and fMRI findings for retrieval practice cue and target words with hypotheses
explaining retrieval practice effects.

Cawley-Bennett and colleagues (Chapter 2) previously discussed three categories of
hypotheses proposed to explain retrieval practice effects and attempted to connect their data with
these hypotheses. The present study will expand on this idea by attempting to connect the current
findings with those three categories of hypotheses. The first hypothesis was referred to as the
effortful search hypothesis. This hypothesis proposed that the retrieval practice effect is driven
by greater mental effort required to successfully recall information from memory (Bjork &
Bjork, 1992; Kornell et al., 2011). According to this hypothesis, however, the retrieval practice

effect would be observed only for the target words, as retrieval practice for cue words does not
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require any mental exertion to retrieve. Rather, the cue word is already present on the screen
during the intervention, similar to both words from the restudy control condition. The fMRI
results from the present study align with this hypothesis by revealing more neural correlates of
memory-related activity for retrieval practice target words relative to retrieval practice cue
words. However, the behavioral memory accuracy results do not support this hypothesis since
we found a retrieval practice effect for both cue and target words from d’.

The second hypothesis was referred to as the elaborative association hypothesis. This
hypothesis proposed that the experimenter-provided cue word triggers related semantic
associations during memory search to help establish a link to the missing target information
(Carpenter, 2009; 2011; Pyc & Rawson, 2012). This elaborated-on cue leads to the unidirectional
retrieval of the target word (Carpenter & Yeung, 2017). An interpretation of this hypothesis
would suggest that the benefit of retrieval practice would support better memory for the cue
word because encountering the target word alone on a final memory test would not offer the
opportunity to capitalize on the enhanced directional association. Therefore, the retrieval practice
effect would greatly improve memory for cue words relative to target words. Nevertheless,
neither the behavioral nor fMRI results from the present study provide supporting evidence for
this hypothesis.

The third hypothesis was referred to as the episodic reactivation hypothesis. According to
this hypothesis, retrieval practice attempts to reinstate the memory of the original study episode.
This reinstatement attempts to retrieve prior items and other associated contextual information. If
the original memory is reinstated, the memory representation is integrated with the retrieval
practice event along with the restriction of the memory search process, thereby leading to

subsequent memory improvements for both words (Karpicke et al., 2014; Lehman & Malmberg,
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2013; Rowland & DeLosh, 2014). Based on this hypothesis, retrieval practice should equally
benefit memory for both cue and target words since both words would be similarly reinstated.
The behavioral results from the present study did find a retrieval practice effect for both words
with similar memory accuracy results, providing supporting evidence for this hypothesis.
However, findings from the UVSD model indicated that there was a stronger and more variable
memory boost provided for retrieval practice target words relative to retrieval practice cue
words. The fMRI results also revealed different neural correlates between retrieval practice cue
and target words or that at least brain activity for retrieval practice target words could have been
attributable to stronger memory representation than a different memory process. Irrespective of
the interpretation of the fMRI results, the findings from the UVSD model and the fMRI findings
make clear that there is not an equal memory benefit for both retrieval practice cue and target
words as proposed by the episodic reactivation hypothesis.

In sum, while various hypotheses have been suggested to explain the mechanisms
supporting retrieval practice effects, the current behavioral and fMRI findings do not strongly
support any single hypothesis as initially proposed. Nevertheless, there is some evidence to
support the effortful search hypothesis. Our fMRI findings revealed more neural correlates of
memory for retrieval practice target words relative to retrieval practice cue words, which
supports this idea. Additional evidence provided by the behavioral findings, such as faster
decision-making responses, greater memory strength and more variability from the UVSD
model, and a greater proportion of hits given high confidence responses all for retrieval practice
target words relative to cue words also support this hypothesis.

One limitation of the present study was the inability to specifically investigate neural

correlates of memory-related activity associated with only high confidence responses. This fMRI
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analysis would have paralleled the behavioral analysis that examined the proportion of high
confidence responses across each old word condition. The limited availability of high confidence
responses from multiple participants in the current study hindered our ability to perform the
intended analysis using the fMRI data with adequate statistical power. Future research could
address this limitation by reducing the number of trials, thereby enhancing memory for a smaller
set of word pairs per condition and potentially enabling the analysis of high confidence
responses.

A limiting factor in fMRI analyses, like those conducted in the present study, is the
inability to examine corresponding activity in particular brain regions and reverse infer
psychological processes (Poldrack, 2006). When attempting to draw definitive conclusions about
the involvement of specific brain regions in cognitive processes, researchers should exercise
caution and avoid oversimplifying findings post hoc based solely on observed patterns of neural
activity. For this reason, the present study remains agnostic in defining differences in cognitive
processes between retrieval practice cue and target words based on the observed patterns of
neural activity. Future research may benefit from conducting a connectivity analysis, wherein
investigators could better determine how brain regions communicate and interact with one
another, therefore providing a more descriptive analysis.

Nonetheless, the primary motivation for using fMRI in the present study was to examine
the extent to which the memory processes for retrieval practice cue and target words were similar
or different. The behavioral findings from the present study revealed retrieval practice effects for
cue and target words. However, the memory benefit was greater and more variable for retrieval
practice target words relative to retrieval practice cue words, replicating findings from Cawley-

Bennett and colleagues (Chapter 2). The fMRI results demonstrated different neural processes
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between retrieval practice cue and target words with more neural correlates of memory observed
for target words.
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Figure 1

Schematic of Task Procedures

Note. Participants underwent three phases in the study: 1) a study phase, 2) an intervention
phase, and 3) a final test phase. The six trial-blocks for initial study followed immediately by the
intervention phase were repeated in total 18 times. The final test took place one-day later in the

fMRI.



131

ns

.Restudy Control
[l Retrieval Practice

Memory Accuracy (d') [SEM]

Cues Targets

Figure 2

Memory Accuracy Results

Note. Results for cue and target words from both the retrieval practice (red) and restudy control
(blue) conditions. Error bars depict SEM; *indicates p < .05, **indicates p <.01; ns = not

significant.
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Response Time Analysis

Note. Error bars based on SEM; **indicates p < .01; ns = not significant.
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Unequal Variance Signal Detection Model Results

Note. Results from the two parameters of the unequal variance signal detection model: signal
strength and the signal standard deviation. Error bars are based on SEM from 1,000 bootstrap
iterations. P-values are based on 1,000 random shuffles by swapping n-sample conditions for
cues and targets, then estimating the two parameters. *indicates p < .05, **indicates p < .01; ns =

not significant.
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Figure 5
Proportion of Hits Given High Confidence Results

Note. Error bars based on SEM; *indicates p < .05, **indicates p < .01.
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Figure 6

Old Words versus New Words with Combined Trials

Note. Contrasts of old word conditions (e.g., retrieval practice cue words) relative to the new
word condition with all trials (i.e., incorrect and correct trials) after correcting for multiple

comparisons with a p < .05.
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Figure 7

Unique and Common Masks from Combined Trials

Note. Unique and common (bottom) masks created from contrasts between old word conditions
and new word condition, with activity unique to each condition and a single mask depicting

activity observed across all old conditions relative to the new condition.
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Figure 8
Direct Contrasts of Old Word Conditions with Combined Trials

Note. The results from direct contrasts between old conditions only with all trials after correcting

for multiple comparisons using a p < .05.
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Figure 9
Old Words versus New Words with Correct Only Trials
Note. Contrasts between old word conditions relative to the new word condition using correct

only trials after correcting for multiple comparisons with a p <.05.
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Figure 10
Unique and Common Masks from Correct Only Trials
Note. Unique and common (bottom) masks between old word conditions relative to the new

word condition for correct only trials.
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Figure 11
Direct Contrasts of Old Word Conditions with Combined Trials
Note. The results from direct contrast between old conditions for correct only trials after

correcting for multiple comparisons using a p < .05.
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CHAPTER IV. GENERAL DISCUSSION
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The overarching goal of this dissertation was to investigate the extent to which the
retrieval practice effect depends upon retrieval. To achieve this goal, we carried out three
experiments that explored the behavioral and neurological differences in memory for cue and
target words learned across retrieval practice and restudy conditions. In the retrieval practice
condition, participants were required to recall the target word from memory but were provided
with the cue word. In the restudy control condition, participants were also provided with both the
cue and target words. Using a final recognition memory test, we were able to compare
participants’ memory separately for cue and target words learned in both conditions. We
hypothesized that if we found a retrieval practice effect for both cue and target words in the
retrieval practice condition, then the effect would be partly attributable to deeper levels of
engagement with the stimuli and not on factors related to recall alone. A second aim of this
dissertation was to connect the results from these experiments to different hypotheses accounting
for the mechanisms that support the retrieval practice effect. In this discussion, | will first
summarize the findings across the three experiments carried out in Chapters 2 and 3. Then, I will
connect those findings to the broader theoretical frameworks about the mechanisms supporting
the retrieval practice effect.

In Chapter 2, we carried out two behavioral experiments. We measured retention of cue
and target words learned in either the retrieval practice or the restudy control conditions using a
final recognition memory test. The results from both experiments revealed a retrieval practice
effect for both cue and target words. This finding made clear that retrieval practice effects do not
depend on factors related to recall alone. Instead, the process involved in actively retrieving
missing information can increase retention of all presented information, perhaps due to overall

deeper task engagement. We additionally fit the data with two ROC signal detection models, the
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UVSD and DPSD models, to elucidate differences in memory strength and variability between
cue and target words. While both models determined different memory effects occurring for
retrieval practice cue words and retrieval practice target words, | will focus specifically on
findings from the UVSD model. The results from the UVSD model made clear that retrieval
practice improved memory for target words more so than cue words. Specifically, retrieval
practice target words received a larger and more variable memory improvement relative to
restudy control target words. In a somewhat similar manner, the UVSD model depicted a smaller
yet consistent memory boost for retrieval practice cue words relative to restudy control cue
words. Additional results revealed a stronger correlation between intervention performance and
final test performance for retrieval practice target words relative to retrieval practice cue words.
We also measured response times during the final testing phase in Experiment 2 and found that
participants employed faster decision-making processes when tested on retrieval practice target
words compared to retrieval practice cue words. Lastly, we found that participants provided a
higher proportion of correct high confident memory responses for retrieval practice target words
compared to retrieval practice cue words. These findings from the two experiments collectively
led us to conclude that the memory benefits for retrieval practice cue and target words were
supported by different cognitive processes.

In Chapter 3, we aimed to determine whether the retrieval practice effect for both cue and
target words were supported by similar neural processes. To accomplish this aim, we employed
an additional approach, namely functional neuroimaging. Similar to the procedures in Chapter 2,
we had participants learn word pairs in either a retrieval practice condition or a restudy control
condition. However, unlike in Chapter 2, we administered the final recognition memory test in

an MRI scanner. The behavioral results replicated findings from Chapter 2; we observed a
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retrieval practice effect for both cue and target words. Parallel to the findings from Chapter 2,
there was also a greater memory advantage provided to retrieval practice target words compared
to retrieval practice cue words. In addition to replicating these behavioral findings, the fMRI
results revealed more neural correlates of memory-related activity for retrieval practice target
words relative to retrieval practice cue words. Multiple patterns of neural activity seem to
support retention of retrieval practice target words, including the left prefrontal cortex, the
medial temporal lobe, the left lateral temporal cortex, and the medial occipital lobe. These
findings suggest that the retrieval practice effects for cue and target words are supported by
different neural processes.

Taken together, the findings from all three experiments indicated that recalling both cue
and target words was not necessary to observe a retrieval practice effect. Instead, asking one to
actively try and remember some missing information improved memory for both the to-be-
recalled target and the provided cue information. However, our data suggest that the behaviorally
similar memory benefits provided to cue and target words from retrieval practice can be
attributed to differing cognitive and neuronal processes. These differing processes will be
discussed next.

Depth of Engagement Improving Memory

We found that cue words learned in the retrieval practice condition were better
remembered than those learned in the restudy condition. Since cue words from both conditions
are provided during initial study and the intervention, one might expect that automatic
recognition memory processes on the final test would be similar for cue words from both
conditions. Because similar recognition memory performance on the final test was not found

between conditions for cue words, we suspected that memory testing during a retrieval practice
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intervention impacted a participant’s overall level of arousal, attention, or engagement with the
tested material. Because cue words in the retrieval practice trials were presented on the screen
like they were in the restudy trials, the memory differences for cue words between these two
conditions must have relied upon deeper levels of processing or engagement with the tested
stimuli (Craik & Lockhart, 1972; Craik & Tulving, 1975). Thus, we attributed the retrieval
practice effect, primarily for cue words, as being a result of the depth of engagement involved
during the retrieval process. Previous research on the generation effect helps support this
interpretation.
Parallels Between the Retrieval Practice Effect and the Generation Effect

We did not consider the generation effect when developing our hypotheses, a-priori
because our study design did not have a generation component. However, we cannot help but
notice parallels between that effect and our observed results. In this paradigm, participants are

presented with semantically-related word pairs (e.g., “MORNING-AFTERNOON?”) or a single

required to generate a potential response word that is semantically related to the one provided. A
subsequent memory test is then provided after a varying delay period, in which words that were
generated were more consistently reported as being better remembered relative to words that
were simply studied (for a review see Bertsch et al., 2007). This deeper level of engagement with
the word pairs through active generation improves memory, an effect termed the generation
effect (Clark, 1995; Jacoby, 1978).

Like the retrieval practice effect, the generation effect is also robust and found to occur
whether using a within- or between-subject experimental design. The main contrast between

generation effect paradigms and retrieval practice effect paradigms is that the latter paradigms
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require one to first study all the stimuli in an intact format. Only after initial study is complete is
a more engaging intervention phase administered where the participant must actively remember a
missing word or is once again presented with intact word pairs to restudy. In contrast, generation
effect paradigms recruit deeper engagement with the self-generated stimuli during the initial
study phase. This deeper level of engagement with the self-generated stimuli leads to memory
improvements relative to less engaging activity with the provided stimuli. Therefore, we
hypothesized that the observed retrieval practice effect for cue words and target words resulted
from eliciting deeper overall engagement from participants during the retrieval practice
intervention. However, as we have seen from the findings in the experiments in this dissertation,
recalling the target word during the retrieval practice intervention tended to provide an additional
and more variable memory benefit compared to retrieval practice cue words.
Additional Factors Improving Memory for Retrieval Practice Target Words

The finding of a retrieval practice effect for target words is not novel. Rather this effect is
well known and recognized in the retrieval practice literature (e.g., Rowland, 2014; Yang et al.,
2021). The novelty of our experiments, however, is that we established that factors related to
memory recall is not solely necessary for a retrieval practice effect to occur. Nevertheless, the
results from the three experiments revealed that the retrieval practice effects for cue and target
words may not rely on similar memory processes. The differences in memory retention between
retrieval practice target and cue words meant that there was an additional memory improvement
for target words than from just the benefit of deeper engagement. Therefore, the retrieval practice
effect for target words was supported by both deeper engagement with the stimuli and memory

improvement from recall. In the following section, we will explore how our findings relate to or
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diverge from the major hypotheses concerning the mechanisms underlying the retrieval practice
effect.
Connecting our Findings with Prior Retrieval Practice Hypotheses

A second aim of this dissertation was to connect the findings with pre-existing
hypotheses that account for the mechanisms supporting retrieval practice effects. We will focus
our discussion on the three categories of hypotheses referred to as the effortful retrieval
hypothesis, the elaborative association hypothesis, and the episodic reactivation hypothesis.
According to the effortful search hypothesis (e.g., Kornell et al., 2011), the retrieval practice
effect should only benefit the target word since only the target word required greater mental
effort or exertion to retrieve. In contrast, retrieval practice cue words did not require mental
exertion since the words were already provided on the screen. Consequently, there would be no
memory improvement for retrieval practice cue words. Prior research has typically been unable
to clearly operationalize what mental effort implies. Although, one interpretation of mental effort
was described as an indicator of the reprocessing of the memory trace that takes place during
retrieval (Roediger & Butler, 2011). The effortful search hypothesis built upon earlier ideas
related to the retrieval hypothesis (Bjork, 1975) wherein more difficult initial tests resulted in
greater memory benefits (Bjork & Bjork, 1992; Halamish & Bjork, 2011). Nevertheless, because
there was a retrieval practice effect that occurred for both target and cue words in all three
experiments, we did not find evidence to support this hypothesis as initially proposed. In contrast
to the behavioral findings, we did find evidence supporting this hypothesis from the fMRI
results. Specifically, there were more neural correlates of memory-related activity for retrieval
practice target words relative to retrieval practice cue words. Moreover, the greater cognitive

memory benefit we observed for retrieval practice target words relative to cue words would also
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lend some credibility to this hypothesis. Nonetheless, according to the authors’ interpretation of
this hypothesis, there should not be a memory benefit provided to retrieval practice cue words,
meaning we must rule out this hypothesis.

The elaborative association hypothesis (e.g., Carpenter, 2011; Pyc & Rawson, 2012)
suggests a greater benefit for retrieval practice cue words relative to target words. This benefit is
achieved by establishing associations with the provided cue word that then directly links to the
missing target word. The premise is to connect the provided cue information with information
that has already been acquired and established (i.e., prior knowledge). By building connections
with prior knowledge, it helps one to retrieve the to-be-recalled target information. Furthermore,
a provided cue word that decreases the accessibility to the target word leads to better memory by
creating a greater need for the elaborative process (Carpenter, 2009; Carpenter & DelLosh, 2006).
For instance, Carpenter (2009) found that memory was better for word pairs that bore a weak
related semantic association (e.g., “BASKET-BREAD”) relative to word pairs with a stronger
related semantic association (e.g., “TOAST-BREAD?”). It is from this elaboration-with-the-cue
process that supports subsequent memory for word pairs because this process creates additional
retrieval routes (Carpenter & DeLosh, 2006). One caveat to this hypothesis was that the benefit
was provided in a unidirectional manner, stemming from the cue word to the associated
information and then to the target word (Carpenter & Yeung, 2017). Consequently, the memory
benefit focuses on retrieval practice cue words because encountering retrieval practice target
words alone on a final test would not allow the opportunity to utilize the enhanced directional
associations. Nevertheless, in our three experiments the behavioral results found similar, or near

similar, retrieval practice effects in memory accuracy for cue and target words. In contrast, the
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UVSD model and the fMRI results depicted a greater memory improvement for retrieval practice
target words. Thus, the findings from this dissertation also do not support this hypothesis.

The episodic reactivation hypothesis (e.g., Rowland & DeLosh, 2014; Karpicke et al.,
2014) posits that retrieval practice reactivates the initial study episode through mental time travel
(Tulving, 2005). Should the initial study episode be retrieved using any provided cues, then that
memory is integrated with the current intervention episode (Whiffen & Karpicke, 2017). The
combination of these two episodes then benefits later memory search. This memory combination
should lead to an equal retrieval practice effect for both cue and target words, given that both
words are equally associated with reinstatement of the initial study episode (Whiffen &
Karpicke, 2017). Our finding of a retrieval practice effect for both cue and target words from
memory accuracy across all three experiments would support this hypothesis. However, our
fMRI results do not support this hypothesis. The results from the UVSD models further suggest
that there were differences in memory processes between retrieval practice words. Considering
these findings, it appears that reinstatement of the initial study episode does not provide an equal
memory benefit to both retrieval practice words, meaning we must also rule out this hypothesis.
Revising Old Hypotheses Based on Current Findings

The predictions from each of these three categories of hypotheses do not fully account for
our behavioral and neural findings. The original authors of these ideas formulated their
hypotheses based on studies investigating the impact of retrieval practice on memory for target
words. Nonetheless, partial aspects of these hypotheses can be applied to the findings in this
dissertation. Accordingly, | will now revisit, refine, and combine aspects of these hypotheses to

create a theoretical framework around our findings.
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We proposed that some, though not all, of the retrieval practice effect was supported by
factors related to deeper levels of engagement. Intentional and conscious active searching or
reflecting on prior knowledge or experience results in deeper engagement (Craik & Lockhart,
1972). Based on this framework, the memory search process required during retrieval practice,
by itself, can trigger deeper levels of engagement with the tested stimuli. This process can be
supported by ideas taken from all three hypotheses, wherein active engagement involves the
amalgamation of greater effort, elaboration, and episodic reactivation. These ideas may not
necessarily be mutually exclusive from one another (Carpenter & Yeung, 2017; Karpicke, 2017)
but can be incorporated together. For instance, the elaborative association and the episodic
reactivation hypotheses mention that the memory benefit of retrieval practice begins with a
search-like process based on a provided cue. Although, additional processes continue based on
either elaboration or episodic reactivation, both processes suggest a subsequent memory
improvement based on this initial memory search. Accordingly, either hypothesis suggests one
retains better memory of the cue word by connecting it with prior knowledge or experience. For
instance, findings from Whiffen and Karpicke (Experiments 2 & 3, 2017) revealed that separate
tasks involving elaboration and episodic reinstatement during a retrieval practice intervention led
to near similar levels of final recall test performance. Further analyses revealed that these
different tasks led to different patterns of recall organization. Thus, the recruitment of the
cognitive process appeared dependent upon the task requirement during retrieval.

Furthermore, people will be more engaged and have better memory performance if the
task recruits more mental effort to connect the provided cue information with prior knowledge or
experience. Roediger and Butler (2011) suggested that retrieval effort during retrieval practice

could also entail elaboration. Indeed, findings from research on the elaborative association
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hypothesis revealed that harder to retrieve information led to greater retrieval practice results
(Carpenter & DelLosh, 2006; Carpenter, 2009). The authors suggested that this resulted because
of the greater demand on the elaboration process and we suspect that our results stemmed from
the more difficult tasks requiring greater depths of engagement with the stimuli. Accordingly,
this deeper engagement can lead to increased attention, arousal, or vigilance. Therefore, this
search process associated with retrieval recruits deeper engagement with the stimuli and thereby
provides a memory boost to both the retrieval practice cue and target words. Like the episodic
reactivation and elaborative association hypotheses, this idea would lead to a retrieval practice
effect for both cue words and target words.

We proposed that the retrieval practice effect for target words was attributed to a
combination of deeper engagement and memory recall. Because the target word must be overtly
retrieved, it requires a greater amount of mental effort to recall during the intervention phase
compared to the cue word. As such, retrieval provides an even greater memory boost for the
item-specific information (Bjork, 1994). This interpretation is supported by aspects of the
effortful search hypothesis. Additionally, this idea shares similarities to the elaborative
association hypothesis, in which the greater difficulty needed to retrieve an item, the better the
memory boost (Carpenter, 2009; Carpenter & DeLosh, 2006). This memory boost results in the
reactivation of the memory trace but specifically focuses on the item-specific information (i.e.,
target word).

Retrieval Practice Effects on a Molecular Basis

The reactivation of a memory trace can reinforce the memory of an event or for specific

information through a process known as reconsolidation. Prior research on reconsolidation

detailing the molecular factors associated with memory retrieval and re-encoding in non-human
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animal models may help to explain our behavioral, cognitive, and neural findings (e.g., Szapiro
et al., 2002; Dudai, 2004; Tronson & Taylor, 2007). Reconsolidation triggers a new round of de
novo protein synthesis. This round of protein synthesis is associated with stabilizing the labile
memory through synaptic consolidation (Dudai, 2004). Previous researchers have also suggested
this reconsolidation process supports retrieval practice effects (Antony et al., 2017; Roediger &
Karpicke, 2011). Moreover, this reconsolidation process may help reduce the rate of forgetting
for retrieval practice cue and target words relative to restudy control words (Carpenter et al.,
2008). However, the act of retrieving item-specific information (i.e., the target word), and if
successful, would reinforce this reconsolidation process and result in even greater memory
stabilization. This item-specific reconsolidation process differs from the memory trace
reconsolidation process from deeper engagement, because the de novo protein synthesis during
the reconsolidation process for the retrieved item-specific information would be more impactful
but also more selective. Consequently, reconsolidation from recall would result in an even better
reduced rate of forgetting for the retrieval practice target word. Thus, the memory benefit
provided to retrieval practice target words is what led to the greater and more variable memory
results observed across the three experiments in this dissertation. Given that we could not
measure these factors in humans, future research would greatly benefit from distinguishing the
reconsolidation process between these two proposed types of memory enhancements further in
non-human animal models.
Future Explorations of Memory Strength

Experiment 2 attempted to explore the idea of increased memory strength. The results
from that experiment demonstrated that memory performance from two restudy opportunities

does not match performance from a single instance of retrieval practice. The findings made clear
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that relative to this additional restudy opportunity, retrieval practice provides a unique and
disproportionate memory advantage. Moreover, the results from memory accuracy in Chapter 3
were nearly identical for retrieval practice cue and target words. Despite this result, the UVSD
model and the fMRI results demonstrated clear difference between retrieval practice cue and
target words. Thus, the results from all three experiments taken together are consistent with the
idea that different processes support memory performance for retrieval practice cue and target
words. Future research could explore further how memory strength from retrieval practice might
qualitatively differ from memory strength from other means, such as three restudy opportunities.
Conclusion

In conclusion, retrieval practice effects are not solely produced from memory factors
related to recall. Retrieval practice appears to prompt deeper engagement with the tested stimuli,
a process that does not occur in the same manner during a restudy opportunity. However, the
memory performance improvement for retrieval practice cue and target words are not supported
by the same processes. Rather, recall during retrieval practice appears to also influence memory
strength and variability. Findings from two behavioral experiments and one fMRI experiment

made this point clear.
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