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Restudying word lists (e.g., dream, awake, and bed) strengthens true memory of the studied words and reduces 

false memory for unstudied but semantically related lures (e.g., sleep). Yet, the neural mechanisms involved in this 

repetition effect on false memory remain unclear. Possible mechanisms involve item-specific and semantic neural 

representations at encoding, and the memory strength between encoding and retrieval. This study first replicated 

the behavioral results (Exp. 1) and then investigated various neural mechanisms by using slow event-related func- 

tional magnetic resonance imaging (fMRI) and representational similarity analysis (Exp. 2). Behavioral results 

confirmed that restudy improved true memory and reduced false memory. The fMRI results showed that restudy 

induced item-specific neural representations at encoding in the left occipital pole, but reduced neural overlap be- 

tween semantic representations at encoding in the left temporal pole. Individual differences in these two encoding 

neural mechanisms were correlated with the behavioral measure of false memory, with greater restudy-induced 

representational changes at encoding (item-specific neural representations and reduced neural overlap between 

semantic representations) being associated with lower false memory. Moreover, restudy enhanced the memory 

strength between encoding and retrieval in the visuoparietal cortex but reduced it in the frontal cortex. These 

findings suggest that dynamic changes in neural representations underlie the repetition effect on false memory, 

supporting a dual-coding neural framework. 
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. Introduction 

Restudying the same materials strengthens true memory. This clas-

ic repetition effect on memory was first studied systematically by

bbinghaus (1880) . Since then, researchers have gained much under-

tanding of this effect and its cognitive and neural mechanisms ( Clark &

ronlund, 1996 ; Feustel et al., 1983 ; Miyashita, 2019 ). More recently,

esearchers have extended this line of research into the repetition ef-

ect on false memory. A commonly used false memory paradigm is the

eese-Roediger-McDermott (DRM) paradigm, in which participants are

sked to learn semantically related words such as “dream ”, “awake ”, and

bed ”, and then are tested. Participants may correctly retrieve studied

ords such as “dream ” (i.e., true memory), but also incorrectly recall or

ecognize unstudied but semantically related lures such as “sleep ” (i.e.,

alse memory) ( Roediger & McDermott, 1995 ). Restudying DRM word

ists generally has been found to reduce false memory ( Benjamin, 2001 ;
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ou et al., 2004 ; Pitarque et al., 2018 ; Seamon et al., 2002 ), but the

elevant cognitive and neural mechanisms are not well-understood. 

Two theories are particularly relevant to the repetition effect of true

nd false memories, including the fuzzy trace theory ( Holliday et al.,

008 ; Reyna & Brainerd, 1995 ) and the global matching model ( Arndt

 Hirshman, 1998 ; Clark & Gronlund, 1996 ). The fuzzy trace theory

roposes two types of memory traces. Verbatim trace contains mem-

ry for the physical appearance of the specific item (i.e., item-specific

epresentations), whereas gist trace contains memory for the semantic

elatedness between items (i.e., the overlap between semantic represen-

ations). According to the fuzzy trace theory, true memory is driven by

oth verbatim and gist traces, whereas false memory is driven by gist

races. Restudy improves verbatim traces at encoding, which in turn

eads to a greater discriminability between verbatim and gist traces at

etrieval ( Benjamin, 2001 ; Pitarque et al., 2018 ; Seamon et al., 2002 ). 

At the neural level, the dual-coding framework maps the two types

f memory traces to their neural processes ( Bi, 2021 ; Wang et al., 2020 ).

erbatim traces have corresponding item-specific neural representa-
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ions, measured as encoding-related neural pattern similarity (EnPS)

cross repetitions for the same word versus different words, whereas

ist traces reflect the neural overlap between semantic representations,

easured as encoding-related neural global semantic similarity (EnGSS)

f semantically related words. Restudy has been found to enhance item-

pecific neural representations in the visual cortex during encoding.

pecifically, the visual cortex shows greater EnPS across study repeti-

ions of the same items than that for different items, and greater EnPS

or recalled items than for forgotten items ( Ward et al., 2013 ; Xue et al.,

010 ). Recent fMRI studies have also found that EnGSS in the left tempo-

al pole was positively associated with behavioral indices of false mem-

ry ( Chadwick et al., 2016 ; Zhu et al., 2019 ). However, it is unknown

ow restudy would affect EnGSS. In sum, restudy is believed to affect

wo encoding-related processes (as indexed by EnPS and EnGSS), which

ould work together to reduce false memory ( Arndt & Reder, 2003 ;

unt & Einstein, 1981 ). 

Whereas the fuzzy trace theory focuses on the two encoding-related

rocesses, the global matching model emphasizes the match between

epresentations during encoding and those during retrieval ( Arndt &

irshman, 1998 ; Clark & Gronlund, 1996 ). According to this model,

RM false memory is a result of many partial matches between the rep-

esentations of lures at retrieval and those of studied items at encoding.

ecent fMRI studies have shown that episodic memory strength (mea-

ured as encoding-retrieval neural global pattern similarity, ER-nGPS)

n the visual cortex and the hippocampus supports true memory but not

alse memory, whereas semantic memory strength (ER-nGPS) in the left

nferior frontal gyrus supports both true and false memories ( Ye et al.,

016 ; Zhu et al., 2019 ). Moreover, ER-nGPS in the visual cortex and the

ippocampus may help to distinguish between true and false memories,

nd thereby reducing false memory. Thus far, no study has directly ex-

mined whether restudy reduces false memory by altering the ER-nGPS.

To fill the gaps in the literature, the current study examined sys-

ematically the three plausible neural mechanisms involved in the rep-

tition effect on false memory. We performed a behavioral experiment

nd a functional magnetic resonance imaging (fMRI) experiment using

he DRM false memory paradigm with a slow-event design. A slow-event

esign (i.e., 12 seconds per trial in the current study, including 3 seconds

or the presentation of each word) was needed to estimate the blood oxy-

en level-dependent signal pattern associated with each trial in the neu-

oimaging experiment ( Zhu et al., 2019 ). In the behavioral experiment

Exp. 1), a between-subject design was used to verify that repetition

educes false memory under this slow-event design. Participants were

andomly assigned to either the restudy condition (i.e., participants saw

ach word list three times) or the control condition (i.e., participants

aw each word list only once). After a 24-hour delay, participants took

 visual recognition test judging studied targets (e.g., dream), unstud-

ed but semantically related lures (e.g., sleep), and unstudied unrelated

oils (e.g., pen). We expected to replicate the repetition effect that par-

icipants in the restudy condition would show higher true memory for

argets and lower false memory for lures than would those in the con-

rol condition. Exp. 2 used an independent sample to examine the neural

echanisms involved in the repetition effect on false memory. As in the

estudy condition in Exp. 1, participants in Exp. 2 learned each word

ist three times during encoding and performed a recognition test dur-

ng retrieval 24 hours later. However, unlike Exp. 1, participants in Exp.

 completed both the encoding and retrieval phases in the MRI scanner.

he initial learning was used as the baseline condition to be compared

ith subsequent learning (i.e., the first versus the second and the third

tudy), so no control group was included. 

Representational similarity analysis was used to test the following

hree hypotheses. Hypothesis 1 was that restudy would reduce false

emory by strengthening item-specific neural representations in the

isual cortex, which were measured by the EnPS across study repeti-

ions for the same word as compared to that for different words within

he same word list. Hypothesis 2 was that restudy would reduce false

emory by weakening neural overlap between semantic representations
2 
n the left temporal pole, which were measured by changes in EnGSS

from the initial study to the subsequent study). We further explored

hether individual differences in restudy-induced changes in neural

epresentations at encoding would be negatively correlated with the

ehavioral indices of false memory. Hypothesis 3 concerned the role

f global matching between encoding and retrieval. Hypothesis 3a was

hat restudy would enhance episodic memory strength by increasing ER-

GPS in the visual cortex and the hippocampus. Hypothesis 3b was that

estudy would reduce semantic memory strength by reducing ER-nGPS

n the left inferior frontal gyrus. Although both the left temporal pole

nd left inferior frontal gyrus are involved in semantic processing for

alse memory, the former seems to be more involved in the encoding

hase ( Chadwick et al., 2016 ; Zhu et al., 2019 ), whereas the latter has

een found to play a role in the global matching between encoding and

etrieval ( Vatansever et al., 2021 ; Ye et al., 2016 ; Zhu et al., 2019 ).

herefore, Hypothesis 3b focused on the left inferior frontal gyrus. 

. Methods 

.1. Participants 

In the behavioral study (Exp. 1), 66 participants were randomly as-

igned into two groups: 32 participants in the restudy group (21 females

nd 11 males, mean age = 21 ± 2 years) and 34 participants in the con-

rol group (24 females and 10 males, mean age = 22 ± 1 years). The fMRI

tudy (Exp. 2) included an independent sample of 32 participants and

ad only the restudy condition (21 females and 11 males, mean age = 21

 2 years). These sample sizes were determined by power analyses based

n the effect sizes found in previous studies. The effect sizes (Cohen’s d )

anged from 0.80 to 1.34 for the repetition effect on behavioral indices

f false memory ( Benjamin, 2001 ; Pitarque et al., 2018 ). The effect sizes

Cohen’s d ) were 0.67 for item-specific neural representations at encod-

ng across repetitions in the visual cortex ( Xue et al., 2010 ), 0.71 ∼1.26

or neural overlap between semantic representations at encoding in the

eft temporal pole ( Chadwick et al., 2016 ), and 0.62 for the difference

n the encoding-retrieval neural global pattern similarity between true

nd false memories with one-shot study in the visual cortex ( Ye et al.,

016 ). For Exp. 1 that compared the control and the restudy groups,

ower analysis using G 

∗ Power 3.1 (independent samples t -test, minimal

ffect size = 0.80, 𝛼 = 0.05, and power = 0.80) found the minimal re-

uired sample size to be 56 (i.e., 28 for each group). For Exp. 2 that

ompared across repetitions at encoding, power analysis (paired sample

 -test, minimal effect size = 0.67, 𝛼 = 0.05, and power = 0.80) found the

inimal required sample size to be 20. For Exp. 2 that compared neu-

al indices between true and false memories at retrieval, power anal-

sis (paired sample t -test, minimal effect size = 0.62, 𝛼 = 0.05, and

ower = 0.80) found the minimal required sample size to be 23. The

hree groups of participants (restudy group in Exp. 1, control group in

xp. 1, and restudy group in Exp. 2) did not differ in gender composi-

ion and mean age ( ps > 0.19). All participants were right-handed Chi-

ese college students, who had a normal or corrected-to-normal vision

nd no history of psychiatric or neurological disorders. Participants pro-

ided written informed consent before the experiment. This study was

pproved by the Institutional Review Board of Beijing Normal Univer-

ity, China. 

.2. Materials 

Nine lists of 12 two-character Chinese words were used ( Ye et al.,

016 ; Zhu et al., 2019 ). Each word list describes one theme. At encod-

ng, each list included eight of the 12 words to be studied (e.g., dream,

wake, bed, doze, yawn, snore, drowsy, and blanket). For the recog-

ition test, a total of 108 words were used, including 36 target words

four of the eight studied words from each list, e.g., dream, bed, yawn,

nd drowsy), 36 semantically related but unstudied words as lures (four

rom each list, e.g., sleep, rest, tired, and pillow), and 36 words as foils
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Fig. 1. Experimental procedure and behavioral results. (A) Experimental procedure in the restudy condition. At encoding, 72 words (nine lists of eight semantically 

related words) were studied. Each word list was presented three times. At retrieval, participants were asked to make a memory judgment on each of 108 words (36 

targets, 36 lures, and 36 foils). (B-C) Each repetition significantly reduced the reaction time during encoding (Time 1 [T1] > Time 2 [T2] > Time 3 [T3]) in Exp. 1 

(B) and Exp. 2 (C). Exp. 1 was a behavioral experiment comparing two conditions of restudy and control (CN, studied each word list only once). Exp. 2 was an fMRI 

experiment using an independent sample with only the restudy condition. Sec = seconds. (D-E) The proportion of “old ” responses during retrieval in Exp. 1 (D) and 

Exp. 2 (E). Error bars indicate standard errors of the mean in Exp. 1 (B and D) and within-participant standard errors in Exp. 2 (C and E). 
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hat were unstudied and semantically unrelated to any of the nine lists

e.g., pen, recycle, factory, and television). Study and test items were

resented visually on the computer screen. 

.3. Experimental design 

Experiment 1 was a behavioral study that used a between-subjects

esign to compare the memory performance between two conditions

i.e., restudy vs. control). Experiment 2 was an fMRI study that used an

ndependent sample to explore the neural representations at encoding

nd retrieval under the restudy condition only. Otherwise, experimental

aterials and design were the same for the restudy condition in these

wo experiments. 

At encoding, participants in the restudy condition in two experiments

ere exposed to each word list three times within a run, referred to here-

fter as Time 1 (T1), Time 2 (T2), and Time 3 (T3) ( Fig. 1 A). There were

ine runs, with one run for each word list. Participants in the control

ondition in Exp. 1 were exposed to each word list only once. Before

tudying a word list at each study time (three times for the restudy con-

ition and once for the control condition), a 2-second visual cue was

sed to identify the list with a number (e.g., “List 1 ”). The presenta-

ion order of the nine word lists, as well as the presentation order of the

ight studied words within each list for each study time, was randomized

cross participants. A slow event-related design was used (12 seconds

or each trial). Each trial started with a 1-second fixation point. Next, a

tudied word was presented visually for 3 seconds. To help participants

o remember these words, they were asked to make a pleasantness judg-

ent on each word by pressing 1 of 4 buttons (1 = “very pleasant ”,

 = “mildly pleasant ”, 3 = “mildly unpleasant ”, 4 = “very unpleasant ”)
3 
s quickly and accurately as possible within 3 seconds. Participants used

heir index and middle fingers on both hands to respond, with half of the

articipants using one type of correspondence (left middle finger = 1,

eft index finger = 2, right index finger = 3, and left middle finger = 4)

nd the other half using the opposite pattern (left middle finger = 4,

eft index finger = 3, right index finger = 2, and left middle finger = 1).

articipants practiced pressing the buttons until they were familiar with

hem. In the next 8 seconds, participants were asked to perform a self-

aced perceptual judgment task, to prevent further processing of this

ord. Participants were asked to judge the orientation of a Gabor im-

ge, tilting 45 degrees to either left or right, by pressing 1 of 2 buttons

button 1 for left tilt, button 4 for right tilt) as quickly and accurately

s possible. 

At retrieval (24 hours after study), participants took a recognition

est by judging 108 words (i.e., 36 targets, 36 lures, and 36 foils). These

ords were presented in a pseudorandomized order over three runs. The

low event-related design (12 seconds for each trial) was also used for

he retrieval phase (i.e., 1-second fixation, 3-second visual presentation

f a word for memory judgment, and 8-second self-paced perceptual

udgment task). For memory judgment, participants were asked to judge

hether they had studied these words one day earlier, by pressing 1 of 4

uttons (1 = “definitely new ”, 2 = “probably new ”, 3 = “probably old ”,

 = “definitely old ”) within 3 seconds. The response buttons were the

ame as for the pleasantness judgment at encoding mentioned above. 

In this study, the slow-event design was used because it provides

etter estimates of single-trial blood-oxygen-level-dependent (BOLD)

esponse by reducing the temporal overlap between adjacent trials

 Choupan et al., 2020 ; Mumford et al., 2012 ). This procedure has been

ell-validated ( Gordon et al., 2014 ; Liu, 2012 ; Nahab et al., 2009 ;
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hompson & Siegle, 2009 ; Visser et al., 2016 ; Visser et al., 2013 ;

ue et al., 2010 ; Xue et al., 2013 ; Zheng et al., 2021 ) and has been used

pecifically in previous neural pattern similarity research on memory

 Visser et al., 2013 ; Xue et al., 2010 ; Zheng et al., 2021 ). Between trials,

e used a perceptual judgment task, instead of a rest condition, because

uch a specific task is a better baseline than the rest condition, the latter

f which may involve ambiguous mental activities such as day dream-

ng, self-reflecting, and problem solving ( Stark & Squire, 2001 ). This

oderately difficult perceptual judgment task should halt further pro-

essing of each word and hence to reduce the autocorrelation of BOLD

ignals between words. 

.4. Behavioral analysis 

For the recognition performance, the proportions of “old ” responses

the number of items scored as 3 [probably old] or 4 [definitely old]

ivided by 36 [the total number of items for each type]) for targets,

ures, and foils were used as indices of true memory, false memory,

nd false alarms to foils, respectively. Independent samples t tests were

sed to compare the mean proportions of “old ” responses between the

estudy and control groups in Exp. 1, and between the restudy group

n Exp. 2 and the control group in Exp. 1. The data were also analyzed

or high-confidence (i.e., definitely) and low-confidence (i.e., probably)

esponses, separately. To assess reaction time during recognition, we

alculated separate reaction times for hits to targets (Target Hits), false

larms to lures (Lure FA), correct rejections to lures (Lure CR), and cor-

ect rejections to foils (Foil CR). Reaction times were not calculated for

isses to targets and false alarms to foils, because they were rare. In-

ependent samples t tests were used to compare the reaction times at

nitial learning (i.e., Time 1) between the restudy and control groups in

xp. 1. Paired sample t -tests were used to compare the reaction times be-

ween the three study times at encoding in each restudy group of the two

xperiments. Mixed ANOVA was used to compare the reaction times at

etrieval between the restudy and control groups in Exp. 1 (i.e., 2 groups

restudy vs. control] by 4 types of responses [Target Hits, Lure FA, Lure

R, and Foil CR]). Finally, repeated-measures ANOVA was used to com-

are the reaction times at retrieval among the four types of responses in

xp. 2. 

.5. MRI acquisition and preprocessing 

Brain images were acquired on a Siemens 3T Magnetom Trio scan-

er at Beijing Normal University Brain Imaging Center. Functional im-

ges were acquired using a T2 ∗ -weighted single-shot gradient EPI se-

uence (TR/TE/ 𝜃 = 2000 ms/25 ms/90°, FOV = 192 × 192 mm, ma-

rix = 64 × 64, slice thickness = 3 mm). Forty-one contiguous ax-

al slices parallel to the AC-PC line were obtained. Structural images

ere acquired using a T1-weighted, 3D, gradient-echo pulse-sequence

T1/TR/TE/ 𝜃= 800 ms/2,530 ms/3.09 ms/10°, FOV = 256 × 256 mm,

atrix = 256 × 256, 208 slices, slice thickness = 1mm). 

Imaging data were preprocessed using fMRIPrep v1.4.0

 Esteban et al., 2019 ). Structural images were corrected for inten-

ity non-uniformity and skull-stripped. Spatial normalization to the

NI152NLin2009cAsym template was performed through nonlinear

egistration. Functional data were coregistered to the corresponding

tructural data by boundary-based registration with 9 degrees of

reedom. Then, they were slice-time corrected and motion corrected.

he motion-correcting transformations, functional-to-structural trans-

ormation, and structural-to-template warp were concatenated and

pplied in a single step with antsApplyTransforms using Lanczos

nterpolation. The BOLD time-series were resampled to surfaces on the

NI152NLin2009cAsym template. The frame-wise displacement was

alculated in Nipype for each functional run. Spatial smoothing was

erformed using a 5-mm full-width-half-maximum Gaussian kernel.

hen, a nonlinear high-pass filter with a 100-second cutoff was used to

lter the data temporally. 
4 
.6. Single-item response estimation 

Using the General Linear Model (GLM) (FSL v5.0.9), we computed

he t -statistic map for each of the 72 studied words during encoding

or each study time and 108 words during retrieval, separately. The un-

moothed data were used. To obtain reliable estimates of single-trial

esponses, the least-squares separate method was used ( Mumford et al.,

012 ). Each single-trial model using the GLM included five regressors:

he trial of interest, all other trials, six motion parameters, frame-wise

isplacement, and reaction time. The presentation of each word was

odeled as an impulse at the onset of the stimulus, with a duration of 3

econds. It was convolved with a double-gamma hemodynamic response

unction. The perceptual judgment and the fixation were not included

n the model, but were treated as the implicit baseline. The estimated t

alue for each trial of each participant ( t value = beta value / square root

f variance), which was more reliable compared with the beta value, was

sed to compute the neural pattern similarity in the following analysis

 Walther et al., 2016 ). 

.7. Representational similarity analysis 

The same searchlight method, thresholds, and definitions of regions

f interest (ROIs) were used for all representational similarity analyses

n the current study. The searchlight analysis was conducted in the stan-

ard space. For each voxel, signals were extracted from a cubic ROI con-

aining 125 surrounding voxels (i.e., 5 × 5 × 5 voxels cubic). They were

hen used to calculate Pearson’s correlations between words, which were

ransformed into Fisher’s Z scores. These neural pattern similarity scores

ere then averaged separately for each type of trials and contrasted at

he subject level. They were fed into a random-effects model for group

nalysis. Since no first-level variance was available, an ordinary least

quares model was used. Group images were thresholded (Z > 2.3 and a

luster probability of p < 0.05) and corrected for whole-brain multiple

omparisons using Gaussian random field theory. Based on the whole-

rain searchlight results, multiple ROIs were then defined by includ-

ng the voxels in each cluster showing suprathreshold values for each

ontrast. Moreover, because they were located within large clusters of

rain regions, some ROIs (i.e., the left temporal pole, left ventrolateral

ccipital cortex, left dorsolateral occipital cortex, left superior parietal

obe, and left hippocampus) were further defined by masking with their

natomical structures based on the Harvard-Oxford probabilistic atlas

threshold at 25% probability). In each of these ROIs, the mean values

f similarity indices were extracted and analyzed at the subject level.

ore details of this searchlight method have been reported in previous

tudies ( Ye et al., 2016 ; Zhu et al., 2019 ). 

.8. Encoding-related neural pattern similarity (EnPS) 

To assess restudy-induced item-specific neural representations, we

alculated and compared the EnPS across repetitions for the same item

SI) and different items within the same word list (DISL) ( Fig. 2 A). The

nPS for SI and for DISL were calculated by averaging the Fisher’s Z

cores for SI (i.e., 3 pairs [Time 1 & Time 2, Time 2 & Time 3, and Time

 & Time 1] × 72 words = 216 pairs of correlations in total) and for

ISL (i.e., 3 pairs [Time 1 & Time 2, Time 2 & Time 3, and Time 3 &

ime 1] × 72 words = 216 pairs of correlations in total), respectively.

he EnPS-DISL potentially involved 72 words × 7 different words × 3

ime combinations = 1512 correlations. To match the number of cor-

elations for EnPS-SI, we randomly chose one of the remaining seven

tudied words within the same word list to produce 3 correlations (e.g.,

ime 1 Dream with Time 2 Awake, Time 2 Dream with Time 3 Blanket,

nd Time 3 Dream with Time 1 Snore), which yielded 72 × 3 = 216

orrelations. This procedure eliminated the potential problem of an un-

alanced numbers of correlations ( Xue et al., 2010 ). Nevertheless, we

onducted an additional analysis using all 1512 correlations and pre-

ented the results in the Supplementary Materials. 
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Fig. 2. Restudy induced item-specific neural representations across repetitions at encoding. (A) These representations were indexed by the encoding neural pattern 

similarity across repetitions (EnPS) for the same items (SI) as compared with that for different items within the same word list (DISL). (B) EnPS in the left occipital 

pole (LOP). Error bars indicate within-participant standard errors. (C) The restudy-induced EnPS differences between SI and DISL in the left occipital pole were 

negatively correlated with the behavioral index of false memory. 
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To test hypothesis 1 that restudy induces item-specific neural repre-

entations, we first examined the EnPS on the contrast (SI minus DISL).

ased on the whole-brain searchlight analysis, we defined two visuo-

ortical ROIs including the left occipital pole and right ventrolateral

ccipital cortex by including the voxels showing suprathreshold values

or this contrast. The searchlight analysis did not reveal any other brain

egions with significant results. In each of these two ROIs, the mean val-

es of EnPS for SI and DISL were extracted. To explore their individual

ifferences, the EnPS differences between SI and DISL in each ROI were

sed to correlate with the behavioral performance of false memory. 

.9. Encoding-related neural global semantic similarity (EnGSS) 

To assess neural pattern overlap between semantically related stud-

ed words at each study time, we calculated the EnGSS for each study

ime by averaging the Fisher’s Z scores of the pairwise correlations of the

ncoding neural activation patterns of all eight studied words in each list

nd then averaging them across all nine lists at each of three study times,

eparately ( Fig. 3 A). To test hypothesis 2 that restudy weakens this neu-

al pattern overlap, we first examined the EnGSS on the contrast (Time

 minus Time 3) using the whole-brain searchlight method. Due to the

ey role of the left temporal pole in the neural overlap between seman-

ic representations ( Chadwick et al., 2016 ; Zhu et al., 2019 ), we defined

he ROI of the left temporal pole (LTP) by including the voxels show-

ng suprathreshold values for this contrast, masked by its anatomical

tructure. In the LTP, the mean values of EnGSS at each study time were

xtracted and compared using the repeated measures ANOVA and post

oc paired-sample t tests (e.g., Time 1 vs. Time 2 vs. Time 3). To explore

heir individual differences, the restudy-induced reduction in EnGSS in
5 
he LTP (e.g., LTP EnGSS: Time 1 – Time 2 or Time 1 – Time 3) were

sed to correlate with the behavioral performance of false memory. In

ddition, to explore whether restudy would enhance or reduce EnGSS in

ther brain regions, we used the whole-brain searchlight method to ex-

mine the EnGSS on each of the contrasts between different study times

e.g., Time 1 minus Time 3 or Time 3 minus Time 1). 

.10. Encoding-retrieval neural global pattern similarity (ER-nGPS) 

To assess memory strength between retrieval and encoding for each

tudy time, we calculated the ER-nGPS for each study time by averag-

ng Fisher’s Z scores of neural activation pattern similarity (Pearson r)

etween each test item during retrieval with all studied items during

ncoding for each study time ( Fig. 4 ). We modeled four types of tri-

ls: Target Hits, Lure FA, Lure CR, and Foil CR. To test hypothesis 3

hat restudy changes memory strength in the brain, we first examined

he ER-nGPS differences (Target Hits minus Foil CR) on the contrasts

Time 3 vs. Time 1), using the whole-brain searchlight method. For the

isuoparietal cortex, we defined three ROIs (i.e., the left ventrolateral

ccipital cortex, left dorsolateral occipital cortex, and left superior pari-

tal lobe) by including the voxels showing suprathreshold values for

he contrast of Time 3 – Time 1, masked with their anatomical struc-

ure. Moreover, due to the key role of the hippocampus in memory, we

lso defined the ROI of the left hippocampus by including the voxels

howing suprathreshold values for this contrast, masked with the hip-

ocampal anatomical structure. The right hippocampus was not defined

s ROI since it had no voxel showing suprathreshold values for this con-

rast. We defined the ROI of left inferior frontal gyrus by including the

oxels showing suprathreshold values for the contrast of Time 1 – Time



X. Shao, C. Chen, E.F. Loftus et al. NeuroImage 259 (2022) 119442 

Fig. 3. Restudy reduced the neural overlap between semantic representations at encoding as measured by the encoding neural global semantic similarity (EnGSS) in 

the left temporal pole. ( A ) EnGSS reflects the encoding neural overlap between studied items in the same word list at each study time. ( B ) EnGSS in the left temporal 

pole (LTP). Error bars indicate within-participant standard errors. ( C ) The restudy-induced EnGSS differences from Time 1 to Time 2 in the left temporal pole were 

negatively correlated with the behavioral index of false memory, but the correlation was not significant for the EnGSS reduction from Time 1 to Time 3. 
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, which is the only cluster revealed by this contrast. In each ROI, the

ean values of ER-nGPS for Target Hits, Lure FA, Lure CR, and Foil CR

or each of the three study times were then extracted and analyzed. Next,

e examined whether restudy would enhance ER-nGPS differences be-

ween true and false memories in each ROI, using the 2 (Target Hits vs.

ure FA) by 2 (study time [Time 1 vs. Time 3 or Time 1 vs. Time 2])

epeated measures ANOVA and post hoc paired-sample t tests. 

.11. Controlling for univariate activations at encoding and retrieval 

To ascertain that the results from neural pattern similarity analysis

ould not simply be accounted for by univariate activations, we added

nalyses controlling for univariate activations at different study times

uring encoding and retrieval. We then examined the effects of EnGSS

nd ER-nGPS after controlling for the univariate activation at encod-

ng and retrieval in each ROI, using mixed-effect regression analyses in

 packages lme4 and lmerTest ( Kuznetsova et al., 2017 ). Specifically,

he univariate activation was averaged across all voxels in each ROI for

ach trial and each participant. For each ROI, we modeled the EnGSS

r ER-nGPS as the dependent variable, included fixed effects terms to

ccount for the study time (e.g., Time 1 vs. Time 2 or Time 1 vs. Time

), response type (e.g., Target Hits vs. Foil CR or Target Hits vs. Lure

A), and their interaction terms, and included random effects terms to

ccount for univariate activations at encoding and retrieval and partic-

pants’ identity. 

. Results 

.1. Behavioral results 

Results from Exp. 1 showed that repeated study increased true mem-

ry and decreased false memory. Specifically, compared to the control

roup, the restudy group had higher true memory (i.e., the proportion
6 
f “old ” responses for targets) (mean = 94% vs. 88%, t (64) = 2.91,

 = 0.005), lower false memory (i.e., the proportion of “old ” responses

or lures) (mean = 55% vs. 64%, t (64) = -2.84, p = 0.006). The two

roups did not differ significantly in false alarms to foils (i.e., the propor-

ion of “old ” responses for foils) (mean = 11% vs. 15%, t (64) = − 1.89,

 = 0.06) ( Fig. 1 D-E). The behavioral results of Exp. 2 (i.e., the fMRI

tudy with only the restudy condition) showed 92% true memory, 56%

alse memory, and 11% false alarms to foils. Finally, although the en-

ironmental difference between the two experiments (inside vs. out-

ide the noisy fMRI scanner) would prevent us from drawing firm

onclusions, it is worth mentioning that compared with the control

roup in Exp. 1, the restudy group in Exp. 2 had lower false memory

 t (64) = − 2.26, p = 0.03). However, these two groups did not differ sig-

ificantly in true memory ( t (64) = 1.87, p = 0.07) and false alarms to

oils ( t (64) = − 1.79, p = 0.08). 

When the data were analyzed separately for high- and low-

onfidence responses, we found that the main behavioral results re-

orted above for the repetition effect were driven by high-confidence

esponses ( Table 1 ). Mixed-design ANOVA (group [restudy vs. control]

y confidence level [high vs. low]) was used to examine whether the

onfidence level of responses moderated the repetition effect in Exp. 1.

here were significant interactions between group and confidence level

or the proportion of target hits, target misses, and foil correct rejec-

ions ( F (1, 64) = 4.50, 7.69, and 4.36, ps < 0.04), but not for lure false

larms, lure correct rejections, and foil false alarms ( ps > 0.08). For

igh-confidence responses, compared to the control group in Exp. 1, the

estudy group in Exp. 1 had higher target hits ( t (64) = 2.54, p = 0.01),

ower lure false alarms ( t (64) = -2.26, p = 0.03), higher lure correct

ejections ( t (64) = 2.76, p = 0.008), and higher foil correct rejections

 t (64) = 2.14, p = 0.04), but the two groups did not differ in target

isses and foil false alarms ( ps > 0.15). For low-confidence responses,

he two groups did not differ in any indices ( ps > 0.06), except for target
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Fig. 4. Restudy enhanced memory strength in the visuoparietal cortex but reduced memory strength in the frontal cortex, as measured by the encoding-retrieval 

neural global pattern similarity (ER-nGPS) using trials combining both high- and low-confidence responses. Based on the contrast between Time 1 and Time 3 (i.e., 

ER-nGPS [Target Hits – Foil CR]: Time 3 vs. Time 1), restudy enhanced the ER-nGPS for true memory signals in the left dorsolateral occipital cortex (LdLOC), left 

ventrolateral occipital cortex (LvLOC), and left superior parietal lobe (LSPL), but reduced them in the left inferior frontal gyrus (LIFG). Similar results were found 

for the contrast between Time 1 and Time 2. T, time; CR, correct rejections; FA, false alarms. Error bars indicate within-participant standard errors. 

Table 1 

Endorsement rates in the recognition test (mean ± standard deviation) 

Exp. Group Target hits Target misses Lure false alarms Lure correct rejections Foil false alarms Foil correct rejections 

High- and low-confidence responses combined 

1 Control 0.88 ± 0.09 0.11 ± 0.09 0.64 ± 0.12 0.35 ± 0.12 0.15 ± 0.08 0.84 ± 0.09 

Restudy 0.94 ± 0.06 0.06 ± 0.06 0.55 ± 0.13 0.43 ± 0.12 0.11 ± 0.08 0.88 ± 0.08 

2 Restudy 0.92 ± 0.08 0.08 ± 0.08 0.56 ± 0.15 0.43 ± 0.15 0.11 ± 0.10 0.89 ± 0.10 

High-confidence responses 

1 Control 0.73 ± 0.16 0.04 ± 0.04 0.38 ± 0.14 0.17 ± 0.09 0.05 ± 0.06 0.62 ± 0.18 

Restudy 0.83 ± 0.13 0.03 ± 0.04 0.31 ± 0.12 0.26 ± 0.14 0.04 ± 0.04 0.71 ± 0.18 

2 Restudy 0.80 ± 0.17 0.05 ± 0.06 0.31 ± 0.14 0.25 ± 0.17 0.03 ± 0.04 0.69 ± 0.21 

Low-confidence responses 

1 Control 0.15 ± 0.11 0.07 ± 0.07 0.26 ± 0.12 0.18 ± 0.10 0.10 ± 0.07 0.22 ± 0.14 

Restudy 0.11 ± 0.11 0.03 ± 0.04 0.24 ± 0.12 0.17 ± 0.11 0.07 ± 0.06 0.17 ± 0.13 

2 Restudy 0.12 ± 0.12 0.03 ± 0.05 0.25 ± 0.12 0.18 ± 0.13 0.08 ± 0.08 0.20 ± 0.16 

7 
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isses ( t (64) = -3.55, p < 0.001). For high-confidence responses, com-

ared to the control group in Exp. 1, the restudy group in Exp. 2 had

ower lure false alarms ( t (64) = -2.00, p = 0.05) and higher lure correct

ejections ( t (64) = 2.28, p = 0.03), but these two groups did not differ

n the other four indices ( ps > 0.06). For low-confidence responses, the

wo groups did not differ in any indices ( ps > 0.28), except for target

isses ( t (64) = -2.71, p = 0.009). 

In terms of reaction time (RT) for pleasantness judgment during en-

oding, the restudy group during the initial learning (Time 1) did not

iffer from the control group in Exp. 1 ( p = 0.99). For the two restudy

roups in two experiments, repeated study lowered RT during encod-

ng (i.e., RT during encoding: Time 1 > Time 2 > Time 3, ps < 0.001)

 Fig. 1 B-C). During recognition, participants were generally faster to

ecognize targets and reject foils than to falsely recognize lures and cor-

ectly reject lures under the restudy and control conditions in both ex-

eriments (i.e., RT during recognition: Target Hits and Foil CR < Lure

A and Lure CR, ps < 0.01) (Fig. S1 and Table S1). 

.2. Item-specific neural representations at encoding in the visual cortex 

Restudy induced item-specific neural representations at encoding

i.e., greater EnPS across repetitions for the same item [SI] than for

ifferent items within the same word list [DISL]) in the left occip-

tal pole (MNI: -20, -102, 0, Z = 4.8, cluster extent = 998 vox-

ls) ( Fig. 2 B) and right ventrolateral occipital cortex (MNI: 32, -82,

6, Z = 4.9, cluster extent = 905 voxels) (Fig. S2). In addition to

hese two ROIs, the whole-brain analysis yielded no other brain re-

ion that showed significant restudy-induced item-specific neural rep-

esentations at encoding. Exploring neural-behavioral correlations, the

ehavioral performance of false memory was negatively correlated

ith the restudy-induced item-specific neural representations at en-

oding (i.e., EnPS: SI – DISL) in the left occipital pole, r (30) = -0.36,

 = 0.04 ( Fig. 2 C), but not in the right ventrolateral occipital cortex,

 (30) = -0.26, p = 0.14. 

It should be noted that the EnPS used in these analyses were based

n the average scores across the three types of pairings (Time 1 & 2,

ime 2 & 3, and Time 1 & 3), mainly because the EnPS differences be-

ween SI and DISL were consistent across pairing types (see Fig. S3 for

etails). To avoid statistical double-dipping for the correlation analysis

i.e., ROI selected based on whole-brain analysis), we conducted addi-

ional analyses by using the anatomically defined ROI of the bilateral

ccipital cortex, and these results confirmed the neural-behavioral cor-

elation reported above (see Fig. S4 for details). To match with the same

umber of correlations for SI, the above analyses were based on 216 cor-

elations for DISL. We conducted an additional analysis of EnPS using

ll possible correlations for DISL (i.e., 72 words × 7 different words × 3

ombinations of study time = 1512 pairs). These results confirmed those

eported above using 216 correlations but also yielded additional signifi-

ant clusters (Fig. S5), perhaps due to the inflated power associated with

he larger number of correlations. 

.3. Neural overlap between semantic representations at encoding in the 

eft temporal pole 

Restudy reduced the neural overlap between semantic representa-

ions at encoding (i.e., EnGSS) in the left temporal pole (LTP [ Fig. 3 B],

NI: -56, 18, -12, Z = 4.06, cluster extent = 314 voxels for the com-

arison between Time 1 and Time 3; MNI = -54, 12, -6, Z = 5.67, clus-

er extent = 781 voxels for the comparison between Time 1 and Time

). Specifically, EnGSS in the left temporal pole was higher at Time 1

mean = 0.30) than at Time 3 (mean = 0.25) and higher at both Times

 and 3 than at Time 2 (mean = 0.23), ps < 0.01. Furthermore, the

estudy-induced reduction in EnGSS in the left temporal pole from Time

 to Time 2 was negatively correlated with the behavioral performance

f false memory, r (30) = − 0.48, p = 0.006 ( Fig. 3 C). However, this cor-

elation was not significant for the reduction of EnGSS from Time 1 to
8 
ime 3, r (30) = − 0.25, p = 0.17, or from Time 2 to Time 3, r (30) = 0.28,

 = 0.12. To avoid statistical double-dipping for the correlation analy-

is, we conducted additional analyses by using the anatomically defined

OI of the left temporal pole, and these results confirmed the results

eported above (see Fig. S6 for details). In addition to the left temporal

ole, we explored whether restudy affected EnGSS in other brain re-

ions. Results showed that restudy also reduced EnGSS in the frontal,

emporal, and parietal cortices, but increased it in the visual cortex

Fig. S7). 

To investigate the combined and unique effects of neural correlates

f false memory, we conducted a stepwise regression analysis using

he behavioral performance of false memory as the dependent variable.

he predictors included: (1) the restudy-induced EnPS difference be-

ween SI and DISL in the left occipital pole; (2) the restudy-induced

nGSS reduction in the left temporal pole from Time 1 to Time 2.

nly one predictor (i.e., EnGSS [Time 1 – Time 2] in the left tem-

oral pole) entered the regression. The total predicted variance was

 

2 = 0.19 (adjusted R 

2 = 0.16), F (2, 29) = 7.07, p = 0.01. The other

redictor (i.e., EnPS [SI – DISL] in the left occipital pole) did not en-

er the regression, perhaps because it was positively correlated with the

eduction of EnGSS in the left temporal pole from Time 1 to Time 2,

 (30) = 0.47, p = 0.007. 

.4. Memory strength between encoding and retrieval 

Based on the whole-brain searchlight analysis for the comparisons

etween Time 1 and Time 3, restudy enhanced the encoding-retrieval

eural global pattern similarity (i.e., ER-nGPS) for true memory signals

i.e., Target Hits – Foil CR) in the visuoparietal cortex but reduced it in

he frontal cortex ( Fig. 4 [left side] and Table S2). Based on the whole-

rain direct comparison between Time 3 and Time 1, we found that

estudy enhanced ER-nGPS for true memory signals (Time 3 [Target

its – Foil CR] – Time 1 [Target Hits – Foil CR]) in the visuoparietal

ortex, including the left dorsolateral occipital cortex, left ventrolateral

ccipital cortex, and left superior parietal lobe. In contrast, based on the

hole-brain direct comparison between Time 1 and Time 3, we found

hat restudy reduced ER-nGPS for true memory signals (Time 1 [Target

its – Foil CR] – Time 3 [Target Hits – Foil CR]) in the left inferior

rontal gyrus. Additional results of ER-nGPS for each of the three study

imes in the cortical regions are shown in the Supplemental Materials

Fig. S8). 

In the left dorsolateral occipital cortex and left superior parietal lobe,

here were greater ER-nGPS differences between true and false memo-

ies (i.e., ER-nGPS of Target Hits minus Lure FA) for Time 3 than those

or Time 1, as shown by significant interactions between response type

nd study time (i.e., Target Hits – Lure FA: Time 1 < Time 3, ps < 0.001).

pecifically, in the left dorsolateral occipital cortex and left superior

arietal lobe, the ER-nGPS differences between true and false memo-

ies were significant for Time 3 ( ps < 0.02), but not for Time 1 ( ps >

.24). However, in the left ventrolateral occipital cortex and left infe-

ior frontal gyrus, there was no such difference for any study time ( ps

 0.35). Moreover, the ER-nGPS differences between hits to targets and

orrect rejections to lures in the left dorsolateral occipital cortex, left

entrolateral occipital cortex, and left superior parietal lobe also showed

ignificant increases from Time 1 to Time 3 ( ps < 0.02), but those for

he left inferior frontal gyrus did not ( p = 0.22). In all these four brain

egions, there was no ER-nGPS difference between false alarms and cor-

ect rejections to lures for any study time ( ps > 0.18). Similar patterns

ere found based on the comparisons between Time 1 and Time 2 (i.e.,

R-nGPS [Target Hits – Foil CR]: Time 2 vs. Time 1) ( Fig. 4 [right side]

nd Table S2). 

An additional analysis was conducted due to the concern that the

onfidence level of memory responses might affect the neural results.

e reanalyzed the ER-nGPS using trials with high-confidence responses

nly, because the number of trials with low-confidence responses was

oo limited to allow for meaningful analyses of their imaging data.
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Fig. 5. Results of the neural global pattern similarity between encoding and retrieval (ER-nGPS) using trials with high-confidence (HC) responses only. Based on 

the contrast between Time 1 and Time 3 using high-confidence trials (i.e., ER-nGPS [Target Hits_HC minus Foil CR_HC]: Time 3 vs. Time 1), restudy enhanced the 

ER-nGPS for true memory signals in the left dorsolateral occipital cortex (LdLOC), left ventrolateral occipital cortex (LvLOC), and left superior parietal lobe (LSPL), 

but reduced them in the left inferior frontal gyrus (LIFG). Similar results were found for the contrast between Time 1 and Time 2. T, time; CR, correct rejections; FA, 

false alarms. Error bars indicate within-participant standard errors. 
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he ER-nGPS results from the high-confidence responses were virtu-

lly the same as those reported above ( Fig. 5 ). For the high-confidence

esponses, the left dorsolateral occipital cortex and left superior pari-

tal lobe also showed greater ER-nGPS differences between true and

alse memories for Time 3 than those for Time 1 (i.e., ER-nGPS [Target

its_HC – Lure FA_HC]: Time 1 < Time 3, ps < 0.008). However, the

eft ventrolateral occipital cortex and left inferior frontal gyrus did not

how such differences ( ps > 0.11). 

Moreover, results showed that restudy enhanced ER-nGPS for true

emory signals in the left hippocampus (MNI: -26, -26, -10, Z = 3.2,

luster extent = 67 voxels) (Fig. S9 and S10), based on the compari-

on between Time 3 and Time 1 (i.e., Time 3 [Target Hits – Foil CR] –

ime 1 [Target Hits – Foil CR]). A similar pattern was found based on

he comparison between Time 2 and Time 1 (i.e., Time 2 [Target Hits

Foil CR] – Time 1 [Target Hits – Foil CR]) in the left hippocampus

MNI: -28, -24, -12, Z = 2.9, cluster extent = 60 voxels). In the left hip-

ocampus, no region showed reduced ER-nGPS for true memory signals.

pecifically, the left hippocampus showed greater ER-nGPS differences

etween true and false memories (Target Hits minus Lure FA) for Time

 than those for Time 1 and Time 2, as indicated by significant inter-

ctions between response type and study time (i.e., ER-nGPS [Target

its – Lure FA]: Time 1 and Time 2 < Time 3, ps < 0.03). The ER-nGPS

ifferences between true and false memories were significant for Time

 (i.e., ER-nGPS: Target Hits > Lure FA, p = 0.006), but not for Time

 or Time 1 ( ps > 0.23). Similarly, for the high-confidence responses,

he left hippocampus showed greater ER-nGPS differences between true

nd false memories for Time 3 and Time 2 than those for Time 1, as

ndicated by significant interactions between response type and study

ime (i.e., ER-nGPS [Target Hits_HC – Lure FA_HC]: Time 1 < Time 2

nd Time 3, ps < 0.02). 
f  

9 
.5. Controlling of univariate activations at encoding and retrieval 

To investigate whether the above results about neural representa-

ions could be accounted for by univariate activations, we reanalyzed

he data while controlling for univariate activations at different study

imes during encoding and retrieval. Fig. S11-S12 and Table S3 present

he results of whole-brain univariate activation analyses during encod-

ng and retrieval, and Fig. S13-S14 present the results specifically for

he hippocampus. After controlling for the univariate activation at en-

oding on the EnGSS, the EnGSS in the left temporal pole was still re-

uced from Time 1 to Time 2 and Time 3 ( p s < 0.001). After controlling

or the univariate activation at encoding and retrieval on the ER-nGPS,

he ER-nGPS for true memory signals in the left dorsolateral occipital

ortex, left ventrolateral occipital cortex, and left superior parietal lobe

till showed significant increases from Time 1 to Time 3 ( ps < 0.01),

he ER-nGPS for true memory signals in the left inferior frontal gyrus

till showed a significant decrease from Time 1 to Time 3 ( p < 0.001),

nd the ER-nGPS differences between true and false memories in the left

orsolateral occipital cortex and left superior parietal lobe also showed

ignificant increases from Time 1 to Time 3 ( ps < 0.002). After control-

ing for the univariate activation at encoding and retrieval on the ER-

GPS, the ER-nGPS for true memory signals in the left hippocampus still

howed a significant increase from Time 1 to Time 3 ( p = 0.002), and

he ER-nGPS differences between true and false memories also showed

 significant increase from Time 1 to Time 3 ( p = 0.047). 

. Discussion 

This study replicated the effect of repeated study on true and

alse memories at the behavioral level, and then revealed the dynamic
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hanges in neural representations that underlie the repetition effect

n false memory at the neural level. Consistent with previous behav-

oral studies ( Benjamin, 2001 ; Jou et al., 2004 ; Pitarque et al., 2018 ;

eamon et al., 2002 ), we found that repeated study increased true mem-

ry and decreased false memory. In real-life learning and educational

ractice, repetitive learning not only increases true memory, but also

educes false memory derived from semantic associations. 

Using fMRI and representational similarity analyses, we found ev-

dence for three neural mechanisms for the repetition effect on false

emory, including restudy-induced item-specific neural representations

t encoding (indexed by EnPS for SI minus DISL) in the visual cortex,

educed neural overlap between semantic representations at encoding

indexed by EnGSS) in the left temporal pole, and enhanced memory

trength between encoding and retrieval (indexed by ER-nGPS) in the

isuoparietal cortex but reduced memory strength in the frontal cor-

ex. Moreover, we found that individual differences in the reduction of

eural overlap between semantic representations at encoding in the left

emporal pole from Time 1 to Time 2 predicted lower false memory,

hich also withstood the control of the item-specific neural represen-

ations as shown in the regression analysis. We conclude that restudy

nduces item-specific neural representations at encoding in the occipital

ole, which suppresses the neural overlap between semantic representa-

ions in the left temporal pole from the initial study to the second study

f the word lists. And people with greater restudy-induced item-specific

eural representations and reduction in neural overlap between seman-

ic representations are less likely to endorse semantically related lures

nd hence have lower false memory. It is also worth noting that restudy

educed EnGSS in multiple language-derived regions (e.g., left temporal

ole, ventrolateral prefrontal, and angular gyrus). 

As summarized in meta-analysis studies ( Kurkela & Dennis, 2016 ;

u et al., 2019 ), most previous univariate neuroimaging studies of DRM

rue and false memories have examined only the retrieval phase, with

nly two studies examining the encoding phase. These two previous

tudies ( Dennis et al., 2007 ; Kim & Cabeza, 2007 ) reported that neu-

al activations at encoding in the early visual cortex (e.g., occipital pole)

ontributed to subsequent true memory only, whereas neural activations

t encoding in the left ventrolateral prefrontal cortex contributed to both

rue and false memories. Moreover, recent studies using representational

imilarity analysis reported that false memory performance was associ-

ted with the neural overlap between semantic representations in the

eft temporal pole at encoding ( Chadwick et al., 2016 ; Zhu et al., 2019 ),

nd with weaker visuocortical representations at encoding ( Naspi et al.,

021 ). Our results added to previous literature by showing that item-

pecific neural representations at encoding in the occipital pole and

eural overlap between semantic representations at encoding in the left

emporal pole contributed to the effect of repeated study on false mem-

ry. Our results provide further support to the distinctiveness heuris-

ic hypothesis ( Slotnick & Schacter, 2004 ), and the dual-coding neural

ramework ( Bi, 2021 ). Restudy would lead to a more distinct sensory sig-

ature of the studied words encoded in the visual cortex, which reduce

eural overlap between semantic representations in the left temporal

ole, and then facilitates the discrimination between targets and lures

nd thus reduces false memory. 

As for the memory strength between encoding and retrieval, restudy

nhanced the memory strength in the visuoparietal cortex and left hip-

ocampus, but reduced it in the frontal cortex. Moreover, the memory

trength between encoding and retrieval differed significantly for tar-

ets vs. lures in the sensory processing regions (e.g., the visual cor-

ex), but not in the semantic processing region (i.e., the left inferior

rontal gyrus). These results were mainly driven by the high-confidence

esponses, suggesting that participants had a strong feeling of familiar-

ty of these tested words ( Roediger & McDermott, 1995 ). As guided by

he global matching model ( Arndt & Hirshman, 1998 ), both true and

alse memories arise from the global similarity between the neural ac-

ivation pattern of a test item at retrieval and those of all studied items

t encoding. In our previous studies using visual one-shot DRM study
10 
nd test ( Ye et al., 2016 ; Zhu et al., 2019 ), the memory strength in the

isual cortex and left hippocampus was associated with true memory

ignals, reflecting episodic memory strength; whereas memory strength

n the frontal cortex was associated with both true and false mem-

ry signals, reflecting semantic memory strength. In other words, false

emory reflects semantic memory strength, whereas true memory re-

ects both semantic and episodic memory strength ( Payne et al., 2009 ;

oediger et al., 2001 ). 

Extending previous findings, we found that restudy enhanced vi-

uoparietal and hippocampal episodic memory strength and reduced

rontal semantic memory strength. As shown by the meta-analysis stud-

es ( Kurkela & Dennis, 2016 ; Yu et al., 2019 ), the inferior frontal cortex

lays an important role in the formation of false memory at encoding

nd retrieval, but the role of the hippocampus for true and false mem-

ries remains controversial. When studying DRM word lists only once,

revious studies showed that the left hippocampus was mainly involved

n true memory, but it did not differentiate between true and false mem-

ries ( Cabeza et al., 2001 ; Kim & Cabeza, 2007 ; Kurkela & Dennis, 2016 ;

e et al., 2016 ; Zhu et al., 2019 ). Moreover, it has been shown that the

eft inferior frontal cortex was involved in semantic processing, which

ontributes to both true and false memories in the DRM test. Extend-

ng these previous studies, we found that restudy facilitated the ability

f the hippocampus to distinguish true from false memories. Our study

urther demonstrated the role of the left inferior frontal gyrus in false

emory and its restudy-induced reduction. 

Moreover, our study showed that restudy enhanced sensory rein-

tatement in the visual cortex, thereby improving the discrimination of

rue and false memories. As shown in previous studies, sensory reinstate-

ent in the visual cortex at retrieval can help distinguish between true

nd false memories ( Bowman et al., 2019 ; Slotnick & Schacter, 2004 ).

owever, the function of inferior and superior parietal cortex in true

nd/or false memories is still under debate. As shown in a previous

tudy, when participants saw the studied word only once, the inferior

arietal cortex is activated similarly for both true and false memories

uring retrieval ( McDermott et al., 2017 ). In our study, memory strength

n the superior parietal cortex was similar for true and false memories

or the initial learning, but it is more likely to contribute to true memory

ut not false memory after restudy. This is probably due to the fact that

he dorsal visual stream (i.e., from visual cortex to superior parietal lobe)

upports visuospatial processing, which could be enhanced by restudy

 Kravitz et al., 2011 ; Thoma & Henson, 2011 ). In sum, restudy seems

o lead to weaker semantic memory strength but greater episodic mem-

ry strength between encoding and retrieval. Theoretically, it suggests

hat restudy has different effects on two types of memory strength (i.e.,

 decrease in semantic memory strength and an increase in episodic

emory strength), which leads to a decrease in false memory after

estudy. 

Our results also point to several future directions of research in

his field. For example, this study used the DRM paradigm, and future

tudies could profitably examine the neural representations underly-

ng the repetition effect on other types of false memory (e.g., misin-

ormation false memory or memory misattribution) ( Carpenter et al.,

021 ; Gordon et al., 2019 ; Karanian et al., 2020 ). Moreover, we stud-

ed memory of young adults under an unspeeded condition (i.e., 3 sec-

nds per trial) in the slow-event design. Previous studies found that

nder speeded conditions (e.g., 0.02-second per word or 1-second per

bject for study; or 0.75-second per word for test) ( Benjamin, 2001 ;

eamon et al., 2002 ; Wing et al., 2020 ), repeated study would actu-

lly lead to more false memory. This is probably due to the fact that,

nder speeded conditions, participants are forced to rely on familiarity

udgment rather than recollection. Therefore, it is possible that semantic

rocessing would be strengthened under such a condition. Furthermore,

 speeded condition would prevent a full trigger of the monitoring pro-

ess and hence increase false memory. Future studies should test these

eural mechanisms under speeded study and test conditions. In addi-

ion, the encoding-retrieval neural pattern similarity varied with age
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 Chamberlain et al., 2022 ), so future studies should explore the effect

f aging on the neural representation of DRM false memory. 

In the current study, we asked participants to study each word 3

imes, following previous behavioral studies of Benjamin (2001) and

itarque et al. (2018) . It seems that one repetition (i.e., study each word

 times) is sufficient to change the neural activation and its pattern sim-

larity at encoding. However, because memory performance at retrieval

as assessed only at the end (after each word was studied three times),

ur results related to retrieval are not conclusive in terms of whether one

epetition is sufficient. Future fMRI studies should explore this issue sys-

ematically by using different numbers of stimuli repetitions. Finally, to

urther explore the function of multiple brain regions during encoding

nd retrieval on false memories, future studies could use brain stimu-

ation techniques. For example, transcranial magnetic stimulation and

ranscranial direct current stimulation have been used to explore the

ole of the left temporal lobe, medial prefrontal cortex, and cerebellum

n false memories ( Berkers et al., 2017 ; Diez et al., 2017 ; Gatti et al.,

021 ). 

In sum, we found that restudy reduced false memory via dynamic

hanges in multiple neural representations at encoding and retrieval.

hey included restudy-induced item-specific neural representations in

he visual cortex, reduced neural overlap between semantic represen-

ations in the left temporal pole at encoding, reduced semantic mem-

ry strength in the left inferior frontal gyrus, and enhanced episodic

emory strength in the visuoparietal cortex and hippocampus. Two en-

oding neural mechanisms were related to each other, with restudy-

nduced item-specific neural representations in the left occipital pole

eing linked to reduced neural overlap between semantic representa-

ions in the left temporal pole at encoding. The repetition effect on

emory strength in the brain was mainly driven by the high-confidence

esponses. Taken together, this study shows that dynamic changes in

ultiple neural representations underlie the repetition effect on false

emory, which supports the dual-coding neural framework and has sig-

ificant implications for our understanding of learning and memory. 
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