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The neural processes giving rise to human memory strength signals remain poorly understood. Inspired by formal computational models
that posit a central role of global matching in memory strength, we tested a novel hypothesis that the strengths of both true and false
memories arise from the global similarity of an item’s neural activation pattern during retrieval to that of all the studied items during
encoding (i.e., the encoding-retrieval neural global pattern similarity [ER-nGPS]). We revealed multiple ER-nGPS signals that carried
distinct information and contributed differentially to true and false memories: Whereas the ER-nGPS in the parietal regions reflected
semantic similarity and was scaled with the recognition strengths of both true and false memories, ER-nGPS in the visual cortex contrib-
uted solely to true memory. Moreover, ER-nGPS differences between the parietal and visual cortices were correlated with frontal moni-
toring processes. By combining computational and neuroimaging approaches, our results advance a mechanistic understanding of

memory strength in recognition.
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ignificance Statement

What neural processes give rise to memory strength signals, and lead to our conscious feelings of familiarity? Using fMRI, we
found that the memory strength of a given item depends not only on how it was encoded duringlearning, but also on the similarity
of its neural representation with other studied items. The global neural matching signal, mainly in the parietal lobule, could
account for the memory strengths of both studied and unstudied items. Interestingly, a different global matching signal, origi-
nated from the visual cortex, could distinguish true from false memories. The findings reveal multiple neural mechanisms
underlying the memory strengths of events registered in the brain.
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Introduction

A fundamental question of human recognition memory con-
cerns the cognitive and neural representations and processes
that give rise to the memory strength signals, which lead to our
conscious feelings of familiarity and guide a variety of memory
decisions. Formal computational models of memory (i.e., the
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global matching models) have posited that the memory
strength of a given item derives from the match (measured as
similarity) between its representation and those of all the
other studied items (Murdock, 1982; Gillund and Shiffrin,
1984; Hintzman, 1984; Pike, 1984). The magnitude of match-
ing or memory strength is then subjected to a decision making
process (e.g., signal detection model) to determine the re-
sponse in a recognition memory task.

The global matching models provide an algorithmic expla-
nation for why recognition memory is affected by the similar-
ity of other studied items and why false memory occurs.
According to the global matching models, false memory oc-
curs when there is high similarity between the unstudied item
and stored memories, due to the overlap in item and/or con-
textual information. In particular, the sum of many partial
matches to memory traces can provide a strong overall match,
leading to the global similarity effect (Humphreys et al., 1989;
Clark and Gronlund, 1996). Consistently, unstudied category
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all studied items (n = 72).

prototypes show high false-alarm rates (Posner and Keele,
1970; Bransford and Franks, 1971), and both the hit and false-
alarm rates increase as the number of similar items in a list is
increased (Hintzman, 1988).

The neural implementation of the global matching mech-
anism is barely understood. According to the global matching
models, one would predict that memory strength signal is
scaled to the similarity between a test item’s neural activation
pattern during retrieval and that of all studied items during
encoding (i.e., the encoding-retrieval neural global pattern
similarity [ER-nGPS]). In partial support of this hypothesis,
emerging studies found that the similarity between the neural
activation pattern of a studied item during encoding to that of
all other studied items (i.e., nGPS), was predictive of subse-
quent memory (LaRocque et al., 2013; Davis et al., 2014a; Lu et
al., 2015). Nevertheless, because the neural responses at the
retrieval phase were not recorded, these studies could not ex-
amine ER-nGPS and its potential role in true and false
memory.

Moreover, the global matching models need to deal with
important differences between true and false memories, both
at the behavioral and neural levels. At the behavioral level, the
global matching models suggest either a cubing mechanism
(i.e., the MINERVA 2) (Hintzman, 1984) or a multiplicative
cue mechanism (i.e., the SAM model) (Gillund and Shiffrin,
1984) that would increase the weight of an exact match (true
memory) and reduce the weight of multiple partial matches

h . h - . h

Self-paced Orientation Judgment

¥ 4t M-l pen
4

72
ER-nGPSi=.ZISim(Ri, E;)/72
]=

Schematic depiction of the experimental design and data analysis procedure. A, Experimental design. The slow
event-related design (each trial lasting 12 s) was used for both encoding and retrieval phases of the task. Each trial started with a
1sfixation point, followed by a Chinese word (e.g., “Dream”) that was presented on the screen for 3 s. Three seconds after the onset
of the word, participants were asked to perform a perceptual orientation judgment task for 8 5. A self-paced procedure was used to
make this task engaging. During the encoding phase, participants were asked to make a pleasantness judgment on each word (i.e.,
from 1= "Very unpleasant” to 4 = “Very pleasant”) by pressing 1 of 4 buttons. Over 3 scanning runs, 72 words (9 lists of 8 words)
were studied. During the retrieval phase, participants were asked to make a memory judgment on each word (i.e., from 1 =
“Definitely new” to 4 = “Definitely old”) by pressing 1 of 4 buttons. B, A depiction of the neural global pattern similarity measure
between encoding and retrieval. The global pattern similarity between encoding and retrieval (ER-nGPS) was calculated by
averaging the Fisher's z-scores reflecting neural activation pattern similarity of each test item with the neural activation pattern of
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(false memory). These mechanisms pro-
vide a good explanation of false recall
(Kimball et al., 2007) and the effects of
stimulus duration, number of exem-
plars, and associative strength on true
and false memory (Arndt and Hirsh-
man, 1998), but have difficulty explain-
ing the effect of stimulus duration and
repetition on the variance of memory
(Ratcliff et al., 1990). At the neural level,
neuroimaging studies found that, com-
pared with false memory, true memory
is associated with increased activity in
sensory cortices (Schacter et al., 1996;
Abe et al., 2008; Atkins and Reuter-
Lorenz, 2011; Dennis et al., 2012), but
reduced activity in the bilateral prefron-
tal cortices (Kensinger and Schacter,
2006; Kubota et al., 2006; Garoff-Eaton
et al., 2007; Kim and Cabeza, 2007).
These neural differences have yet to be
integrated into the global matching
models.

The present study aimed to address these
issues with fMRI and an adapted Deese-
Roediger-McDermott (DRM) paradigm
(Deese, 1959; Roediger and McDermott,
1995). To examine the ER-nGPS, research
participants were scanned during both the
encoding and retrieval phases of the mem-
ory task. We hypothesized that the memory
strength for both true and false memories
should be scaled to the ER-nGPS. We fur-
ther predicted that both common and dif-
ferential ER-nGPS signals underlay true and
false memories.

Foil

Materials and Methods

Participants. Participants were 35 healthy college students (19 males;
mean age = 23.0 * 1.9 years, range 19-27 years), who had normal or
corrected-to-normal vision, and no history of psychiatric or neurological
diseases. Written consent was obtained from each participant after a full
explanation of the study procedure. The study was approved by the In-
stitutional Review Board at Beijing Normal University.

Experimental materials. Nine word lists, each containing 12 words that
describe one theme, were used in this study. They were translated and
adapted from materials used in Roediger and McDermott (1995). For
example, one list included words “dream,” “awake,” “bed,” “doze,”
“yawn,” “snore,” “drowsy,” “blanket,” “sleep,” “rest,” “tired,” and “pil-
low” (Fig. 1A). Of the 12 words in each list, 8 were studied (only 4 of them
would be tested, i.e., targets) and 4 were used as critical lures (see below).
In addition, 36 semantically unrelated words were used as foils in the
recognition test.

fMRI task. Laying supine on the scanner bed, participants viewed vi-
sual stimuli back-projected onto a screen through a mirror attached onto
the head coil. Foam pads were used to minimize head motion. Stimulus
presentation and timing of all stimuli were achieved using MATLAB
(The MathWorks) and Psychtoolbox (www.psychtoolbox.org) on a
Windows PC.

During the encoding phase, participants were explicitly instructed to
intentionally memorize each word presented on the screen and were told
that a recognition test would be conducted after the encoding session.
They were also warned that there would be some unstudied words that
were semantically related to the studied words in the following recogni-
tion test. Participants studied 72 words (i.e., 9 word lists) in the scanner
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over three scanning runs, each containing three word lists. Before the
start of each word list, there was a 2 s visual cue (i.e., “List 1”). Each word
was presented only once. The order of the 8 studied words within each
word list and that of the 9 word lists was counterbalanced across partic-
ipants. A slow event-related design (12 s for each trial) was used in this
study (Fig. 1). Each trial started with a 1 s fixation point, followed by a
Chinese word that was presented on the screen for 3 s. To help the
participants to remember these words, participants were asked to make a
pleasantness judgment on the word by pressing 1 of 4 buttons (1 = “Very
unpleasant,” 2 = “Mildly unpleasant,” 3 = “Mildly pleasant,” 4 = “Very
pleasant”). Three seconds after the onset of the word, participants were
asked to perform a perceptual judgment task for 8 s, which was included
to prevent the participants from further processing the studied words. A
Gabor image tilting 45° to the left or the right was randomly selected and
presented on the screen, and participants were asked to identify the ori-
entation of the Gabor by pressing one of two buttons. Participants were
asked to respond as quickly and accurately as possible. The next trial
started 100 ms after participants responded.

After studying all 9 lists, participants were given a 2-back working mem-
ory task for 10 min before they took the recognition test. The working mem-
ory task served as a distractor task between the encoding and retrieval phases
and allowed time for an anatomic MRI scan. During the retrieval phase,
participants were asked to judge whether they had studied the words earlier
by pressing 1 of 4 buttons (1 = “Definitely new,” 2 = “Probably new,” 3 =
“Probably old,” 4 = “Definitely old”). These confidence responses were used
to index memory strength. The use of right versus left hand for old versus
new response was counterbalanced across participants. In total, 108 words
(36 target words, 36 critical lures, and 36 foils) were presented over three
scanning sessions, and the order was pseudorandomized. Following the pro-
cedure used in previous studies (Gerard et al., 1991; Duverne et al., 2009),
three unstudied foil words were placed at the beginning of each test run. The
same slow event-related design (12 s for each trial) as in the study phase was
used for the retrieval phase.

Postscan semantic similarity rating. Immediately after the scan, a se-
mantic similarity rating task was given to the participants to assess pair-
wise semantic similarity of the tested items. The large number of words
(108 in total) made it very difficult to do complete pairwise ratings (5778
pairs in total). Therefore, participants were asked only to rate the simi-
larity between 8 studied words and 4 critical lures within each word list
because previous studies suggested that the false memory effect was
mainly contributed by the within-list similarity. There were 594 word
pairs in total (i.e., 66 pairs/list X 9 lists). Within each list, the 66 pairs
were randomly mixed together. For each pair, the participants were asked
to judge semantic similarity between the two words using a 6 point scale,
with 1 = “Very weak semantic association” and 6 = “Very strong seman-
tic association.” The stimulus remained on the screen until a response
was made. There was no time limit for responses on this rating task.

Behavioral data analysis. Paired-samples f test was used to examine the
differences in the endorsement rates of target, lure, and foil items and
associated reaction times in the recognition test. To measure the effect of
semantic similarity on recognition memory, Pearson correlation was cal-
culated between the memory scores in the recognition test and semantic
global similarity ratings (i.e., sGS), which were obtained by averaging the
semantic similarity of each tested item to all studied words within a list.
These analyses were conducted separately for targets and lures.

fMRI data acquisition and preprocessing. Imaging data were acquired
on a 3.0 T Siemens MRI scanner in the MRI Center at Beijing Normal
University. A single-shot T2*-weighted gradient-echo, EPI sequence was
used for functional imaging acquisition with the following parameters:
TR/TE/6 = 2000 ms/30 ms/90°, FOV = 192 X 192 mm, matrix = 64 X
64, and slice thickness = 3.3 mm. Forty-one contiguous axial slices par-
allel to the AC-PC line were obtained to cover the whole cerebrum and
partial cerebellum. Anatomical MRI was acquired using a T1-weighted,
3D, gradient-echo pulse-sequence (MPRAGE). The parameters for this
sequence were as follows: TR/TE/0 = 2530 ms/3.39 ms/7°, FOV = 256 X
256 mm, matrix = 256 X 256, and slice thickness = 1 mm. A total of 144
sagittal slices were acquired to provide high-resolution structural images
of the whole brain.
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Image preprocessing and statistical analysis were performed using
FEAT (FMRI Expert Analysis Tool) version 6.00, part of the FSL (FMRIB
software library, version 5.0.9, www.fmrib.ox.ac.uk/fsl). The first 3 vol-
umes before the task were automatically discarded by the scanner to
allow for T1 equilibrium. The remaining images were then realigned to
correct for head movements. Translational movement parameters never
exceeded 1 voxel in any direction for any participant or session. Data
were spatially smoothed using a 5 mm FWHM Gaussian kernel. The data
were filtered in the temporal domain using a nonlinear high-pass filter
with a 90 s cutoff. A two-step registration procedure was used whereby
EPI images were first registered to the MPRAGE structural image and
then into the standard MNI space using affine transformations (Jenkin-
son and Smith, 2001). Registration from MPRAGE structural image to
the standard space was further refined using FNIRT nonlinear registra-
tion (Andersson et al., 2007a, b).

Univariate activation analysis. The GLM within the FILM module of
FSL was used to model the data. During the retrieval phase, four types of
trials were modeled: targets judged as old (TO), lures judged as old (LO),
lures judged as new (LN), and foils judged as new (FN). The targets
judged as new and foils judged as old were rare and were included as two
separate nuisance variables. The incorrect trials of the perceptual orien-
tation task were coded as an additional nuisance variable, whereas the
correct orientation trials were not coded and thus were treated as an
implicit baseline. To control for the differences in reaction time, reaction
times for all items were included as one parametric regressor. Three
contrasts (TO vs FN, LO vs LN, and TO vs LO) were defined to examine
the effect of true memory, false memory, and their direct comparison,
respectively. The contrast between activations in LN and FN was used to
examine the region(s) involved in cognitive control. A higher-level anal-
ysis based on a fixed-effects model created cross-run contrasts for each
participant. These contrasts were then used for group analysis with a
random-effects model, using FLAME (FMRIB’s Local Analysis of Mixed
Effect) Stage 1 (Beckmann et al., 2003; Woolrich et al., 2004). Unless
otherwise noted, group images were thresholded using cluster detection
statistics, with a height threshold of z > 2.3 and a cluster probability of
p < 0.05, corrected for whole-brain multiple comparisons using Gauss-
ian Random Field Theory. The same threshold was used for both univar-
iate and ER-nGPS analysis.

Single-item response estimation. GLM was used to compute the B-map
for each of the 72 unique word stimuli during encoding and 108 words
during retrieval. In this single-trial model, the presentation of each stim-
ulus was modeled as an impulse and convolved with a canonical hemo-
dynamic response function (double gamma) (Mumford etal., 2012). The
least-square single method was used to obtain reliable estimates of single
trial responses. The B values of each stimulus were used to calculate
neural global similarity and then used for further statistical analysis (see
below).

Neural global pattern similarity between encoding and retrieval (ER-
nGPS). The searchlight method was used to locate brain regions whose
neural global pattern similarity between encoding and retrieval was as-
sociated with memory strength (Kriegeskorte et al., 2006). For each
voxel, signals were extracted from the cubic ROI containing 125 sur-
rounding voxels. For each tested item, paired-wise Pearson correlation
was calculated between the activation patterns of this item during re-
trieval with the activation pattern of all studied words during encoding.
These similarity scores were transformed into Fisher’s z-scores and then
averaged to generate the ER-nGPS value. The ER-nGPS for each type of
trials (TO, LO, LN, and FN) were then separately averaged and con-
trasted at individual participant level. A random-effects model was used
for group analysis. Because no first-level variance was available, an ordi-
nary least square model was used.

ROI analysis. We defined five ROIs based on the whole-brain search-
light results, including the left inferior frontal gyrus (LIFG), left inferior
parietal lobule (LIPL), left superior parietal lobule (LSPL), left ventral
lateral occipital complex (LvLOC), and right ventral lateral occipital
complex (RVLOC). They were defined by including all the voxels in each
cluster showing suprathreshold activation for the contrast between TO
and FN. The mean ER-nGPS, activation level, and variance for each trial
were then extracted and correlated with other measures, including the
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Figure 2.  Behavioral results during retrieval and after the scan. 4, The endorsement (judged as old during retrieval) rate of  ER-nGPS was associated with

target, lure, and foil items. B, The reaction time of T0, LO, LN, and FN items. Error bars indicate within-participant SE. C, Scatter plot memory strength

and regression lines indicate the relationship between global semantic similarity for each retrieval item with all studied items and
memory performance for target (shown in dark red) and lure items (shown in light red). ***p < 0.001.

pattern similarity and mean activation level in other regions. To examine
the ER-nGPS in the medial temporal lobe (MTL), four ROIs were defined
based on the Harvard-Oxford probabilistic atlas (threshold at 25% prob-
ability), namely, the bilateral parahippocampus gyrus and hippocampus.

Mixed-effects model. Mixed-effects modeling is a powerful statistical
tool that offers many advantages over conventional ¢ test, regression, and
ANOVA in sophisticated fMRI designs (Mumford and Poldrack, 2007;
Ward etal., 2013). It is especially useful when the number of trials differs
by condition and/or across participants, as was the case in this study, in
which participants remembered varying numbers of words by condition.
In this study, the mixed-effects model was implemented with Ime4 in R
(Bates and Bolker, 2012). We used the likelihood ratio test to compare
the models (with vs without the predictor) to determine the effect of the
predictor.

Mediation analysis. We performed the mediation effect test to examine
whether the ER-nGPS mediated the semantic similarity effect on memory
strength. Mixed-effects models were used to test the relationship between (1)
semantic similarity and memory strength (Y = a, + b,X + &,); (2) semantic
similarity and ER-nGPS (M = a, + b,X + ¢&,); and (3) semantic similarity
and memory strength with a mediator (Y = a5 + b;X + bM + &5). In the
equations, Y is the dependent variable, X is the predictor, and M is the
mediator. The indirect effect was estimated as b, X b. We used distribution-
of-the-product method to compute confidence intervals, which has been
shown to be more accurate when the sample size is small (MacKinnon et al.,
2002).

Results

Behavioral results

The mean endorsement rate (judged as old items, scored 3 or 4)
of targets, lures, and foils were 90%, 46%, and 11%, respectively
(Fig. 2A), suggesting that participants were generally accurate in
their true memory, but also showed a fair amount of false mem-
ory. Paired-samples ¢ tests revealed that the endorsement rate was
significantly higher for targets than for lures (¢, = 11.22, p <
0.001), and for lures than for foils (¢, = 13.21, p < 0.001). For
reaction times, paired-samples t tests showed that LO responses
were slower than TO responses (f;,) = 8.18, p < 0.001) and LN
responses were slower than FN responses (t;, = 10.84, p <
0.001), but there was no difference between the reaction times of
TO and FN (#34 = — 0.25, p = 0.803), or between the reaction
times of LO and LN (¢4, = — 1.51, p = 0.142) (Fig. 2B).

Next, we examined whether memory strength was affected by
semantic similarity. After the recognition memory test, partici-
pants were asked to rate, within each list, the semantic similarity
between each tested item (targets and lures) and each studied
item. We calculated the sGS of each tested item by averaging its
semantic similarity ratings with all studied items in that list. As
shown in Figure 2C, the sGS was significantly correlated with the
memory strength of lures (¢34, = 3.07, p = 0.004, B = 0.69). This

We developed a method to examine
whether the memory strength of true and
false memories was associated with the ER-
nGPS (Fig. 1B). Formally, the ER-nGPS was
calculated by averaging Fisher’s z-scores of neural activation pattern
similarity (Pearson r) between each item (7) during retrieval (R) with
all other items ( j) during encoding (E, from 1 to #n): ER-nGPS =
> sim(Ri, Ej)/n. We first examined whether the ER-nGPS was as-
sociated with true memory strength (targets reported as old [3, 4] vs
foils reported as new [1, 2]). A whole-brain searchlight analysis
showed that, consistent with the global matching hypothesis, items
with greater memory strengths (i.e., TO) showed greater ER-nGPS
than items with lower memory strengths (i.e., FN) in distributed
brain regions, including the LIFG (MNI: —48, 26, 8, Z = 4.74), LIPL
(MNI: —56, —48, 48, Z = 5.46), LSPL (MNI: —30, —52, 38, Z =
5.13), LvLOC (MNI: —42, —78, —10, Z = 5.06), and RvLOC (MNTI:
36, —78, —6, Z = 4.87) (Fig. 3; Table 1).

Because the TO items might have greater perceptual or con-
ceptual overlap with encoding items than might FN items, we did
a linear mixed-model analysis to directly test the quantitative
association between ER-nGPS and memory strength, using all
items (targets, lures, and foils). We found that the ER-nGPS
increased with true memory strength (1-4) in LIFG ( X(21> =
39.96, p < 0.001), LIPL (X?,) = 65.86, p < 0.001), LSPL
(X%, = 48.40, p < 0.001), LVLOC (x> = 31.10, p < 0.001), and
RvLOC (x{;, = 29.83,p < 0.001). These results suggested a strong
association between ER-nGPS and memory strength.

In the above mixed-effect analysis, the effect might have been
due to differences between the TO and FN trials. A more robust
test of the association between ER-nGPS and memory strength is
to correlate memory strength with the ER-nGPS within each cat-
egory (i.e., targets, lures, and foils). However, because memory
strength was very high for targets and very low for foils, only lures
had enough variations in memory strength and hence the power
for this analysis. Therefore, we examined whether the ER-nGPS
in the above regions was associated with false memory by com-
paring LO and LN items, both of which were not studied but
showed different subjective memory strengths. Indeed, we found
that the frontoparietal regions, including the LIFG (f5,, = 2.39,
P =0.022), LIPL ((3,) = 2.32, p = 0.027), and LSPL (134, = 2.14,
p = 0.040), showed stronger ER-GPS for LO than LN items, but
the LVLOC (t(34, = 1.72, p = 0.095) and RvLOC (13, = —0.19,
p = 0.847) did not (Fig. 3). A linear mixed-model analysis sug-
gested that, for lures, the ER-nGPS increased with memory
strength in the LIFG (x{;, = 9.18, p = 0.002), LIPL (x{,, = 6.92,
p = 0.008), and the LSPL (x{,, = 5.61, p = 0.018), but not in the
LVLOC (x{y) = 2.89, p = 0.089) or RvLOC (x{;, = 0.004, p =
0.950). These results suggest that the ER-nGPS in the frontopa-
rietal regions was associated with the strength of both true and
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false memories, whereas the ER-nGPS in
the visual cortex was only associated with
the strength of true memory.

In another analysis, we examined
whether the ER-nGPS for targets and lures
was contributed mainly by the within-list
similarity. We calculated the ER-nGPS for
targets and lures using only the within-list
items (8 in total). This analysis revealed
very similar results as reported above, sug-
gesting that within-list similarity contrib-
uted to memory strength.

0.12

ER-nGPS

No memory strength signal in the MTL
Previous studies have suggested that the
nGPS in the MTL could predict subse-
quent memory (LaRocque et al.,, 2013;
Davis et al., 2014a). However, our whole-
brain searchlight analysis found that the
ER-nGPS in the MTL was not related to
memory strength, even with a liberal
threshold (z = 2.3, uncorrected). We fur-
ther examined this issue by anatomically
defining four ROIs in the MTL based on
the Harvard-Oxford template, namely,
the bilateral parahippocampal gyrus and
hippocampus. The comparison of ER-
nGPS in these ROIs only revealed a mar-
ginally significant difference between TO
and FN in the left hippocampus (p =
0.07) (Fig. 4).

0.32

0.24

0.16

ER-nGPS

0.08

0.00

Figure 3.

Parietal ER-nGPS mediated the effect of
semantic similarity on false memory
The above analysis suggests that both semantic similarity (sGS)
and ER-nGPS were associated with memory strength, and the
effect of sGS was stronger for lures than for targets. We further
evaluated whether the ER-nGPS indeed reflected semantic simi-
larity and thus mediated the effect of sGS on memory strength.
Focusing on the brain regions where the ER-nGPS was associated
with memory strength, a linear mixed-effect model revealed that,
for lures, the ER-nGPS was associated with the sGS in the LIPL (
X4y = 4.14, p = 0.042) and the LSPL (x{,, = 3.86, p = 0.050), but
not in the LIFG (Xf” = 1.70, p = 0.193). Mediation analysis
shows the ER-nGPS in the LIPL partially mediated the effect of
sGS on memory strength (indirect effect = 0.007, p = 0.05)
(Fig. 5), whereas the ER-nGPS in the LSPL did not (p = 0.11).
It is worth noting that the univariate activation level and the
sGS were not associated in either of these two ROIs (all p
values >0.28) and that activation levels in these regions did
not mediate the sGS effect in memory. These results suggest
that the ER-nGPS is more sensitive to the content of episodic
representation than is the univariate activation level.
Consistent with the limited role of semantic similarity in
memory strengths of target items, the association between
sGS and ER-nGPS for targets was not significant in the LIFG
(X{1) = 2.20, p = 0.138), LIPL(x,) = 0.001, p = 0.970), or the
LSPL(x{,) = 0.72, p = 0.396).

ER-nGPS differentiated true and false memories

Could ER-nGPS distinguish true memory from false memory?
Focusing on the regions where the ER-nGPS was associated
with memory strength, the RVLOC (#4, = 2.58, p = 0.014)
showed greater ER-nGPS for TO than LO items (Fig. 3). An

TO LO LN FN

TO LO LN FN
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Brain regions with significant associations between ER-nGPS and memory strength. Greater ER-nGPS for TO than FN
items, thresholded at z > 2.3 (whole-brain corrected), were rendered onto a population-averaged surface atlas (Xia et al., 2013)
(see also Table 1). Bar graphs of ER-nGPS, as a function of memory status, are shown for the LIFG, LIPL, LSPL, LvLOC, and RvLOC.
Error bars indicate within-participant SE. *p << 0.05, **p < 0.01.

Table 1. Regions whose ER-GPS was greater for T than FN items

Coordinates

Region X y z z

Left inferior frontal gyrus (LIFG) —48 26 8 4.74
Left middle frontal gyrus (LMFG) —4 12 50 497
Right middle frontal gyrus (RMFG) 50 26 28 3.99
Left inferior parietal lobule (LIPL) —56 —48 48 5.46
Right inferior parietal lobule (RIPL) 42 —52 46 437
Left superior parietal lobule (LSPL) —30 —52 38 5.13
Right superior parietal lobule (RSPL) 2 —42 46 4.24
Left dorsal lateral occipital complex (LdLOC) 22 —64 38 5.15
Right dorsal lateral occipital complex (RALOC) 32 —76 18 459
Left ventral lateral occipital complex (LvLOC) -4 —78 —10 5.06
Right ventral lateral occipital complex (RvLOC) 40 —74 —16 471
Left inferior temporal gyrus (LITG) —4 —62 —6 4.42
Right inferior temporal gyrus (RITG) 48 —58 —14 417
Left middle temporal gyrus (LMTG) —52 —58 4 3.60
Right middle temporal gyrus (RMTG) 04 —46 2 331
Left occipital fusiform gyrus —34 —80 =10 478
Left temporal fusiform gyrus —30 —60 —18 47
Right occipital fusiform gyrus 30 —80 =10 493
Right temporal fusiform gyrus 44 —56 —14 440
Left precuneus —14 —76 40 416
Right precuneus 18 —56 12 413

additional whole-brain comparison showed that a cluster lo-
cated in the right intracalcarine cortex extending to the right
lingual gyrus (MNI: 28, —66, 2, Z = 3.28) and a small cluster
in the right superior parietal lobule (MNI: 26, —44, 66, Z =
3.00) also showed greater ER-nGPS for TO than LO items
(Fig. 6).
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Figure 5.  ER-nGPS in the LIPL mediated the relationship between sGS and memory re-
sponse. A, The LIPL ROI's ER-nGPS was associated with memory strength (TO > FN). B, Medi-
ation analysis showed that the positive association between sGS and memory strengths for
lures was partially mediated by the ER-nGPS in the LIPL. ***p <0.001, *p << 0.05.

Testing the cubing hypothesis with a nonlinear similarity

gradient function

Following the SAM model (Gillund and Shiffrin, 1984) and a
previous neuroimaging study (LaRocque et al., 2013), the above
analyses used a linear similarity gradient function. To differenti-
ate true and false memory, the MINERVA 2 (Hintzman, 1984)
has posited a cubing mechanism (nonlinear similarity gradient
function, such as a third power function). Similarly, the exponen-
tial similarity gradient function has been used in a neuroimaging
study (Davis et al., 2014a). To test the cubing hypothesis, we did
two additional analyses using the exponential and third power
similarity gradient function, respectively. Consistent with a pre-
vious observation (Davis et al., 2014a), these nonlinear functions

ER-nGPS in the MTL was not correlated with memory strength. The ROIs for the hippocampus (HIP, red) and para-
hippocampal gyrus (PHG, blue) were anatomically defined based on the Harvard-Oxford probabilistic atlas. No significant differ-
ence between conditions was found in any of the four ROIs, except for a marginal effect in the left HIP for TO versus FN items
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generated results that were very similar to
those from the linear function (Table 2),
suggesting that the choice of similarity
gradient function did not change our
findings.

RHIP

The prefrontal cortex was involved in
cognitive control

To identify the regions involved in cogni-
tive control, we compared the activations
for correctly rejected lures (LN) and foils
judged as new (FN). This analysis revealed
strong activation in a large cluster in the
left lateral prefrontal cortex (MNI: —52,
32, 16, Z = 3.87) (Fig. 7A) and a small
cluster in the medial prefrontal cortex
(MNI: —2, 20, 56, Z = 4.81). The MFPC
has been implicated in conflict processing
(Carter et al., 1998; MacDonald et al,,
2000; Alexander and Brown, 2010),
whereas the LFPC has been implicated in
cognitive control and conflict resolution
(MacDonald et al., 2000). Focusing on the
LPFC, we found stronger activation for TO than FN items (¢34, =
4.78, p < 0.001), but no difference between LO and LN items
(t(34y = 0.84, p =. 404) or between TO and LO items (f;34, =
— 1.11, p = 0.27) (Fig. 7B).

Could a strong cognitive control process help reduce the ER-
nGPS signals of the lures and reduce false memory? If this hy-
pothesis were true, we would observe a negative association
between LPFC activity and the ER-nGPS in the parietal lobule.
Contrary to this hypothesis, we found a strong positive associa-
tion between LPFC’s activation and ER-nGPS in the LIPL for lure
items (x(,) = 411.29, p < 0.001). After controlling for semantic
similarity (sGS), this positive association was greatly reduced but
still significant (x{;, = 4.49, p = 0.034).

TO LO LN FN

ER-nGPS discrepancy in the parietal and visual cortices was
associated with cognitive control

The above analysis suggested that ER-nGPS signals in the LIPL
were strong for both true and false memories, whereas the signals
in the visual cortex were stronger for true memory than for false
memory. We hence speculated that the LPFC’s activation was
associated with the discrepancy of the ER-nGPS in the LIPL and
the visual cortex. Consistently, a mixed-effect model analysis re-
vealed a strong positive assoication between the ER-nGPS differ-
ence (LIPL — RvLOC) and the left LPFC activation (X(zl) =97.22,
p < 0.001) (Fig. 7C,D). The same relationship was found when
using the ER-nGPS in the intracalcarine cortex cluster ()((21) =
60.88, p < 0.001). These results suggest that the cognitive control
process might result from a discrepancy between the ER-nGPS in
the parietal and visual cortices.

Controlling for the effects of univariate activation levels and

their variances

As Figure 8 shows, the univariate activation levels in distributed
brain regions were also associated with memory performance.
Furthermore, linear mixed model showed moderate-to-high
correlations between univariate activation levels and ER-nGPS in
all ROIs for both true memory (r = 0.41 to 0.73, all p values
<0.0001) and false memory (r = 0.40 to 0.69, all p values
<0.0001). Therefore, to confirm the effect of ER-nGPS on mem-
ory, we needed to control for the univariate activation levels. A
mixed-effect regression model revealed that after controlling
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for univariate activation level, ER-nGPS
was still a significant predictor of true
memory strength in all ROIs (LIFG, Xfl) =
13.12, p < 0.001; LIPL, x{,) = 37.36,p <
0.001; LSPL, x{;, = 10.19, p = 0.001; Lv-
LOG, x{}, = 5.57, p = 0.018; RvLOC, x{,,
=18.07, p < 0.001), and was a significant
predictor for the strength of false memory
in the LIPL (x{,, = 6.87,p = 0.009) and a
marginally significant predictor in the
LIFG (x{,) = 3.33, p = 0.068).

A previous simulation study suggests
that the variance of activation level across
voxels could also affect pattern similarity
estimation (Davis et al., 2014b). To exam-
ine this effect, we calculated the variance
in each ROI for each type of trials. Only
the variance for TO was slightly larger
than that for FN in the LIFG (t5,, = 2.07,
P = 0.046), LSPL (t34) = 2.48, p = 0.018),
and LvLOC (t34, = 2.03, p = 0.050). No
other difference was significant. After
controlling for both the activation level
and the variance using a linear mixed ef-
fect model, we found that the ER-nGPS
still predicted true memory strength in all
ROIs (LIFG, x, = 13.88,p < 0.001; LIPL,
Xt 40.08, p < 0.001; LSPL,

XSI) = 10.66, p = 0.001; LvLOC, X(21> = 7.25, p = 0.007; RvLOC,
X4y = 20.24, p < 0.001), and false memory strength in LIFG (x{)
=391, p = 0.048) and LIPL (), = 8.14, p = 0.004).

Finally, univariate analysis revealed greater activation for true
memory (TO) than false memory (LO) in the left MFG, bilateral
IPL, precuneus, and anterior and posterior cingulate cortex (Fig.
6). However, these regions did not overlap with those showing
differences in ER-nGPS between true and false memories.

Figure 6.

Discussion

Inspired by formal computational models of recognition mem-
ory, the current study aimed at leveraging the fine activation
pattern measured by fMRI to provide a mechanistic understand-
ing of the neural signals underlying recognition memory strength
(i.e., familiarity). We tested a novel hypothesis that the neural
global pattern similarity between encoding and retrieval (ER-
nGPS) was associated with subjective strength of recognition
memory (either true or false memory). By adapting the DRM
paradigm, we observed a significant amount of false memory,
although the 40% false memory rate was lower than that found in
the original DRM paradigm (Roediger and McDermott, 1995).
This lower rate was partially due to the shorter word lists and a
smaller number of lists, as well as the use of prewarning (McCabe
and Smith, 2002). In addition, the use of visual presentation of
the stimuli during encoding, compared with the standard audi-
tory presentation (Roediger and McDermott, 1995), could have
also reduced false recognition of visually presented test words
(Smith and Hunt, 1998).

Consistent with the global matching hypothesis, we found
that the ER-nGPS in the frontal and parietal cortices scaled with
the strength of subjective feelings of familiarity of both true and
false memories. The current study and many previous studies
have also found that univariate activation in these regions was
sensitive to the memory strength of true and false memories
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Neural differences between true and false memories. Whole-brain searchlight analysis results for regions that
showed greater ER-nGPS (shown in blue) or activation level (shown in red) for TO items than LO items. The differences were
thresholded atz > 2.3 (whole-brain corrected) and rendered onto a population-averaged surface atlas (Xia et al., 2013). There was
no overlap between the univariate and multivariate effects.

Table 2. Statistical comparison of the ER-nGPS between conditions, using
exponential and third power functions as the similarity gradient functions

TOversusFN ~ LOversusLN ~ TOversusLO LN versus FN
ROI t p t p t p t p
Exponential similarity
gradient function
LIFG 6.29  0.000 3.02 0.005 —133 0.193 3.42 0.002
LIPL 6.89  0.000 250 0.0177  1.02 0317 287 0.007
LSPL 5.64  0.000 0.63 0.028 048 0.632 181 0.079
LvLOC 5.13  0.000 1.66 0.107 111 0275 2.14 0.039
RvLOC 567 0.000 —0.16 0871  2.63 0.013 2.91 0.006
Third power similarity
gradient function
LIFG 6.04  0.000 324 0.003 —1.49 0.144 356 0.001
LIPL 6.23 0.000 231 0027 123 0226 279 0.009
LSPL 449  0.000 192 0063  0.59 0.556 2.05 0.048
LvLoC 494 0.000 162 0115 063 0.533 223 0.032
RvLOC 4.81 0.000 0.10 0.924 244 0.020 247 0.019

(Schacter et al., 1996; Cabeza et al., 2001; Garoff-Eaton et al.,
2007; Stark et al., 2010). However, the ER-nGPS made unique
contributions to memory strength after controlling for univariate
activation level and variance. Furthermore, only the ER-nGPS in
the parietal lobule was correlated with semantic similarity and
mediated the effect of semantic similarity on memory strength of
lure items. Together, these results provide clear support to the
global matching hypothesis.

More importantly, the current study found multiple ER-
nGPS signals that contributed differentially to true and false
memories. Specifically, the ER-nGPS in the frontoparietal region
was correlated with the memory strength of both true and false
memories, whereas the ER-nGPS in the visual cortex was only
associated with true but not false memory. Furthermore, the ER-
nGPS in the early visual cortex was stronger for true memory
than for false memory, and was not correlated with semantic
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Figure 7.  The ER-nGPS difference in the LIPL and RvLOC was associated with left LPFC activation level. A, The LPFC
showed greater activation level for LN than FN, reflecting the cognitive control process. The differences were thresholded
atz > 2.3 (whole-brain corrected), and rendered onto a population-averaged surface atlas (Xia et al., 2013). B, Bar graph
of the activation level in the LPFC by condition. C, An illustration of the relationship between LIPL/RvLOC’s ER-nGPS and
LPFC's activation level. The ER-nGPS difference (LIPL — RvLOC) was associated with the LPFCactivation level across trials.
D, LPFC's activation level by ER-nGPS difference quartile. ***p < 0.001.
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Figure 8. Brain regions whose activation level was associated with memory strength. Greater activation for T0 than FN
items, thresholded atz > 2.3 (whole-brain corrected), is rendered onto a population-averaged surface atlas. Bar graphs of
activation, as a function of memory status, are plotted for the LIFG, LIPL, LSPL, LvLOC, and RvLOC. Error bar indicates
within-participant SE. *p < 0.05, ***p << 0.001.
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similarity. Together, these results suggest
that ER-nGPS in the visual and frontopa-
rietal cortices reflects distinct contents of
memory.

Our study provides a novel way to link
neural activity to memory strength. Exist-
ing fMRI studies using the subsequent
memory paradigm have consistently re-
vealed that the activation level (Wagner et
al., 1998; Kim, 2011) and/or the distrib-
uted pattern (Xue et al., 2010; Ward et al.,
2013) for a given item are associated with
the subsequent memory of that item. The
implicit assumption underlying those
studies is that the activation for each
studied item mainly reflects the
“strength” gained for that item. In con-
trast, the global matching models posit
that a test item could gain certain degree
of “strength” from each of the studied
items, which is determined by the similar-
ity between the tested item and the studied
items (Gillund and Shiffrin, 1984). Using
neural pattern similarity analysis, our data
suggest that it might be possible to esti-
mate and sum up the “strength” of the test
item obtained from each studied item. It
should be noted that, although the choices
of similarity gradient function in compu-
tational models are based on different
mechanisms and have significant impacts
on model performance, their effect on
neuroimaging data seems to be subtle as
shown in both a previous study (Davis et
al., 2014a) and the current study, proba-
bly due to the overall low and limited
range of neural similarity as a result of the
noisy nature of the fMRI data.

Our results also help to elucidate the
function of the parietal lobule, whose ac-
tivation has been consistently observed in
successful retrieval (Wagner et al., 2005;
Cabezaetal., 2008). Mechanistic accounts
of the role of the inferior parietal lobule in
memory have emphasized either general
processes, such as attention on internal
mnemonic representations (Cabeza et al.,
2008) and accumulation of mnemonic ev-
idence (Wagner et al., 2005), or specific
processes, such as representations of
retrieved content in an “output buffer”
(Vilberg and Rugg, 2012) and binding in-
formation from other cortical inputs (Shi-
mamura, 2011). Using representational
similarity analysis to probe the content of
information representation, recent stud-
ies have provided evidence to support the
content-specific episodic representation
(Xue et al., 2013; Kuhl and Chun, 2014).
We found that ER-nGPS in the LPC un-
derlay both true and false memories and
that the strength of the ER-nGPS was cor-
related with the semantic similarity of
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lures. These results provide further support for the role of the
LPC in representing the content of episodic retrieval. Its correla-
tion with semantic similarity is consistent with the DRM para-
digm and the role of the LPC in semantic processing (Binder et
al., 2009; Seghier, 2013). Unlike a previous study, which revealed
differentiated functions of the SPL, IPL, and intraparietal sulcus
(Hutchinson et al., 2014), the similar pattern of results in the SPL
and IPL obtained in the present study might be due to the limited
spatial resolution of fMRI and the use of the searchlight method
and group-level ROIs.

Consistent with existing neuroimaging studies (Kensinger
and Schacter, 2006; Kubota et al., 2006; Garoff-Eaton et al., 2007;
Kim and Cabeza, 2007), we also found more frontal activation for
lures than for targets and foils as predicted by the activation/
monitoring model (Roediger et al., 2001). Furthermore, our re-
sults suggest that the high ER-nGPS signal from the parietal
cortex but low ER-nGPS signal from the visual cortex might have
triggered the monitoring processes, as well as the slower reaction
time for lures. This would provide a mechanism for the brain to
detect and correct potential false memory. Essentially, this cog-
nitive control mechanism could also be expanded easily to ex-
plain how task and instruction manipulations could modulate
relative contributions of different sources of global matching sig-
nals to mnemonic decisions.

The present study failed to find strong association between
MTL ER-nGPS signal and memory strength. The MTL plays an
important role in pattern completion during retrieval (Leutgeb et
al., 2007; Bakker et al., 2008), leading to reactivation of cortical
patterns from initial encoding (Wheeler et al., 2000; Johnson et
al., 2009; Manning et al., 2011; Staresina et al., 2012; Kuhl and
Chun, 2014). Several possible reasons could account for the ab-
sence of MTL global similarity signals. First, whereas previous
studies examined global similarity among encoding trials, the
current study examined global similarity between retrieval and
encoding. Second, the MTL contains multiple subregions that are
involved in distinct functions and may represent distinct types of
information (O’Reilly and McClelland, 1994; Bakker et al., 2008).
High-resolution fMRI in combination of individualized ROI
analysis might be required to elucidate the finer functional disso-
ciations (LaRocque et al., 2013). Third, the nature of sparse rep-
resentation in the hippocampal regions would make it hard to
probe content/category-level representations (Quiroga et al.,
2008), due to the limited spatial resolution of fMRI. Consistently,
content-specific representation has not been reliably observed in
the hippocampus (LaRocque et al., 2013; Liang et al., 2013). Fi-
nally, the current experimental task might rely more on semantic
information in other cortical regions rather than episodic/con-
textual information encoded in the MTL.

Several important questions need to be addressed in future
research. First, future studies should examine the nature of mul-
tiple global matching signals found in the current study and
whether they could account for the various false memory effects,
including the modality effect (Smith and Hunt, 1998; Gallo et al.,
2001), stimulus duration and repetition effect (Seamon et al.,
2002), and developmental effect (Dennis et al., 2007, 2014). Sec-
ond, future studies should examine the list strength and list
length effects within the global matching framework (Shiffrin et
al., 1990). The multiple-trace models posit that repetitions create
multiple independent traces, increasing global matching. This
account, however, would suggest a similar effect of list length and
list strength on memory, which has been contradicted by empir-
ical findings (Ratcliff et al., 1990). To address this issue, Shiffrin
and Steyvers (1997) proposed a differentiation hypothesis, which
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posits that repetition enhances the memory representation of
single items, and therefore reduces item noise and the interitem
similarity. Consistent with this idea, neuroimaging studies have
found that greater neural pattern similarity across repetitions
(i.e., self-similarity) was associated with better memory (Xue et
al., 2010, 2013; Ward et al., 2013; Lu et al., 2015). Future studies
need to examine how list strength enhances self-similarity, global
matching, and memory strength.

In conclusion, by integrating multivariate representation sim-
ilarity methods with formal computational models of memory,
our study provides important results connecting behavioral, neu-
ral, and computational accounts of recognition memory
strength. Multiple global matching signals in distributed brain
regions were found to carry distinct information and to contrib-
ute differentially to true and false memories. These results pro-
vide strong neural evidence for the global matching models and
highlight the importance of considering multiple global match-
ing signals. More broadly, these results suggest that the neural
measures inspired by formal computational models could pro-
vide important data to test and improve existing models, and
could contribute to a deeper mechanistic understanding of the
representation and processes underlying human recognition
memory.
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