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Remembering is a complex process that involves recalling specific
details, such as who you were with when you celebrated your last
birthday, as well as contextual information, such as the place
where you celebrated. It is well established that the act of
remembering enhances long-term retention of the retrieved information, but the neural and cognitive mechanisms that drive
memory enhancement are not yet understood. One possibility
is that the process of remembering results in reactivation of the
broader episodic context. Consistent with this idea, in two experiments, we found that multiple retrieval attempts enhanced longterm retention of both the retrieved object and the nontarget
object that shared scene context, compared with a restudy control.
Using representational similarity analysis of fMRI data in experiment 2, we found that retrieval resulted in greater neural
reactivation of both the target objects and contextually linked objects compared with restudy. Furthermore, this reactivation occurred
in a network of medial and lateral parietal lobe regions that have
been linked to episodic recollection. The results demonstrate that
retrieving a memory can enhance retention of information that is
linked in the broader event context and the hippocampus and a
posterior medial network of parietal cortical areas (also known as
the Default Network) play complementary roles in supporting the
reactivation of episodically linked information during retrieval.
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any accounts of human memory implicitly assume that
memories are formed during encoding and a retrieval
process is used to access the stored representation. There is
substantial evidence, however, to suggest that memory retrieval
can change representations of past events. For instance, during
retrieval, memories can be updated with additional information
(1), modified with detail lost (2), altered by misinformation (3),
or strengthened for superior long-term retention. For example,
recent work (4, 5) has shown that memory retrieval substantially
improves long-term retention relative to reexposure to the same
information, a phenomenon referred to as the testing effect.
Moreover, retrieval of some information can improve long-term
retention for other nontested but semantically related information (6–8), a finding that has been referred to as retrievalinduced facilitation (RIFA) (9).
Despite extensive research on the effects of retrieval of
memory, little is known about the cognitive or neural mechanisms that drive these effects. There are at least two possible
explanations for how retrieval enhances memory. According to
one view, continuous experiences are segmented into discrete
events and organized in memory (10). Retrieval of an item may
be accompanied by reactivation of the spatiotemporal event in
which the item was encountered (11, 12), such that the benefits
of retrieval practice (Testing Effect) spill over to other items
from the same context (RIFA). For example, a memory for this
morning’s breakfast might include information about the cappuccino that you drank, along with your conversation with the
barista; later, if you recall your morning cappuccino, you might
reactivate information about the conversation, and thereby
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strengthen your memory for the entire event. If the testing effect
and/or RIFA result from reactivation of episodic context, we might
expect retrieval practice to reactivate representations in the hippocampus, which supports binding of item and context information
(13, 14). Furthermore, retrieval practice might result in reactivation
in lateral and medial parietal regions, which is known as the
“Posterior Medial” (PM) or “Default Mode” network (15, 16).
Another nonexclusive explanation is that participants encode
item-to-item associations, such that subsequent retrieval of one
item directly reactivates and strengthens the semantic features of
the associated item representation. For example, during breakfast, you might associate café baristas with your coffee, given
their frequent cooccurrence. Later, recalling the coffee would
bring to mind baristas, thereby strengthening the association
between the semantic representations. If the testing effect and/or
RIFA result from reactivation of semantic features of items, we
might expect retrieval practice to reactivate representations in an
Anterior Temporal (AT) network, including perirhinal and temporopolar regions (15), which supports learning of arbitrary associations between even unrelated items (17), particularly if they
are treated as part of a unitary concept (i.e., “unitized”) (18).
The key difference between this hypothesis and the episodic
reactivation hypothesis is content: Under the episodic reactivation hypothesis, RIFA is driven by reactivation of contextual
information that links experiences within the same event (represented in the hippocampus and PM network), whereas, under
the semantic hypothesis, RIFA is driven by reactivation of semantic features of associated items (represented in the AT
network). Consistent with the latter hypothesis, previous fMRI
research examining the testing effect has demonstrated increased
activation in temporal lobe regions involved in semantic
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processing (19–21). Moreover, behavioral evidence of RIFA has
only been observed in previous studies that used semantically
organized materials (e.g., refs. 7 and 8). At present, there is little
evidence to suggest that recovery of the spatiotemporal context
of a past event (possibly supported by the hippocampus and PM
network) would enhance retention of retrieved information and
of contextually linked information from the same event.
To address this question, we report results from two experiments aimed at shedding light onto the cognitive and
neural mechanisms by which retrieval can enhance memory
for target information and for contextually related, nonretrieved information. Experiment 1 established an experimental
method to investigate how retrieval of an object impacts later
memory for a contextually linked object. In experiment 2, we
used functional magnetic resonance imaging (fMRI) and representational similarity analysis (RSA) (22, 23), to identify
reactivation of targeted and nontarget information during retrieval
practice.
Results
Experiment 1. To test whether retrieval enhances retention of
contextually linked information, we developed a paradigm in
which participants encoded a scene context with an object on
each trial. Pairs of successive trials shared the same scene context, which served to link two objects (Fig. 1A). This method
allowed us to examine whether retrieval of one object would
facilitate retention of the contextually linked object.
Participants were divided into two groups to understand how
repeated retrieval might affect episodic memory representations.
One group performed retrieval or restudy on each target object
once, whereas a second group performed this practice three
times. Performance during practice was designed to be at ceiling
(on a scale from 1 to 4, with 1 indicating “Can picture it,”
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Experimental Paradigm

participants reported strong retrieval: 1.26 and 1.16, for one and
three practice cycles, respectively).
A cued recall test, administered on day 2, revealed that retention was enhanced for tested objects in the retrieval practice
condition relative to the restudy condition for both groups [one
cycle, t(31) = 3.34, P = 0.002; three cycles, t(31) = 6.59, P <
0.001], replicating the testing effect in our paradigm (Fig. 1B).
RIFA, however, was present only after three practice cycles
[interaction between practice cycle condition (one vs. three) and
practice type (retrieval vs. restudy) F(1, 62) = 4.49, P = 0.04],
demonstrating that repeated retrieval plays an important role in
facilitating memory for nontarget information. These findings
suggest that retrieval processes might qualitatively change over
the course of repeated retrieval, a possibility that we explored in
depth in our second experiment.
Experiment 2. The purpose of experiment 2 was to examine
reactivation during retrieval to determine the type(s) of information that participants access during memory search. Our
hypotheses centered on the hippocampus and two cortical networks, all shown to play a key role in memory encoding and
retrieval. We examined the hippocampus because single-unit
recording studies in rats have shown that the hippocampus “replays” recent experiences during sleep and wakeful rest (24),
leading to the stabilization of new memories. Some evidence
suggests that retrieval practice might be analogous to replay, as
greater hippocampal activity during retrieval predicts subsequent
retention of the targeted item (20, 25). However, it is unclear
whether the hippocampus would be involved in reactivating the
target information or the broader episode during retrieval.
We also examined two major networks that interface with the
hippocampus during memory processing. The PM network—
which includes the precuneus, posterior cingulate (PCC), retrosplenial
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Experiment 2 Results

Fig. 1. Experimental design and behavioral results for experiments 1 and 2. (A) Participants first encoded scene−object pairs, followed by retrieval or restudy
of one of the two objects associated with each scene. Retrieval targets (kitten) and restudy targets (watch) were contrasted to assess the testing effect,
whereas retrieval nontargets (avocado) and restudy nontargets (tie) were contrasted to assess RIFA. In experiment 1, participants performed practice for each
object either one or three times. In experiment 2, practice was performed three times. (B) Recall accuracy on day 2 for experiment 1 revealed that RIFA was
moderated by number of practice cycles. (C) Recall accuracy on day 2 for experiment 2 replicated the RIFA effect. Asterisk represents a significant pair-wise
comparison between retrieval and restudy.
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Differential reactivation of retrieved versus restudied items in the
hippocampus and PM network. To identify whether neural reac-

tivation could have contributed to the testing effect, we tested for
differences between the retrieval and the restudy condition. For

Fig. 2. Analysis method for representation similarity analysis. To assess
reactivation, patterns of activity during retrieval or restudy were compared
with patterns for the encoding trial in each of our ROIs. The figure depicts an
example for the retrieval practice condition; the same approach was used for
the restudy condition.
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this analysis, we focused on regions of interest (ROIs), including
the hippocampus and regions in the AT and PM networks (SI
Appendix, Fig. S1). If the testing effect is supported by neural
reactivation of contextual representations, as suggested by the
episodic context account (12), we would expect to see larger
neural reactivation during retrieval practice than during restudy
in the hippocampus and PM network, given their well-established
role in episodic recollection. Alternatively, if the testing effect is
mediated by reactivation of item-to-item semantic associations, we
would expect larger neural reactivation during retrieval practice in
the AT network, given extensive evidence linking these regions to
semantic cognition (29, 30).
In our initial analyses, we averaged pattern similarity results
across all ROIs within each network; in subsequent analyses, we
compared results for each ROI in the PM network. Consistent
with the episodic context account, reactivation of the target object activity pattern was more pronounced during retrieval
practice than during restudy in the hippocampus, t(27) = 2.37,
P = 0.03, and across the PM network, t(27) = 4.23, P < 0.001, but
not the AT network [t < 1; Fig. 3 A–C; greater reactivation
during retrieval vs. restudy was seen in the PM compared with
AT network, F(1, 27) = 8.67, P = 0.007].
Based on results from experiment 1, which revealed that a
single retrieval attempt was sufficient to elicit the testing effect,
we predicted that reactivation of the target item should be more
pronounced during the first retrieval attempt than the third. To
test this hypothesis, we estimated the similarity between the activity pattern evoked during encoding of each item and the activity pattern evoked during the first and the third retrieval or
restudy trials, separately. We focused on these two cycles to
match our behavioral conditions in experiment 1. This analysis
revealed a significant interaction between practice cycle (1 vs. 3)
and practice type (retrieval vs. restudy) in both the hippocampus,
F(1, 27) = 5.15, P = 0.03, and the PM network, F(1, 27) = 14652,
P < 0.001. As shown in Fig. 4 B and C, this interaction reflected
the fact that there was increased reactivation of the target item
during the first cycle of retrieval, compared with restudy. However, the difference in reactivation between retrieval and restudy
was absent during the third cycle. Supplementary univariate
analyses revealed greater activity in the PM network and left
lateral prefrontal cortex during retrieval practice compared with
restudy (SI Appendix, Fig. S5 and Table S1). However, changes in
mean activity across cycles could not account for the profile of
pattern similarity results reported here (SI Appendix, Fig. S6).
Furthermore, the pattern observed in Fig. 4C was consistent
across all ROIs in the PM network (SI Appendix, Fig. S2), and
none of the AT ROIs interacted with practice cycle.
Preferential reactivation during retrieval practice differs along the long
axis of the hippocampus. Thus far, the results have indicated that, in

both the hippocampus and the PM network, pattern similarity
was higher between encoding and retrieval practice than between
encoding and restudy. In contrast, no evidence of reactivation
was observed in the AT network. Previous studies have shown
that the posterior hippocampus shows preferential functional
connectivity with the PM network, whereas the anterior hippocampus shows preferential connectivity with the AT network
(31). Accordingly, we predicted that the difference in neural
reactivation between retrieval and restudy should be larger in
posterior than in anterior hippocampal regions. To test this
prediction, we segmented the hippocampus into head, body, and
tail to assess reactivation for the target object during cycle 1
separately for each segment. Results showed that the magnitude
of the reactivation effect scaled along the long axis of the hippocampus (Fig. 3D). That is, the tail and body portions of the
hippocampus showed strong testing reactivation, t(27) = 3.98,
P < 0.001, t(27) = 3.26, P = 0.003, whereas the head showed
no significant effects, t(27) = 1.70, P = 0.10; a comparison of
the head and tail revealed a significant difference in pattern
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cortex (RSC), angular gyrus, and parahippocampal cortex (PHC)—
has been found to play a key role in recollection of event detail
and processing event models (15, 26). Therefore, we predicted
that the PM network might mediate RIFA by facilitating reactivation of the broader episodic representation. In contrast, the
AT network—composed of the lateral orbitofrontal cortex,
amygdala, ventral temporopolar cortex, and perirhinal cortex—
has been implicated in the processing of unitized items and
semantic information (15). If the reactivation of semantically
associated objects mediates RIFA, then we might expect to see
reactivation of related information in the AT network during
retrieval practice.
To examine reactivation in these networks in the brain, we
used RSA of fMRI data, a method that allows one to examine
the degree of similarity between patterns of neural activity across
different trials (23). The assumption underlying this analysis is
that cognitively similar events should result in similar neural
pattern profiles. That is, if, during retrieval of “kitten,” participants also reactivate the contextually linked “avocado,” then
pattern similarity between the encoding of “avocado” and the
retrieval of “kitten” should be high (Fig. 2).
Behavioral results. This experiment involved three practice cycles
for all participants. Participants reported strong retrieval of the
target object (on a scale from 1 to 4, with 1 indicating “Can
picture it,” participants averaged 1.11). Day 2 cued recall results
replicated all of the key findings from experiment 1 (Fig. 1C):
Repeated retrieval practice enhanced later recall of retrieved
objects [i.e., testing effect, t(27) = 5.86, P < 0.001], and of
nontarget objects that shared a scene with the retrieved objects
[i.e., RIFA, t(27) = 3.56, P = 0.001], compared with corresponding objects in the restudy condition.
Functional magnetic resonance imaging results. The main goal of our
fMRI analyses was to understand the neural mechanisms that
underlie the effects of retrieval practice on long-term memory.
Results from several fMRI studies have shown that activity
patterns evoked during encoding are reinstated when that item is
recollected (27, 28). We used a similar approach in the present
study by examining neural reactivation during the practice phase.
To measure neural reactivation, we estimated the similarity
(using Pearson’s r, with higher scores indicating more similarity)
between each encoding trial and the corresponding retrieval
practice or restudy trials during the practice phase, depicted in
Fig. 2. Thus, we were able to assess neural reactivation separately
for each retrieved item, each restudied item, and each item that
was contextually linked with either a tested or a restudied item.

Fig. 3. Pattern similarity between the encoding of an object and retrieval or restudy. (A–C) Pattern reactivation results during retrieval and restudy for the
hippocampus and networks of interest. Asterisk represents a significant pair-wise comparison between retrieval and restudy. (D) Pattern reactivation differences for the target object scaled along the long axis of the hippocampus.

reactivation, t(27) = 2.36, P = 0.03. Thus, the hippocampal
subregions that would be expected to preferentially interact
with the PM network showed the most pronounced reactivation of the encoding event during retrieval practice.
Differential reactivation of contextually linked information during retrieval
versus restudy in the PM network. Having established that retrieval

increased neural reactivation of the target’s encoding pattern in
the hippocampus and PM network, we next examined whether
differential neural reactivation could also account for RIFA.
Within each ROI, we computed the similarity between the activity pattern evoked during each retrieval and restudy trial and
the activity pattern evoked during encoding of the contextually
linked object. Using the example depicted in Fig. 2, this would
correspond to estimating pattern similarity between encoding of
“avocado” and retrieval of “kitten” during the practice phase.
Reactivation of the nontarget object encoding pattern was higher
during retrieval practice than during restudy trials in the PM
network, t(27) = 3.28, P = 0.003, but there were no significant
between-condition differences in the AT network or hippocampus [ts < 1; greater reactivation during retrieval vs. restudy was
seen in the PM compared with AT network, F(1, 27) = 12.02, P =
0.002]. These results are consistent with the idea that episodic
reactivation—reflected by neural reactivation in the PM network—
contributes to RIFA.
We further explored these effects by examining differences
across practice cycles. Results from experiment 1 demonstrated
that, unlike the testing effect, three retrieval attempts were
necessary to obtain RIFA. To identify whether neural reactivation of contextually linked items differed across practice
cycles, we separately estimated the similarity of activity patterns
evoked during retrieval or restudy of a target item (separately
for cycles 1 and 3) with activity patterns evoked during
encoding of the contextually linked item (i.e., “RIFA pattern
similiarity” in Fig. 2). As shown in Fig. 4F, analyses of these
data revealed greater pattern similarity during retrieval compared with restudy, F(1, 27) = 10.77, P = 0.003. However, we
found no significant interaction between practice type and
practice cycle, F(1, 27) = 2.03, P = 0.17. Furthermore, the effect
of practice cycle differed from that observed for the testing
effect [i.e., interaction between effects in Fig. 4 C and F, F(1,
27) = 4.20, P = 0.05].
These findings, considered along with the results from analyses of reactivation of tested items, are strikingly consistent with
what would be expected based on the behavioral results from
experiment 1: Strong pattern reactivation for the target object
occurred in the PM network on the first retrieval attempt, but it
was attenuated by the third attempt; in contrast, strong pattern
reactivation for the contextually linked object was sustained even
after multiple retrieval attempts.
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Reactivation in subnetworks of the posterior medial network. The
analyses reported above show that, on average, regions in the
PM network exhibit more pronounced neural reactivation for
contextually linked items during retrieval than during restudy
across practice cycles 1 and 3. We next examined each ROI independently to determine whether certain ROIs were driving the
effect. Interestingly, this analysis revealed two classes of ROIs.
Greater pattern reactivation during retrieval of nontarget information was observed in the angular gyrus, F(1, 27) = 10.24,
P = 0.003; PCC, F(1, 27) = 9.67, P = 0.004; and precuneus, F(1,
27) = 5.33, P = 0.03; and the effect did not interact with cycle in
either of these regions (all Ps > 0.29). In contrast, a significant
interaction was observed in PHC, F(1, 27) = 20.16, P < 0.001,
and a similar, although nonsignificant, pattern was observed for
RSC (SI Appendix, Fig. S3). In Fig. 4F, the pattern reactivation
observed across the PM network was sustained, although
somewhat decreased by cycle 3. This attenuated pattern can be
explained by these two different clusters of ROIs within the
network: Some regions show consistent reactivation across
multiple retrieval attempts, whereas others show attenuated
reactivation of the contextually linked object after the first retrieval attempt (for the same analysis on the testing effect, see
SI Appendix). We speculate on the unique roles of these two
subnetworks in Discussion.

Discussion
The goal of this study was to examine the effects of retrieval
practice on memory for contextually linked information. Experiments 1 and 2 demonstrated that multiple retrieval attempts
enhanced long-term retention of both retrieved objects and the
nontarget objects that shared the same scene context. In experiment 2, we found that, relative to restudy, retrieval enhanced
neural reactivation of representations of both target objects and
contextually linked objects. Reactivation of the target representation occurred in the PM network as well as in the posterior
hippocampal regions, which is expected to preferentially interact
with the PM network. Reactivation of the contextually linked
object, however, was constrained to the PM network, and it was
most pronounced in a parietal subnetwork, which contributes to
episodic memory retrieval. These findings demonstrate that,
during recall of a particular object, reactivation of information
from the broader episodic context enhances retention of both
recalled and episodically linked information.
Our findings are consistent with the idea that retrieval
strengthens the episodic representation associated with the targeted item (12), and they extend this account by demonstrating
that retrieval practice enhances retention of episodically linked
information. In other words, during retrieval, people do not just
access a single object; instead, they reactivate an episode, such
Jonker et al.

Fig. 4. Pattern similarity by cycle. (A−C) Reactivation (retrieval minus restudy)
for the testing effect. (D−F) Reactivation for RIFA. Asterisk represents a
significant interaction between practice type (retrieval vs. restudy) and cycle;
plus sign represents a significant main effect of practice type (retrieval >
restudy).

that the benefits of retrieval spill over to other items encountered in the same context.
Although we observed evidence for RIFA, studies of retrievalinduced forgetting (RIF) (2, 32–35) typically show that retrieval
can impair recall of related, nonretrieved information. Chan (8)
has determined that at least two factors affect whether retrieval
will facilitate or impair memory for linked items. First, Chan
found that retrieval facilitates retention of items that were well
integrated with the retrieval target at the time of initial learning,
whereas it inhibits retention of related items that were poorly
integrated with the target. This observation fits well with the
present results: A stable scene context served as the background
Jonker et al.
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that facilitated integration of retrieval targets and linked items.
Second, Chan found that RIF tends to be observed when the
final test occurs after a short delay, whereas RIFA is most apparent after a relatively long retention interval. Consistent with
this finding, we observed RIFA in the present paradigm with a
1-d delay between retrieval practice and test.
One surprising finding from our research was the distinction
between PHC and RSC, and the PCC, angular gyrus, and precuneus; the former grouping showed RIFA reactivation only
during the first retrieval attempt, whereas the latter grouping
showed sustained reactivation across three retrieval attempts.
This dissociation accords with recent work that has mapped
these regions onto distinct subnetworks (see yellow and dark
purple networks in figure 13 of ref. 36) within the Default Network. Numerous studies have shown that activity in PHC and
RSC is enhanced during processing of visual contextual information, such as processing of visual scenes or visual objects
that are associated with specific contexts (37). In contrast, evidence reviewed above suggests that other parietal regions in the
PM network may represent event content in a manner that
generalizes across sensory modalities (38). For example, van der
Linder et al. (19) found that increased angular gyrus activity
accompanied memory benefits during schematic encoding. Recent work also indicates that retrieval-related activity in the parietal subnetwork is associated with increased generalization of
episodic memories (39, 40).
Putting the findings together, it is possible that, during the first
retrieval attempt, the hippocampus drives reactivation of sensory
contextual details associated with the encoding event via reactivation in PHC and RSC (41). Although the initial retrieval
attempt would be sufficient to strengthen the association between the context and the retrieval target (testing effect), it
would not be sufficient to elicit a behavioral RIFA. Repeated
retrieval, however, may lead to reliance on abstract event representations in the parietal subnetwork that facilitate access to
other information embedded within the same event. In fact, it is
interesting to consider the two subnetworks in light of the episodic context account of the testing effect (12). One core assumption of this account is that the context representation is
updated each time one retrieves a target memory. Although our
experiment was not optimized to test this assumption, it is possible that the medial subnetwork involving the PHC and RSC
maintains a specific/sensory contextual representation that is
updated with each retrieval attempt, whereas the parietal subnetwork maintains a schematic representation of the event that
remains stable across retrieval attempts. As such, it is possible
that activation of event representations—supported by the parietal subnetwork (38)—should facilitate semantic or conceptual
associations between contextually linked items, but at the cost of
sensory detail. This prediction aligns with recent neuroimaging
findings from Lee et al. (39).
In recent years, research has consistently demonstrated that
retrieval practice strongly enhances long-term retention, but the
cognitive and neural mechanisms that drive this enhancement
are not well understood. Here, we found that reactivation in
parietal regions of the PM network occurs not only for the retrieval target but also for information that is linked within the
same episodic context. These findings underscore the importance of spatiotemporal context in organizing information in
episodic memory. In the real world, information experienced
within an event is highly structured and integrated, even more so
than the stimuli used in the present experiments. Accordingly,
there is good reason to think that these results capture a fundamental aspect of our daily experiences: Recalling even a single
detail from the past can have far-reaching effects on retention of
an entire event. Our findings could therefore be used to devise
ways to improve learning in educational settings and to enhance
memory in patients with amnestic disorders.

Materials and Methods
Participants. Experiment 1 included a final sample size of 64 participants (32
per group; 50 females, Mage = 20.6). Experiment 2 included a final sample
size of 28 participants (13 females, Mage = 22.8).
Procedure. An institutional review board at the University of California, Davis
reviewed the experimental procedure and provided approval. Participants
were provided with informed consent before the start of the experiments.
On day 1, participants completed 8 (Experiment 1) or 10 (Experiment 2) blocks
involving encoding and practice. During encoding, participants were shown
12 scene−object pairings along with their verbal labels (Fig. 1); two back-toback trials shared the same scene. After viewing a pairing for 2 s, participants were prompted to indicate how well they could imagine the object in
the scene, to encourage integration; they were asked to imagine both objects in the same scene. All pairings were shown twice. Following encoding,
participants performed retrieval or restudy on one of the two objects paired
with each of the scenes. This practice was done one or three times in experiment 1, and three times in experiment 2. For all practice trials, the scene
image was shown. For retrieval trials, participants also saw a one-letter word
stem (Fig. 1); after 2 s, they were to indicate how well they remembered the
object, using a response scale from 1 (“Can picture it”) to 4 (“Don’t remember”). For restudy trials, participants saw the full word; after 2 s, they
were told which key to press (randomly selected on each trial). Participants
returned the next day to complete a cued recall test. During the test, participants were shown a scene image along with a one-letter word stem to
prompt recall of the correct word.
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