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Greater Neural Pattern Similarity
Across Repetitions Is Associated
with Better Memory
Gui Xue,1,2 Qi Dong,1* Chuansheng Chen,3 Zhonglin Lu,2 Jeanette A. Mumford,4 Russell A. Poldrack5,4,6*

Repeated study improves memory, but the underlying neural mechanisms of this improvement
are not well understood. Using functional magnetic resonance imaging and representational
similarity analysis of brain activity, we found that, compared with forgotten items, subsequently
remembered faces and words showed greater similarity in neural activation across multiple study
in many brain regions, including (but not limited to) the regions whose mean activities were
correlated with subsequent memory. This result addresses a longstanding debate in the study of
memory by showing that successful episodic memory encoding occurs when the same neural
representations are more precisely reactivated across study episodes, rather than when patterns of
activation are more variable across time.

Repeated study of the same materials can
significantly strengthen memory represen-
tations and make them more resistant to

forgetting (1), but not all repetitions are equal.
One fundamental issue is how multiple study
episodes add up to improve later memory. A
widely accepted theory, often referred to as the
encoding variability hypothesis (2–5), proposes
that each study episode is encoded differently as
a result of contextual drift with time, and that
greater encoding variability leads to better mem-

ory. Alternatively, it has been claimed that each
subsequent study episode serves as a retrieval cue
to reactivate and strengthen the memory repre-
sentation of the information stored during earlier
study episodes (6). Evidence for this reactivation
view comes from the finding in an AB-AC par-
adigm in which the presence of A during AC
study reinstated AB and therefore also improved
memory for B (7), an effect related to activity in
the posterior medial temporal lobe (8). However,
previous work has not yet established a link be-
tween the nature of neural representations during
encoding and later memory.

In this study, we used functional magnetic
resonance imaging (fMRI) and representational
similarity analysis (9) to examine how the sim-
ilarity in patterns of neural activity across multi-
ple study presentations is related to subsequent
memory. The encoding variability hypothesis
predicts that better subsequent memory should
be associated with greater dissimilarity between

activity patterns across study presentations. To
the contrary, we found, across three studies, that
better subsequent recognition and recall is associ-
ated with greater similarity between neural activity
patterns across repetitions, consistent with the hy-
pothesis that practice improves memory by retriev-
ing and strengthening a consistent representation.

In the first experiment, 24 subjectswere scanned
while memorizing 120 novel faces (Fig. 1A)
(10). Each face was presented four times, with an
interrepetition interval (ITI) ranging from 1 (i.e.,
consecutive) to 20 faces. One hour after the scan,
subjects were given a recognition memory test,
during which a total of 240 faces (half learned,
half new) were randomly mixed together. For
each stimulus, the subjects had to decide whether
or not it had been presented before by responding
on a 6-point confidence scale, from 1 (definitely
new) to 6 (definitely old). Out of the 120 old
faces, subjects on average recognized with high
confidence (e.g., a 5 or 6 rating) 51.7 T 18.6 items
and forgot (a 1 or 2 rating) 37.3 T 16.9 items
(table S1). Using a subsequent memory paradigm
(11, 12), we compared encoding-related brain
activity for subsequently recognized faces with
that for subsequently forgotten faces across four
repetitions. Consistent with previous literature
(13–15), this comparison identified stronger acti-
vation for subsequently remembered faces than
for subsequently forgotten faces in the left fusi-
form gyrus (Montreal Neurological Institute, MNI:
–46, –60, –8, Z = 3.88) and right fusiform gyrus
(MNI, 44, –60, –10, Z = 3.58), extending into the
inferior temporal gyrus and lateral occipital cortex
(fig. S1).

We then tested the core hypothesis that pat-
tern similarity in this region is associated with
subsequent memory. To do this, we reestimated
the model with unsmoothed data.

We then extracted the signal for each in-
dividual voxel within anatomically defined re-
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gions of interest (ROIs) and used representational
similarity analysis (9) to examine the degree of
similarity in the fMRI activation patterns be-
tween repetitions (averaged over stimuli), using
the Pearson correlation coefficient as the simi-
larity metric. Because pattern similarity can be
affected by the number of trials in each condition
(fig. S2), our analyses were based on amodel that
matched the number of trials included in the
regressors for remembered and forgotten items,
as well as their repetition lags.

We focused our analyses on 20 independent
anatomically defined regions in the dorsal and
ventral visual stream, frontoparietal cortex, and
middle and medial temporal cortex (table S3), all
of which have been previously shown to be im-
portant for visual object perception and memory
encoding. Nine of these regions showed signif-
icantly higher degrees of pattern similarity for
subsequently remembered faces than subsequent-
ly forgotten faces (P < 0.05, two regions remained
significant by Bonferroni correction), whereas no
regions showed the opposite effect (Figs. 2 and
3, fig. S3, and table S4). Only four regions—the
left inferior frontal gyrus, right inferior frontal
gyrus, right fusiform gyrus, and right parahip-
pocampal gyrus (LIFG, RIFG, RFUS, andRPHG,
respectively)—showed stronger overall activa-
tion for subsequently remembered faces than sub-
sequently forgotten faces (table S4). To ensure
that the signficantly higher pattern similarity was
not caused by differences in mean activity, we
reran this analysis in the bilateral ventral visual
stream—the lateral occipital lobe, fusiform gyrus,
and inferior temporal gyrus (LOC, FUS, and
ITG, respectively)—after removing voxels show-
ing significant subsequent memory effects in
mean activity under a liberal threshold (P < 0.05,
uncorrected). Even after removing these mean-
responsive voxels, there was a significantly high-
er degree of pattern similarity for remembered
versus forgotten faces (F1,23 = 6.16, P = 0.02)
(Fig. 3 and table S4).

The results from our first experiment suggest
that the degree of pattern similarity between suc-
cessive study episodes is associated with subse-
quent memory performance in a recognition test.
Because free recall is more sensitive to contextual
associations than recognition is, the encoding vari-
ability hypothesis thus predicts that subsequently
recalled items might be associated with more di-
vergent contexts than items that are not subse-
quently recalled (16–18). To provide a further and
more direct test of the encoding variability
hypothesis, we conducted a second experiment
to examine whether greater pattern similarity is
also associatedwith better free-recall performance.
Subjects (n = 22) were asked to perform a se-
mantic (concrete versus abstract) judgment task on
familiar words during the scan (10). Each word
was repeated three times, with a repetition lag
ranging from 1 to 18 trials. After the study ses-
sion, participants were asked to return 6 hours
later to perform twomemory tests. In the first test,
subjects were asked to recall the words they had

studied in the scanner. They were then asked to
perform a recognition test similar to that described
in Experiment 1. Out of the 180 items, 44.7 T 21.7
items were categorized as Recalled (items cor-
rectly recalled on the free-recall test), 81.2 T 25.5
items as Recognized [items recognized with high
confidence (score of 5 or 6) but not recalled], and
54.1T 27.4 items as Forgotten (items that were
neither recalled nor recognized) (table S1).

The differences in behavioral performance
and mean activation during the semantic task
among recalled, recognized, and forgotten items
are depicted in table S2 and fig. S4. From the

findings from Experiment 1, we constructed a
newmodel using equal numbers of trials from the
recalled, recognized, and forgotten conditions
and calculated the pattern similarity in the same
20 regions. We found that out of the 20 regions,
15 regions showed a higher level of pattern sim-
ilarity across repetitions (again averaging over
items) for subsequently recalled items than for
subsequently recognized or forgotten items (one
region remained significant by Bonferroni cor-
rection); no region showed the opposite effect
(fig. S5 and table S5). Only four regions showed
stronger mean activation for subsequent recalled

Fig. 1. (A) Experimental design of Experiment 1 and (B) schema of the cross-repetition pattern analysis.
A total of 120 novel faces were studied over three scanning runs. (A) Each face was repeated four times.
They were categorized post hoc, as remembered faces and forgotten faces, according to performance on
the recognition memory test administered after a 1-hour delay. Each presentation of the remembered
faces (R1 to R4) and forgotten faces (F1 to F4) was separately modeled. (B) Pattern analysis was based on
independent structural ROIs (top) (10). Activation pattern in a given ROI was extracted for each
presentation (middle) and then subjected to Pearson correlation analysis. The encoding variability
hypothesis predicts that the degree of pattern similarity for subsequently remembered faces is lower than
that for subsequently forgotten faces (bottom).
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words than for subsequently forgotten words
(table S5). Again, after removing voxels showing
subsequent memory effects for mean activation

(P < 0.05, uncorrected), the remaining voxels in
the left dorsal visual stream [dorsal lateral oc-
cipital lobe (dLOC) and inferior parietal lobe

(IPL)] also showed greater pattern similarity across
repetitions for subsequently recalled than subse-
quently recognized or forgotten words (F1,21 =
4.64, P = 0.015) (fig. S5 and table S5).

In both Experiments 1 and 2, the use of rapid
event-related designs did not allow for reliable
estimates of item-specific blood oxygen level–
dependent (BOLD) activation patterns, and pattern
similarity was calculated from the aggregated
BOLD activation pattern across stimuli in each
condition. There are thus two possible explana-
tions that are consistent with these results. First, it
is possible that the results reflect overlap in item-
level encoding processes. Alternatively, it is pos-
sible that they reflect process-level overlap, such
that better memory occurs when the same general
processes (e.g., perceptual, attentional, or seman-
tic processes) are engaged across repetitions. In
order to more directly test the hypothesis of item-
specific pattern overlap, we performed a third ex-
periment using a slow event-related fMRI design
(12 s for each trial), which enabled us to extract
BOLD signal patterns associatedwith each single
trial. In this experiment, 22 young adults were
asked to perform a semantic (living versus non-
living) judgment task on 60 familiar words during
the scan (10). To prevent further encoding of each
item during the repetition lag, subjects performed
a highly engaging self-paced visual orientation
judgment task for 8 s after each semantic judgment
task (lasting for 3 s), and the next trial started after
a 1-s delay (fig. S6). Each itemwas repeated three
times, with a repetition lag ranging from four to
nine trials. Thirty minutes after the study session,
participants were asked to freely recall the words
they had studied in the scanner. Out of the 60 items,
subjects, on average, recalled 13.5 T 4.7 items
(table S1).

Subjects’ response time on the semantic judg-
ment task decreased across repetitions (F2,42 =
42.96, P < 0.001); accuracy was high (mean =
97.5% T 2%) and did not change across repeti-
tions (F2,42 = 1.68, P = 0.19). Accuracy (F1,21 =
1.79, P = 0.19) and response times (F1,21 = 0.15,
P = 0.70) did not differ between subsequently
recalled items and forgotten items (table S2).
There were no significant interactions between
repetition and subsequent memory for either ac-
curacy (F2,42 = 0.14, P = 0.087) or response time
(F2,42 = 1.69, P = 0.20). Functional imaging data
revealed that, similarly to Experiment 2, there
were significantly stronger activations for sub-
sequently recalled items than for subsequently
forgotten items in the left middle and inferior
frontal gyrus (LMFG/LIFG) (MNI: –50, 14, 34;
Z = 4.17), and the left dorsal lateral occipital
lobe (LdLOC) and adjacent inferior parietal lobule
(LIPL) (MNI: –40, –66, 46; Z = 3.48) (fig. S7).

We then examined whether the degree of pat-
tern similarity in the 20 anatomically defined re-
gions was associated with subsequent memory
performance. We constructed a beta-series model
(19) with one regressor for each trial and esti-
mated the model using ridge regression (20).
Consistent with the first two experiments, 7 of the

Fig. 2. Neural pattern similarity in a sample region. (A) The location of the right dorsal lateral occipital
cortex (RdLOC), which was anatomically defined according to the Harvard-Oxford probabilistic map, and
overlaid onto the group-averaged anatomical map. (B) Neural pattern similarity from a single subject’s
single-run data. Pattern similarity was calculated by computing the correlation between the parametric
estimates (beta) for each voxel within the ROI across the two repetitions. The line reflects unit slope. (C)
Neural pattern similarity averaged across all subjects (n = 24), separately for each pair of a repetition
combination. (D) The mean neural pattern similarity as a function of subsequent memory. A repeated-
measures analysis of variance (ANOVA) was used to examine the differences between conditions. Error
bars represent within-subject error. REM, remembered; FORG, forgotten.

Fig. 3. Neural pattern similarity is associated with face memory. Greater pattern similarity for
subsequently remembered faces than for subsequently forgotten faces was found in (A) the right inferior
parietal lobule (RIPL), (B) the right ventral lateral occipital cortex (RvLOC), which were anatomically
defined, and (C) the bilateral ventral visual cortex, which includes the bilateral fusiform gyrus, bilateral
inferior temporal gyrus and bilateral ventral lateral occipital cortex, but excludes voxels showing signif-
icant subsequent memory effects in activation levels defined by a liberal threshold (P < 0.05, un-
corrected). All ROIs were overlaid onto the group-averaged anatomic map. The bar graphs show the
group-averaged (n = 24) mean correlation of all pairs of repetitions as a function of subsequent memory.
Error bars represent within-subject error. R, remembered; F, forgotten; See table S4 and fig. S3 for
detailed statistics and results for other regions.
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20 regions showed a significantly higher level of
pattern similarity across repetitions for subsequent-
ly recalled items than for subsequently forgotten
items (P < 0.05; one region remained significant
byBonferroni correction),whereas no region showed
the opposite effect (Fig. 4, fig. S8, and table S6).
Taking the LdLOC as an example, we found that
the level of pattern similarity across repetitions
showed a significant subsequent memory effect
(F1,21 = 18.69, P = 0.0003) (Fig. 4D). Again,
after removing voxels showing subsequent mem-
ory effects in terms of activation levels (P < 0.05,
uncorrected), the remaining voxels in the left
dorsal visual stream (dLOC and IPL) also showed
stronger pattern similarity across repetitions for
subsequently recalled than subsequently recog-
nized or forgotten words (F1,21 = 7.97, P = 0.01)
(Fig. 4F and table S6).

Finally, if the degree of pattern similarity truly
reflects item-specific reinstatement of activation
patterns, we should expect a higher level of pattern
similarity within items (i.e., cross-repetitions) than
between items. To test this prediction, we calcu-
lated the averaged across-item pattern similarity
of all possible pairings (except the within-item,
cross-repetition pairings), separately for recalled
items and forgotten items. The results showed
that within-item correlation was higher than that
for cross-item correlation, especially for recalled
items (fig. S8 and table S7). Again taking the
LdLOC as an example, we found that the degree
of pattern similarity across repetitions in this re-
gion for recalled items was significantly higher
than cross-item pattern similarity [t(21) = 3.13,
P = 0.005], whereas the difference was not sig-
nificant for forgotten items (P = 0.41) (Fig. 4D),
which suggests that repeatedly studying the same
material is not sufficient to introduce activation
reinstatement at the item-specific level, and fail-
ure of pattern reinstatement is associated with
forgetting.

We took a number of measures to ensure that
our results were not due to the effects of rep-

etition lag or repetition priming. In addition to
matching the number of trials, we also carefully
matched the repetition lags between remembered
and forgotten items (Experiment 1: remembered
versus forgotten: 6.11 versus 6.05; t = 1.02, P =
0.31; Experiment 2: recalled versus recognized
versus forgotten: 6.03 versus 6.02 versus 5.63,
F2,42 = 1.41, P = 0.26). There was also no dif-
ference in the repetition lag between recalled and
forgotten trials in Experiment 3 (6.4 versus 6.3, t =
1.22, P = 0.23). In addition, we did not find a
significant interaction between repetition priming
and subsequent memory in most of the brain re-
gions in any of the experiments (tables S4 to S6).
Third, in Experiment 3, the reaction times and
accuracy in the semantic judgment task and the
orientation judgment task that followed subse-
quently remembered and forgotten items were
not different (table S2). Finally, for Experiments
1 and 2, the degree of pattern similarity is not an
artifact of design matrix orthogonality (figs. S9
and S10).

Taken together, our results suggest that epi-
sodic memory encoding is enhanced by reac-
tivating the initial neural representation in each
subsequent study episode. Using different study
materials and different memory tests, our data
suggest that pattern reinstatement can account for
subsequent memory effects for both verbal and
nonverbal materials and in both recall and recog-
nition tests. Although the within- versus across-
items analysis in Experiment 3 demonstrates a
significant effect of pattern overlap at the level of
individual items, the results of Experiments 1 and
2 are also consistent with an effect of process-
level overlap; we propose that both of these are
likely to be important in determining the effec-
tiveness of repeated study. We suggest that re-
peated study episodes lead to more effective
encoding when the same neural representation is
reinstated, which is incompatible with the encod-
ing variability hypothesis. Consistent with our
results, it has recently been shown that more re-

producible neural patterns are associated with
more conscious cognitive processing (21), which
suggests that consistency of pattern engagement
may be amore generalmarker of effective cognitive
processing (perhaps because of its effects on
memory encoding).

Previous studies have shown that memory
retrieval is associated with reactivation of some
of the same sensory regions that were activated
during perception of those items (22–26). This
category-specific or sequence-specific activation
reinstatement precedes memory (27) and is asso-
ciated with performance in free recall (28). The
present study extends these findings and shows
that during subsequent learning where no explicit
retrieval was required, item-specific pattern reinstate-
ment occurs, resulting in a stronger episodic
encoding event that supports subsequent mem-
ory. Our results are also consistent with evidence
showing that memory consolidation, whether
during sleep or awake periods following learning,
involves replay of neural activation patterns during
learning (29, 30). Given the important role of
memory retrieval on memory retention (31), these
results suggest that reactivation of the same neu-
ral pattern during initial learning, whether during
repeated practice, memory consolidation, and/or
memory retrieval, can enhance memory.

Although most previous studies on the sub-
sequent memory effect focused on one-shot learn-
ing, real learning in daily life often involves
repeated practice. Our study suggests that, for
repeated study events, pattern reinstatement is as
sensitive as, if not more sensitive than, overall
activation (11, 12, 32) as a predictor of subse-
quent memory. Our approach can readily be used
to examine the neural mechanisms underlying
other manipulations that affect memory encoding
during repeated practice, such as the spacing
effect and the variance effect (7), which would
help to clarify the effects of encoding variability.
However, fMRI data are a relatively coarse ag-
gregate measure of the responses of large popula-

Fig. 4. Neural pattern sim-
ilarity is associated with free
recall of words. Greater pattern
similarity for subsequently re-
called words than for forgotten
words was found in (A) the
LIFG, (B) the left middle tempo-
ral gyrus (LMTG), (C) the right
middle temporal gyrus (RMTG),
(D) the LdLOC, (E) LIPL, and (F)
the left dorsal visual stream
that includes the anatomical re-
gion of LIPL and LdLOC, but ex-
cludes voxels showing significant
subsequent memory effects in
activation levels when we as-
sume a liberal threshold (P <
0.05, uncorrected). All ROIs were
overlaid onto the group-averaged anatomic map. The bar graphs show the
group-averaged (n = 22) mean correlation as a function of subsequent
memory. The within-item correlation was calculated for each individual item
(averaged across all pairs of repetitions) and then averaged separately for

recalled and forgotten items. The cross-items correlation was calculated
between items within each memory status. Error bars represent within-subject
error. See tables S6 and S7 and fig. S8 for detailed statistics and results for
other regions.
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tions of neurons and, thus, may not necessarily
capture all of the aspects of encoding variability
that might be at play. Future studies need to
further examine this issue by applying similar
approaches using complementary neuroimaging
techniques, such as electroencephalography and
single-unit recording.
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The CRAC Channel Activator STIM1
Binds and Inhibits L-Type
Voltage-Gated Calcium Channels
Chan Young Park,1,2 Aleksandr Shcheglovitov,1 Ricardo Dolmetsch1*

Voltage- and store-operated calcium (Ca2+) channels are the major routes of Ca2+ entry in mammalian
cells, but little is known about how cells coordinate the activity of these channels to generate coherent
calcium signals. We found that STIM1 (stromal interaction molecule 1), the main activator of store-
operated Ca2+ channels, directly suppresses depolarization-induced opening of the voltage-gated Ca2+

channel CaV1.2. STIM1 binds to the C terminus of CaV1.2 through its Ca2+ release–activated Ca2+

activation domain, acutely inhibits gating, and causes long-term internalization of the channel from the
membrane. This establishes a previously unknown function for STIM1 and provides a molecular
mechanism to explain the reciprocal regulation of these two channels in cells.

Excitable and nonexcitable cells are distin-
guished by their ability to increase their con-
centration of intracellular calcium ([Ca2+]i)

in response to membrane depolarization (1). Ex-
citable cells such as neurons and myocytes have
voltage-gated Ca2+ channels (VGCCs) that are
activated by depolarization and are essential for
synaptic vesicle release, contraction, and electrical
excitability (2–4). In contrast, nonexcitable cells
such as lymphocytes and mast cells lack voltage-
gated Ca2+ influx but have Ca2+ release–activated
Ca2+ (CRAC) channels (5–7). These are activated
by receptors that deplete the internal Ca2+ stores
and are important for regulating gene expression

and controlling cell proliferation and differentiation
(5). Excitable cells express store-operated Ca2+

channel proteins, but these contribute little to Ca2+

influx (8, 9), whereas nonexcitable cells express
VGCC proteins but lack voltage-gated Ca2+

currents (10, 11). The underlying mechanisms
that account for the reciprocal regulation of these
Ca2+ influx pathways are not understood.

VGCCs are composed of an a1 subunit that
contains the pore and voltage sensor of the chan-
nel, and b and a2d subunits that modulate traf-
ficking and gating (12, 13). The a1 subunit has
four repeats of six transmembrane domains and
cytoplasmic N and C termini (14). L-type Ca2+

channels (LTCs) have a large single-channel con-
ductance, are sensitive to dihydropyridine blockers,
and are encoded by theCaV1 family ofa1 subunits
(15). CaV1.2 channels are themost abundant LTCs
in the heart and brain and are essential for cardiac
contraction and for neuronal function (16).

CRACchannels are composedof STIM(17–19)
and Orai proteins (20–22). STIM1 is a single-
pass endoplasmic reticulum protein with an intra-
luminal EF hand and cytoplasmic coiled-coil and
lysine-rich domains (17–19). Upon depletion of
the Ca2+ stores, STIM1 forms oligomers that trans-
locate to endoplasmic reticulum–plasma mem-
brane junctions and bind to Orai channels at the
plasma membrane (17, 23). STIM1 binds to Orai
via a cytoplasmic region called the CRAC activa-
tion domain (CAD) that is both necessary and
sufficient for channel opening (24, 25).

Rat cortical neurons express LTCs that gen-
erate a [Ca2+]i rise after membrane depolarization
(Fig. 1A). These cells show little store-operated
Ca2+ influx, as treatment of the cells with 1 mM
thapsigargin (TG) to deplete the internal stores
does not cause a [Ca2+]i rise (Fig. 1A). To test
whether depletion of stores affects voltage-gated
Ca2+ channels, we treated cells with 1 mM TG
and then stimulated the cells with a depolarizing
pulse of KCl (Fig. 1, B and C). Treatment with
TG led to a 21% decrease in the initial slope of
the [Ca2+]i rise, which suggests that depletion of
the internal stores inhibited the conductance by
VGCCs. Because the slope of the [Ca2+]i rise
reflects sources of Ca2+ other than plasma mem-
brane Ca2+ channels, we used whole-cell patch
clamping to measure LTC activity directly. We
transfected human embryonic kidney (HEK) 293
cells with CaV1.2, a2d, and b1b subunits and used
whole-cell patch clamping to measure the CaV1.2
currents. Treatment of these cells with TG led to a
15% decrease in the amplitude of the CaV1.2
currents over a period of 200 s, consistent with the
idea that depletion of stores inhibits CaV1.2 chan-
nels (Fig. 1D). Depletion of the stores did not alter
the current-voltage (I-V) relationship or the inacti-
vation of the channels. To test whether inhibition
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