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Abstract

Behavioral studies have shown that verbal information is better retained when it is self-generated
rather than read (learned passively). We used fMRI and a paired associates task to examine brain
networks underlying self-generated memory encoding. Subjects were 49 healthy English speakers
ages 19-62 (30 female). In the fMRI task, related word pairs were presented in a “read” condition,
where subjects viewed both words and read the second word aloud, or a “generate” condition,
where the second word was presented with only the first letter and the subject was required to
generate the word. Thirty word pairs were presented in each condition. After the fMRI scan, words
that were read or generated were presented, each with two foils, in a forced-choice recognition
task. On the recognition post-test, words from the “generate” condition were more correctly
recognized than from the “read” condition (80.0% for generated words versus 72.0% for read
words; t(48) = 5.17, p < 0.001). FMRI revealed increased activation for generate>read in inferior/
middle frontal gyri bilaterally (L>R), anterior cingulate, and caudate nucleus and the temporo-
parietal-occipital junction bilaterally. For the “read” condition, better subsequent memory
performance across individual subjects was positively correlated with activation in the cuneus
bilaterally. In the “generate” condition, better subsequent memory performance was positively
correlated with activation in the left superior temporal gyrus. These results suggest that self-
generation improves memory performance, that enhanced cortical activation accompanies self-
generated encoding, and that recruitment of a specific brain network underlies self-generated
encoding. The findings may have implications for the development of procedures to enhance
memory performance.
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1. INTRODUCTION

Behavioral studies have shown that verbal information is better retained when it is self-
generated rather than received passively (Kanfer & Schefft 1988, McDaniel, et al. 1988,
Schefft & Biederman 1990, Olofsson & Nilsson 1992, Basso, et al. 1994, Craik 2002). In the
clinical setting, the application of self-generation procedures has been found to improve
memory in both nondemented elderly patients and individuals with Alzheimer’s disease
(Lipinska, et al. 1994, Souliez, et al. 1996, Multhaup & Balota 1997, Barrett, et al. 2000),
frontal lobe dementia (Souliez, et al. 1996), multiple sclerosis (Chiaravalloti & Deluca
2002), Parkinson’s disease (Barrett et al., 2000), schizophrenia (Vinogradov, et al. 1997),
temporal or frontal lobectomy (Smith 1996), traumatic brain-injury (Schefft, et al. 2008a),
epilepsy (Schefft, et al. 2008b) and aphasia (Marshall, et al. 1992). In particular, we recently
demonstrated that self-generated encoding of verbal paired associates enhanced memory
performance in patients with epilepsy by 11-20% and that patients with the greatest memory
impairment benefitted the most from the use of self-generation strategies (Schefft, et al.
2008b). Overall, these clinical studies support the notion that active participation during
verbal encoding engages memory mechanisms that supplement those used during passive
observation, leading to improvements in memory performance. Furthermore, research on
learning has demonstrated that an active learning process leads to improved mood state,
better self esteem, more spontaneous use of various learning strategies, and greater
generalization of new knowledge (Schefft & Biederman 1990, Basso, et al. 1994, Walsh, et
al. 1995). Hence, improved performance related to self-generation vis-a-vis passive reading
is expected and has been confirmed in previous studies (Lipinska, et al. 1994, Souliez, et al.
1996, Multhaup & Balota 1997, Barrett, et al. 2000, Schefft, et al. 2008a, Schefft, et al.
2008b).

The efficacy of self-generation encoding procedures likely lies in the fact that the individual
takes an active role in producing material to be remembered rather than passively
responding to stimuli provided. This may be explained by several conceptualizations: (1)
that memories are enhanced as a result of self-generation of information because there is an
increase in distinctiveness in the to-be-remembered items (McDaniel, et al. 1988); (2)
individuals may be more likely to remember information because they feel self-empowered
by participating in the creation of information (Olofsson & Nilsson 1992); (3) increased
relevance of information leads to increased motivation and, as a result, enhances learning
(Walsh, et al. 1995); and (4) the belief that information that is processed at a deeper level of
meaning will be better remembered because the strategy enforces a certain type and depth of
processing (Craik 2002, Lespinet-Najib, et al. 2004). Indeed, the depth-of-processing
literature has well-documented the behavioral finding that verbal information is more
effectively remembered when it is encoded with greater involvement of its semantics (Craik
2002).

Active learning and semantic processing are associated with the self-generation process.
Therefore, several memory-specific cortical areas need to be involved in order for
individuals to successfully encode new information. These cortical and subcortical regions
include bilateral lingual and fusiform gyri, bilateral hippocampi and parahippocampal gyri,
and predominantly left and medial parietal cortices with additional involvement of the left
insula, prefrontal cortex, thalami, anterior cingulate cortex (attention), inferior frontal gyrus
and premotor cortices (Kapur, et al. 1995, Fletcher & Henson 2001, Szaflarski, et al. 2004b,
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Aggleton, et al. 2005, Kim 2011). Neuroimaging data are also consistent with the behavioral
pattern that semantic, “deeper” processing (relative to perceptual, “shallow” processing)
leads to better memory performance. This deeper processing may be associated with a
frontal and medial temporal encoding network (Otten, et al. 2001, Nyberg 2002).

Specific to encoding and retrieval of paired verbal associates, studies have found
involvement of parahippocampal regions, visual integration areas, bilateral prefrontal cortex
and cingulate gyrus in both encoding and retrieval (Krause, et al. 1999, Mottaghy, et al.
1999). Stronger activation in hippocampi and parahippocampal gyri during encoding is
associated with better subsequent memory performance at the single-subject level (Meltzer
& Constable 2005). More specifically, Kirchhoff and Buckner (2006) related fMRI
activation patterns during a paired-object encoding task to the encoding strategies that
subjects reported (Kirchhoff & Buckner 2006). Prefrontal activation was associated with a
verbal elaboration strategy while activation in the left temporo-occipital junction was
associated with a visual inspection strategy. Both of these strategies were related to
improvements in subsequent memory performance, which also correlated with increased
activation in the supporting brain regions. Qin et al. found that successful encoding of
triplets (one visual and two verbal items) was associated with prefrontal and medial
temporal fMRI activation, and that a wider set of brain regions including dorsolateral
prefrontal cortex, the basal ganglia, posterior cingulate, and middle temporal cortex was
engaged when successfully associating discontinuous members of the triplet (Qin, et al.
2007). A recent meta-analysis of similar studies of “subsequent memory effects” (activation
during encoding of information that is later successfully remembered) suggested that for
verbal associative tasks, left inferior frontal cortex/insula, bilateral fusiform cortex, and left
medial temporal regions were most often engaged during successful encoding (Kim 2011).

While there is an abundance of research examining memory encoding, there has been little
focus on active encoding methods. It becomes of interest to investigate active encoding
inherent in self-generation memory methods, with regard to both memory enhancement
effects and the neural activation patterns that may accompany them. Therefore, the main aim
of this study was to evaluate the neural circuits involved in successful encoding of paired-
associates with self-generated responses using fMRI in order to investigate the neural basis
of the improvement in memory performance associated with self-generation.

2. RESULTS

2.1. Performance Data

In-scanner performance data during the encoding task were recorded and scored. More
words were correctly read than correctly generated (t(48) = 15.07, p < 0.001), though
performance levels were very high in both conditions (99.4% correct for read words, 80.3%
for generated words). On the recognition post-test, more “generated” words were correctly
recognized than read words (80.0% correct recognition for generated words, 72.0% for read
words; t(48) = 5.17, p < 0.001). In-scanner word generation performance score was a highly
significant predictor of post-test recognition of generated words in a linear regression
analysis (r = 0.49, p < 0.001).

2.2. Functional MRI results

2.2.1. Group Composite: “generate” vs. "read” —The statistical map for the group
composite is shown in Figure 1A. In this map, six clusters in the group composite are
showing regions where the “generate” condition activated more strongly than the “read”
condition (Table 1A). There are two midline clusters, the more inferior encompassing
bilateral caudate nuclei and thalamic nuclei, and the more superior in anterior cingulate and
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medial frontal gyri. Two sets of large lateral clusters were observed, with one pair anterior
and one pair posterior. The anterior cluster pair encompasses the insula and inferior and
medial frontal gyri on the right and left, while the posterior cluster pair encompasses
inferior, medial, and superior occipital gyri, extending into the supramarginal and angular
gyri on the right and left. There are also a number of regions that were more active for the
“read” condition relative to the “generate” condition (Figure 1A). These include left medial
frontal cortex, bilateral insula, ventromedial prefrontal cortex, inferior parietal cortex, and
precuneus, along with left cuneus and right lingual gyrus. Figure 1 also contains the group
composite images for “generate” > “read” in younger and older adults (Figures 1B and 1C).
Similar to other fMRI studies of cognition, this analysis was conducted in order to examine
whether the differences between conditions were driven by younger or older adults (Maguire
& Frith 2003, Grady, et al. 2005, Nielson, et al. 2006). After halving the dataset into older
(Figure 1B; ages 35-62) and younger (Figure 1C; ages 19-34) groups we show that the
activation patterns in these two groups are similar with only a slightly greater extent of
activation in the older group.

2.2.2. Correlations with post-scan performance—Two statistical maps show
correlation with post-scan recognition performance in the “read” and “generate” conditions
respectively. For the “read” condition (Figure 2A, Table 1B), better subsequent memory
performance was positively correlated with activation in the cuneus bilaterally and right
precuneus. Left middle/superior temporal gyrus, right medial frontal, cingulate and lateral
prefrontal regions, and left postcentral gyrus showed negative correlations. For the
“generate” condition (Figure 2B, Table 1C), better subsequent memory performance was
positively correlated with activation in the left middle/superior temporal gyri. Activation in
the bilateral middle frontal gyrus, anterior and posterior cingulate cortex, and right insula
showed a negative correlation with performance.

2.2.3. Group Composite: Remembered vs. Forgotten—The contrast between
subsequently remembered versus subsequently forgotten items for the “generate” condition
is illustrated in Figure 3 with activation locations presented in Table 2. For the “read”
condition, there were no significant differences, even when a more lenient threshold of p <
0.05 was used. For the “generate” condition, there was more involvement of the left superior
temporal and supramarginal gyri and left posterior insula and medial frontal region in
successful encoding of words that were subsequently remembered. The right insula/inferior
frontal region was more active during encoding of words that were subsequently forgotten
(i.e., unsuccessful encoding).

3. DISCUSSION

As in previous behavioral studies, our results show that words that were generated during
encoding were more accurately recognized in post-testing (McDaniel, et al. 1988, Schefft &
Biederman 1990, Olofsson & Nilsson 1992, Basso, et al. 1994, Craik 2002) and that more
frequent errors in generation were associated with poorer recognition. Results from the
present study are also consistent with predictions from the self-regulation model (Schefft, et
al. 1997), which underscores the utility of active participation, subject involvement and
perceived choice and control, all of which are associated with positive learning effects.
Further, using fMRI we documented that there is a wide network of regions involved in
active word generation relative to passive reading aloud, including inferior and medial
frontal gyri, insula, temporo-occipital regions bilaterally, anterior cingulate and bilateral
subcortical regions. These findings not only confirm the utility of this task for intra-scanner
testing of verbal paired associate learning but also identify areas associated with this process
itself as well as the areas associated with improved performance that could potentially serve
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as targets for intervention in patients with cognitive or language deficits e.g., with rTMS
(Boyd & Lindsell 2009, Szaflarski, et al. 2011).

Frontal activations greater for the “generate” compared to the “read” condition (Figure 1A,
Table 1A) reflect semantic retrieval processes (Damasio, et al. 1996, Thompson-Schill, et al.
1997, Badre, et al. 2005) as well as speech production (Soros, et al. 2006), and these are
consistent with other studies examining verbal encoding (Buckner, et al. 1999, Mottaghy, et
al. 1999, Bassett, et al. 2006, Murray & Ranganath 2007, Eyler, et al. 2008), or encoding of
images using a verbal elaboration strategy (Kirchhoff & Buckner 2006). Furthermore,
studies examining increased depth-of-processing during encoding found that inferior frontal
regions were involved when to-be-encoded information was more deeply processed (Otten,
et al. 2001, Fliesshach, et al. 2010). It is also of interest that left frontal engagement has long
been associated with novel problem solving (Petrides & Milner 1982), controlled (versus
automatic) cognitive processing (Kanfer & Schefft 1988), organizational strategies used in
memory encoding (Stuss, et al. 1994) and effective self-regulatory behavior (Luria 1973).

In studies of verbal encoding with visually presented stimuli, the occipital regions we found
to be more active during the “generate” than the “read” condition (Figure 1A, Table 1A)
have been implicated in the processing of visual word forms (Krause, et al. 1999, Mottaghy,
et al. 1999); these regions may be especially engaged in the process of matching the number
of asterisks presented and the number of letters in a generated word. These activations
associated with processing the visually presented stimuli extended into parietal regions that
may support mental imagery and working memory (see (Mesulam 1998) for discussion), as
well as middle temporal cortex, supporting semantic processing including processing of
metaphors (Bottini, et al. 1994, Bookheimer 2002).

Cingulate cortex, also active during word generation (Figure 1A, Table 1A), has been
implicated in a number of fMRI studies of attention (Hahn, et al. 2006), stimulus/response
compatibility (Botvinick, et al. 2004) and self-monitoring (Botvinick, et al. 2004). In the
case of our neurocognitive task, subjects may be self-monitoring their responses as they
generate words in an effort to perform accurately. Participation of this node of the
attentional network may also be, at least in part, related to the increased demands placed on
the network by the constantly changing rules of the paired associates task (Pashler et al.,
2000). Further, we recently observed differences in the participation of anterior cingulate
cortex in the process of verbal memory retrieval between healthy controls (decreased BOLD
signal) and epilepsy patients (increased BOLD signal) suggestive of a possible interaction
between the brain’s resting state and the level of a task’s attentional demands (Eliassen, et
al. 2008). Cingulate cortex has also been suggested to play a major role in the brain’s
“default mode” (Greicius, et al. 2003, Fox, et al. 2005, Difrancesco, et al. 2008).

Comparison of older and younger participants revealed vastly similar activation patterns
with the exception of a slightly greater extent of activation in older participants. These
results are consistent with other studies of memory and executive function in that they have
shown more widespread activation associated with successful task performance in older
adults (see Guidotti Breting, et al. 2011). Overall, the average age of the older group
included in our study is 48.04 years. Thus, since cognitive decline and associated with it
fMRI and DTI changes are usually noted in subjects in their late 60’s and older, lack of
differences between the groups is likely related to the fact that the “older” group is in fact
much younger than the older subjects in studies which showed age-related fMRI and DTI
changes (Maguire & Frith 2003, Grady, et al. 2005, Nielson, et al. 2006).

In contrast, other regions associated with the “default mode” network were more active for
the “read” versus the “generate” condition, including medial frontal cortex, ventromedial
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prefrontal cortex, inferior parietal cortex, cuneus and precuneus. (Greicius, et al. 2003, Fox,
et al. 2005, Buckner, et al. 2008, Difrancesco, et al. 2008). While performing the less
cognitively demanding “read” task, the default network may be only partially inhibited by
task-related cognitive processes. Activation in insula may involve different processes in the
right and left hemispheres — right insula has been associated with self-awareness (Critchley,
et al. 2004) and emotional processing (Van Dillen, et al. 2009). Left insula has been
associated with both overt (Wise, et al. 1999, Riecker, et al. 2005) and internal speech
(Marvel & Desmond 2011).

Correlation analyses revealed the relationship between the regions involved in each
encoding condition and subsequent memory performance. For the “read” condition, better
subsequent memory performance was positively correlated with activation in the cuneus
bilaterally, suggesting that increased visual processing of the words during reading supports
more effective encoding; this region also overlaps with activation for the “read” condition in
the group composite map discussed above. Right lateral prefrontal, medial frontal, and
cingulate regions, and left postcentral gyrus, and left middle/superior temporal gyrus showed
negative correlations. The relationship between left temporal activation and poorer memory
performance suggests that increased lexical-phonological processing in this region (Hickok
2009) makes “read” words more difficult to encode, perhaps due to interference from related
words in the lexicon.

For the “generate” condition, better subsequent memory performance was supported by
increases in the left middle/superior temporal gyrus, an area that was more active for the
“generate” condition in the group analysis. This relationship suggests that increased lexical-
phonological processing (Hickok 2009) leads to more effective encoding, in contrast to the
“read” condition. Right dorsal prefrontal regions, anterior and posterior cingulate cortex,
precuneus and right insula showed a negative correlation. These regions of negative
correlation suggest there is increased activity in default mode network regions when
encoding is less successful (Kim, et al. 2010); increased activation in the insula has also
previously been associated with unsuccessful encoding (Daselaar, et al. 2004).

When words were self-generated, a number of regions were more active during encoding
when directly comparing subsequently remembered words to forgotten ones (Figure 3, Table
2). All of these regions have been previously observed in studies of subsequent memory
effects. First, the left supramarginal and superior temporal gyri have been suggested to
support attention during encoding (Uncapher & Wagner 2009), and may interact with the
adjacent middle/superior temporal region found to be associated with more effective
encoding in the correlation analysis above. The left insula may be engaged by more complex
semantic processing during self-generation since it is more active during associative
encoding relative to encoding of simple verbal material (Kirwan, et al. 2008) as well as overt
and covert speech (Marvel & Desmond 2011). Premotor (medial frontal) regions have also
been suggested to modulate attention, particularly during successful encoding of verbal
relative to non-verbal material (Kim 2011). However, there were no regions more active for
subsequently remembered words than forgotten ones when the words were simply passively
encoded. The low amount of cognitive effort and minimal processing of words in this
condition may lead to the lack of unique activation (i.e., significant engagement of specific
brain regions) for subsequently remembered words and is also the reason for increased
activation in the default mode network (Binder, et al. 1999, Fox, et al. 2005).

The right inferior frontal region was more active when encoding was unsuccessful. In
previous studies this region was more often associated with successful encoding (Kim
2011), though Park et al. (2008) suggested this region may be engaged specifically when
encoding phonological information. In the self-generation task employed here, increased
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focus on phonological information during encoding may have been detrimental to memory
performance, since most of the relationships between the word pairs were semantic in nature
rather than phonological (category members, opposites, etc.); some of these relationships
may be less efficiently encoded. A limitation of the study was that the low number of word
pairs for each specific relationship among the paired associates did not allow for separate
analysis of each relationship in the fMRI data. In addition, there were relatively few
“forgotten” items, so this comparison may lack statistical power to identify the full network
of regions more engaged when items are unsuccessfully encoded.

The paired-associates generation task requires that subjects draw on their knowledge of
multiple semantic properties of the words they are generating, since the members of the
word pairs are related in various ways. Accessing this variety of semantic knowledge leads
to deeper processing and may also activate a wider network of brain regions that support
such knowledge. Our results demonstrate that when verbal information is self-generated
rather than simply read aloud, this leads to better recognition memory for the self-generated
words and associated increases in neural activity that may involve a wider range of semantic
knowledge being accessed. This may make individual items more distinctive in their neural
representation, and together with depth of processing effects may underlie the improved
memory performance that is seen in both healthy individuals and patients with neurological
disorders (Craik 2002, Schefft, et al. 2008a, Schefft, et al. 2008b). This underscores the
effectiveness of self-generation procedures in memory compensation training in patients
with various neurological illnesses or injury affecting the network of brain regions
supporting encoding and semantic processing (Marshall, et al. 1992, Lipinska, et al. 1994,
Smith 1996, Souliez, et al. 1996, Multhaup & Balota 1997, Vinogradov, et al. 1997, Barrett,
et al. 2000, Chiaravalloti & Deluca 2002, Schefft, et al. 2008a, Schefft, et al. 2008b).

4. METHODS
4.1. Subjects

Subjects were 49 healthy right-handed adults (30 females) ages 19-62 (mean age 33), native
speakers of English with no history of neurological or psychiatric disorders. Their level of
education was 10-25 years (mean 16.5). Subjects were recruited from the local Cincinnati
community via print and word-of-mouth advertising as part of a larger study ongoing study
(NIH R01-NS04828). The project was reviewed and approved by the Institutional Review
Boards at the University of Cincinnati and the Cincinnati Children’s Hospital Medical
Center, and all subjects provided written informed consent.

4.2. Materials

60 pairs of related words were selected from the paired associates used in previous studies
(Basso, et al. 1994, Schefft, et al. 2008a, Schefft, et al. 2008b). These word pairs were made
up of familiar words 6 letters or less in length. Relationships between members of a pair
were evenly distributed across 5 rules (12 pairs per rule): associates (e.g., lock — key),
category members (e.g., saucer - bowl), synonyms (e.g., street — road), antonyms (e.g., hot —
cold) and rhymes (e.g., care — dare). Half of the pairs in each rule group were assigned to
the didactic learning condition (“read” condition) and half to the self-generation condition
(“generate” condition).

4.3. Procedure — Encoding phase

FMRI scanning was preceded by a 15-item practice session that included three pairs from
each of the 5 rules described above (8 “generate” trials and 7 “read” trials). Subjects were
instructed to generate (or read) the second word in the pair. Word pairs were presented on a
computer screen for 5000 ms (using DirectRT software, www.empirisoft.com) centered in
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36-point white font on a black background. In the “read” condition, both words were fully
presented, but in the “generate” condition, only the first letter of the second word was
presented, with the remaining letters replaced by asterisks (e.g., salt — p*****). During the
fMRI scanning, the same procedure was used with the 60 word pairs (30 “read”, 30
“generate”) described above. Subjects were told that they would be expected to later
recognize the second word of each pair. Pairs were presented in random order in an event-
related design. As in the practice session, each pair was visually presented for 5000 ms, and
subjects could make their verbal response anytime during the visual presentation; their
response was recorded via in-scanner microphone. A sparse acquisition approach
(Schmithorst & Holland 2004, Vannest, et al. 2009, Allendorfer, et al. 2011) was used so
that verbal responses could be given and recorded without scanner noise. Specifically, after
the 5000 ms visual presentation of the word pair, the word STOP appeared on the screen for
6000 ms at which time fMRI images were acquired. This approach allows for image
acquisition at the peak of the hemodynamic response for the preceding stimulus-response
event.

4.4. MRI acquisition methods

FMRI scanning was performed on a 3T Philips Achieva MRI scanner with the following
parameters: TR/TE = 2000/38 ms, FOV 24.0 x 24.0 cm, matrix 64 x 64, slice thickness = 4
mm. This resulted in a voxel size of 4x4x4 mm and 32 axial slices. High-resolution T1-
weighted anatomical images were also obtained using the following parameters: TR/
TE=8.1/3.7 ms, FOV 25.0 x 21.1 x 18.0 cm, matrix 252 x 211, slice thickness = 1mm.
Three brain volumes were collected during each acquisition following stimulus presentation
for the total of 120 volumes; three additional volumes collected prior to starting the proper
data collection were discarded.

4.5. Recognition post-test

After the fMRI acquisition, subjects’ recognition memory was evaluated outside of the
scanner. All 60 of the “read” or “generated” words (second word in each pair, 30 in each
condition) were presented in a three-item forced-choice recognition task. The target item and
two foils were presented simultaneously on the computer screen, and subjects responded
with a key press to indicate which of the three words they recognized from the preceding
task. Responses were self-paced.

4.6. Functional MRI data analysis

Processing of 3D anatomical and fMRI image data was done using routines written in-house
in the Interactive Data Language (IDL; ITT Visual Information Solutions, Boulder, CO)
programming language and the Cincinnati Children’s Hospital Image Processing Software
(CCHIPS®©) using methods similar to those used in our previous studies (Schmithorst, et al.
2000, Szaflarski, et al. 20044, Szaflarski, et al. 2008). Briefly, several pre-processing steps
were performed including removal of ghosting and geometric distortion artifacts using a
multi-echo reference technique (Schmithorst, et al. 2001), motion correction using a
pyramid iterative algorithm (Thevenaz, et al. 1998), and affine spatial transformation of the
anatomical and functional images to align them with the standard Talairach coordinate
reference frame (Talairach 1988). The statistical parametric maps for the t statistics were
computed using the GLM (Generalized Linear Model) algorithm implemented within
CCHIPS (Worsley & Friston 1995). Sets of cosine basis functions were used as covariates to
account for possible signal drift and aliased respiratory and cardiac signals. Statistical maps
were computed for each subject showing those brain regions that activated more strongly
during the “generate” condition than the “read” condition.
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4.7. Group Composite: “generate” vs. “read”

The single-subject statistical maps underwent a second-level analysis to create a group
composite activation map, spatially smoothed using a 4 mm Gaussian filter, thresholded at a
t > 7.5, and limited to clusters of 30 voxels or greater, which resulted in a voxel-wise
corrected p-value of < 0.01.

4.7.1. Group Composites: Older and Younger Participants—In order to examine
whether the differences between the “read” and “generate” condition were driven by
younger or older adults, we halved the dataset into older (ages 35-62; N=25; mean age
26.71) and younger (ages 19-34; N=24; mean age 48.04) groups. For each group, a group
composite map was created with the same statistical threshold and cluster correction (t >
7.5, cluster size 30, corrected p< 0.05; Figures 1B and 1C).

4.8. Correlation Analysis

A map of the brain regions where there was increased activity in the “read” condition was
correlated with each subject’s post-test score on words that were previously read. Similarly,
a map of the brain regions where there was increased activity in the “generate” condition
was correlated with each subject’s post-test score on words that were previously generated.
Subject age was included as a covariate of no interest in each analysis to assure that these
significantly correlated regions were associated only with performance improvement and not
with age. These correlation maps were thresholded at a t > 7.0 and limited to clusters of 30
voxels or greater, which also resulted in a voxel-wise corrected p-value of < 0.01.

4.9. Group Composite: Remembered vs. Forgotten

A second GLM analysis was conducted to examine differences between words that were
subsequently remembered versus those that were subsequently forgotten. Each trial in each
subject’s fMRI data was categorized depending on whether the “read” or “generated” word
was successfully recognized on the subsequent recognition post-test and only brain volumes
corresponding to correct responses for either condition were used in subsequent analyses.
Individual statistical maps were computed to identify brain regions that differed for
successful and unsuccessful encoding separately for each of the “generate” and “read”
conditions. Group composite activation maps were then constructed for each of these
conditions, spatially smoothed using a 4mm Gaussian filter, thresholded atat > 7.0, and
limited to clusters of 30 voxels or greater, which resulted in a voxel-wise corrected p-value
of <0.01.
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Left Panel (A): Statistical map showing group composite activations in the “generate” (hot
colors) versus the “read” condition (cool colors). Statistics for the clusters are listed in Table

1A. Top Right Panel (B): Statistical map showing group composite activations in the

“generate” relative to the “read” condition in older adults ages 35-62. Bottom Right Panel
(C): Statistical map showing group composite activations in the “generate” relative to the
“read” condition in younger adults ages 19-34. All images are in radiological convention
(right on the image corresponds to left in the brain), and span z-coordinates —17 to +59 in

4mm increments.
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Figure 2.

Left Panel (A): Correlation of “read” > "generate” activation with post-test recognition
performance for words presented during the “read” condition. Right Panel (B): Correlation
of “generate” > "read” activation with post-test recognition performance for words presented
during the “generate” condition. Regions of positive correlation are shown in hot colors and
negative correlation in cool colors. All images are in radiological convention (right on the
image corresponds to left in the brain), and span z-coordinates —17 to +59 in 4mm
increments. Statistics for the clusters are listed in Table 1, B, C, respectively.
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Figure 3.

Statistical map showing group composite activation that is greater for subsequently
remembered (hot colors) versus subsequently forgotten (cool colors) words for the
“generate” condition. (There were no significant differences for this comparison in the
“read” condition). All images are in radiological convention (right on the image corresponds
to left in the brain) and span z-coordinates —17 to +59 in 4mm increments. Statistics for the
clusters are listed in Table 2.
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