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Significance

The ability to vividly recollect our 
past declines with age, a trend that 
negatively impacts overall 
well-being. We show that using 
smartphone technologies to 
record and replay brief but rich 
memory cues from daily life can 
improve older adults’ ability to 
reexperience the past. This 
enhancement was associated with 
corresponding changes in the way 
memories were stored in the 
brain. Functional neuroimaging 
showed that repeatedly replaying 
memory cues drove memories 
apart from one another in the 
hippocampus, a brain region with 
well-established links to memory 
function. This increase in 
differentiation likely facilitated 
behavior by strengthening 
memory and minimizing 
competition among different 
memories at retrieval. This work 
reveals an easy-to-use intervention 
that helps older adults better 
remember their personal past.
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The act of remembering an everyday experience influences how we interpret the world, 
how we think about the future, and how we perceive ourselves. It also enhances long-
term retention of the recalled content, increasing the likelihood that it will be recalled 
again. Unfortunately, the ability to recollect event-specific details and reexperience the 
past tends to decline with age. This decline in recollection may reflect a correspond-
ing decrease in the distinctiveness of hippocampal memory representations. Despite 
these well-established changes, there are few effective cognitive behavioral interventions 
that target real-world episodic memory. We addressed this gap by developing a smart-
phone-based application called HippoCamera that allows participants to record labeled 
videos of everyday events and subsequently replay, high-fidelity autobiographical mem-
ory cues. In two experiments, we found that older adults were able to easily integrate 
this noninvasive intervention into their daily lives. Using HippoCamera to repeatedly 
reactivate memories for real-world events improved episodic recollection and it evoked 
more positive autobiographical sentiment at the time of retrieval. In both experiments, 
these benefits were observed shortly after the intervention and again after a 3-mo delay. 
Moreover, more detailed recollection was associated with more differentiated memory 
signals in the hippocampus. Thus, using this smartphone application to systematically 
reactivate memories for recent real-world experiences can help to maintain a bridge 
between the present and past in older adults.

autobiographical memory | episodic memory | hippocampus | aging | fMRI

Autobiographical memory enables us to remember our personal past, and by extension 
contributes to our sense of identity (1, 2), the maintenance of social relationships (3, 4), 
and the ability to think about a self-relevant future (5–7). Retrieving an autobiographical 
memory is a layered process that involves recovery of general semantic knowledge (e.g., 
knowing what typically happens at a youth baseball game), personal semantic knowledge 
(e.g., knowing that you have a grandson who plays baseball), and recollection of episodic 
details that were unique to a specific event (e.g., remembering the look on your grandson’s 
face the first time he hit the ball). In neurologically healthy individuals, the ability to 
retrieve general and personal semantic knowledge typically remains constant across the 
lifespan, whereas recollection of event-specific details tends to decline with age, compro-
mising our ability to vividly remember the past (8). The trajectory of this decline has been 
linked to corresponding reductions in the structural and functional integrity of the hip-
pocampus (9, 10), which supports the encoding and retrieval of event-specific details from 
recent experiences (11, 12). Although memory decline is common in aging and signifi-
cantly worsens quality of life, very few interventions specifically target autobiographical 
episodic memory. To fill this gap, we developed a smartphone application called 
HippoCamera, which is inspired by hippocampal function and designed to improve 
episodic recollection of real-world events in older adults.

HippoCamera is a digital memory aid that embodies principles from cognitive psy-
chology and neuroscience known to improve memory, including distributed learning (13), 
deep encoding (14), the use of self-generated cues (15), the use of multimodal cues (16), 
and strengthening contextual associations for events (17). It provides users a tool to record 
and replay personalized, high-fidelity cues that capture the complex and dynamic nature 
of the real-world events they value most (Fig. 1 A and B). A HippoCamera cue consists 
of a self-generated 8-s verbal description (e.g., “Felix is playing baseball at Tom Brown 
Park”) that is played concurrently with an 8-s-speeded video (i.e., a 24-s video played at 
3× speed, a design choice that enables efficient review and was inspired by the temporally 
compressed nature of endogenous hippocampal replay) (18). The application automatically 
curates replay sessions consisting of up to five distinct cues selected to balance distributed 
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learning and prioritization of recent significant events over remote 
insignificant events. In the current study, cues were assigned to 
either a replay condition and viewed multiple times, or a with-
in-subject baseline condition and never replayed. This design 

allowed us to target and characterize the effect of replaying 
HippoCamera cues while holding all other factors constant.

Hippocamera draws on the well-established phenomenon that 
a memory can be strengthened by retrieval, which alters how it is 
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Fig. 1. HippoCamera application and experimental timelines. (A) Cues are recorded in four steps: 1) Select a real-world event and initiate recording, 2) record 
an 8-s verbal description, 3) record a 24-s video, and 4) rate the event’s significance. (B) Replay sessions consist of up to 5 cues played sequentially. During replay, 
the 8-s audio is played concurrently with a speeded (3×) version of the video. Each cue is preceded by a text display that indicates approximately how much time 
has passed since the event as well as its exact date and time. (C) Experiment 1 timeline. (D) Experiment 2 timeline.
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represented in the hippocampus (19, 20) and increases the prob-
ability of successfully retrieving it in the future (21). Evidence 
from computational modeling (22, 23), behavioral investigations 
(24, 25), and neuroimaging research (26–28) suggests that 
strengthening is particularly likely when retrieval cues evoke strong 
neural reactivation of an episodic memory trace. Retrieval-related 
strengthening has variably been linked to hippocampal integration 
(i.e., increased neural similarity among memories; (29–30) and 
hippocampal differentiation (i.e., decreased neural similarity 
among memories; (31–32); both forms of representational change 
can reduce competition at retrieval (23). Importantly, integration 
tends to be observed when recall involves recovery of episodic gist, 
whereas differentiation is most apparent when engaging in elab-
orative recall of event-specific details (34). To the extent that 
repeatedly replaying high-fidelity HippoCamera cues evokes 
strong memory reactivation and elaborative recall, we hypothe-
sized that its use would strengthen episodic autobiographical 
memory by promoting hippocampal differentiation, which would 
enable more detailed recall of event-specific information.

Memory strengthening may also be reflected in improved auto-
biographical sentiment. Mood disorders, including depression, are 
associated with impaired episodic memory for personally experi-
enced events with intact semantic memory for general information 
and facts (35). Impairments in episodic memory negatively impact 
quality of life by reducing one’s sense of identity, confidence, and 
autonomy (36), and therefore further degrade emotional well-being. 
Moreover, episodic memory deficits are compounded in seniors 
with depression (37), highlighting the need for interventions that 
target episodic memory. As such, we also tested the hypothesis that 
replaying HippoCamera cues encourages repeated positive reminis-
cence and that this would be reflected in improved autobiographical 
sentiment.

Across two experiments, we found that older adults were able 
to easily incorporate HippoCamera into their daily lives with little 
supervision. Doing so enhanced episodic recollection of everyday 
experiences and produced more positive autobiographical senti-
ment at retrieval. Using fMRI, we revealed that replaying memory 
cues increased differentiation of activity patterns in the hippocam-
pus, a measure that was positively correlated with the amount of 
event-specific episodic information that could be recalled. These 
findings indicate that repeated replay promoted differentiation of 
autobiographical memory representations in the hippocampus in 
a manner that facilitated detail-rich episodic retrieval.

Results

Cued Reactivation Improved Recollection of Event-Specific 
Detail.

Experiment 1. Participants (N = 22, mean age 69.64 y ± 0.89 
SEM, 16 women) used HippoCamera to record and replay episodic 
memory cues for events that took place over two consecutive weeks 
(Fig. 1C). During this time, they were instructed to record five events 
per day and view six replay sessions per day. Moreover, they were 
encouraged to distribute their replay sessions throughout each day, 
rather than view them in succession. This guidance was reinforced by 
smartphone notifications that intermittently reminded participants 
to record and replay. Compliance was generally high with an average 
of 4.8 ± 0.20 SEM cues recorded per day and 5.4 ± 0.27 SEM replay 
sessions viewed per day. Cues were randomly assigned to either the 
replayed or baseline condition on a per cue basis, meaning replayed 
and baseline events were interleaved both within and across days. 
Cues in the replayed condition were viewed an average of 8.7 ± 0.42 
SEM times prior to memory testing. Cues in the baseline condition 
were never replayed and provided a within-subject comparison.

We assessed autobiographical memory performance using a 
cued-recall test administered at multiple time points–early and 
delayed (Fig. 1C). Early testing was completed immediately after 
the first and second weeks of HippoCamera use, with each assess-
ment targeting memories for a subset of events that were recorded 
over the previous 7-d period. There were no significant differences 
in the number of details recalled between the first and second weeks 
of early testing (F(1, 21) = 0.72, P = 0.406), nor was there an 
interaction between week and replay condition (F(1, 21) = 0.11, 
P = 0.744). Delayed testing was completed 3.25 mo after early 
testing. Participants did not have access to their memory cues 
during this interval. We tested memory for the same set of events 
at early testing, delayed testing, and in the subsequent fMRI exper-
iment (mean number of replayed trials = 17.1 ± 0.61 SEM, base-
line trials = 17.2 ± 0.61 SEM). We selected cues for the purpose 
of testing in a manner that optimized matching between replayed 
and baseline memories in event significance, event frequency, and 
memory age (SI Appendix, section 1.1.3).

On each trial of our autobiographical memory tests, partici-
pants first viewed one of their 8-s self-generated cues, composed 
of the video and its associated verbal description. In all cases, this 
would be either a cue that had been recorded and then repeatedly 
replayed with HippoCamera (i.e., the replayed condition) or a 
cue that had been recorded but not previously replayed with 
HippoCamera (i.e., the baseline condition). Participants subse-
quently verbally recalled their memory for the corresponding 
event. They were encouraged to provide as many details as possible 
about the target event and were provided with an example response 
at the beginning of each test session (SI Appendix, section 1.1.1). 
Responses were scored to quantify retrieval of internal, external, 
and in-cue details (8, 38); SI Appendix, section 1.1.2). Internal 
details are event-specific and reflect episodic reexperiencing (e.g., 
recollecting the look on your grandson’s face when the first time 
he hit a baseball). External details reflect retrieval of general seman-
tic information (e.g., knowing what tends to happen at a baseball 
game), personal semantics (e.g., knowing that your grandson is 
4 y old), or details from a nontarget event (e.g., recollecting what 
happened in a different baseball game in which your grandson 
played). In-cue details reflect descriptions of information captured 
by the cues themselves, which may or may not involve memory 
retrieval. As such, in-cue details did not contribute to either inter-
nal or external detail counts (39, 40, 41).

Internal detail counts are shown in Fig. 2A. In line with our 
hypothesis, a Poisson generalized linear mixed model revealed a 
significant main effect of condition (replayed vs. baseline: 
b = 0.212, SE = 0.0183, z = 11.593, P < 0.001; SI Appendix, 
section 1.2 and Table S1), such that events in the replayed con-
dition were recalled with significantly more Internal details than 
were those in the baseline condition. Proportionally, this reflected 
a 55.8% increase in internal details for replayed relative to baseline 
trials at early testing. Importantly, the benefit of replay on recall 
of internal details was observed in every participant. In addition 
to a main effect of condition, we found a main effect of test time 
point (early vs. delayed: b = −0.292, SE = 0.0336, z = −8.676, 
P < 0.001), indicating that participants recalled significantly more 
internal details at early testing than they did at delayed testing. 
Although the overall number of internal details declined over time, 
the relative benefit of cued reactivation was preserved: replayed 
events were recalled with 58.9% more event-specific details than 
baseline events at delayed testing. This pattern of results was also 
obtained after adjusting for verbal output by dividing detail count 
by word count on a trial-by-trial basis (SI Appendix, section 2.5 
and Table S5) (42, 43). Moreover, repeated HippoCamera replay 
benefitted all subtypes of internal detail (internal event, time, 
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place, perceptual, and thought/emotion; SI Appendix, section 2.3, 
Fig. S2, and Tables S2 and S3). Together, these data suggest that 
replay initially enhanced episodic autobiographical memory and 
that these enhancements persisted 3 mo after discontinuation of 
HippoCamera use.

We next examined whether repeatedly replaying HippoCamera 
memory cues influenced retrieval of external details. This set of 
exploratory analyses revealed a significant main effect of condition 
(b = −0.0335, SE = 0.0171, z = −1.964, P = 0.0495) and a signif-
icant interaction between condition and test time point 
(b = 0.0342, SE = 0.0172, z = 1.986, P = 0.0471). These effects 
reflect the fact that participants recalled significantly fewer exter-
nal details for replayed as compared with baseline events at early 
testing (b = −0.135, SE = 0.0520, z = −2.603, P = 0.0092) but 
not delayed testing (b = 0.00139, SE = 0.0447, z = 0.031, 
P = 0.975; SI Appendix, sections 2.1 and 2.4, Figs. S1 and S3, 
and Tables S1, S3, and S4). Overall, these data indicate that using 
HippoCamera selectively enhanced recall of event-specific epi-
sodic information.

Lastly, we analyzed the number of in-cue details to determine 
whether HippoCamera replay made participants more reliant on 
cues at retrieval. We found a main effect of condition (b = −0.207, 
SE = 0.0295, z = −7.024, P < 0.001) that reflected fewer in-cue 
details in the replayed condition than the baseline condition. This 
result indicates that participants relied less on information reflected 
in their cues and more on elaborative retrieval processes following 
repeated replay with HippoCamera (SI Appendix, section 2.2, 
Fig. S1, and Table S1).
Experiment 2. Experiment 2 was designed with two goals in mind. 
First, we wanted to replicate findings revealed in experiment 1 using 
a condition that reflected long-term autonomous HippoCamera 
use. To this end, an independent group of participants (n = 12, 
mean age 66.7 ± 0.81 SEM, 6 women) used HippoCamera for 
10 consecutive weeks (Fig. 1D). They were encouraged to record 
one event per day and view one replay session per day. Compared 
with experiment 1, this protocol better approximated how older 

adults might use a digital memory aid outside of an experimental 
context. Compliance was high with an average of 0.95 ± 0.07 
SEM cues recorded per day and 1.05 ± 0.03 SEM replay sessions 
viewed per day. Cues in the replayed condition were viewed an 
average of 7.8 ± 0.53 SEM times over the 70-d use period. By 
design, the mean number of replays per cue was comparable across 
experiments (Experiment 1 mean = 8.7) but distributed over a 
longer period in experiment 2.

Our second goal was to establish a purer baseline condition 
against which replayed memories could be compared. Anecdotal 
evidence from experiment 1 suggested that participants occasion-
ally expected and/or hoped to replay cues that were in the baseline 
condition, which reflects some degree of unintended memory 
retrieval/reactivation. Moreover, randomly interleaving assign-
ment of cues to the replayed and baseline conditions in experiment 
1 may have led to an undesirable bleed over effect whereby 
replayed cues trigger retrieval of baseline memories if the events 
in question happened near together in time. These factors may 
have inflated the number of event-specific details that were recalled 
for baseline events in experiment 1. As such, HippoCamera cues 
in experiment 2 were assigned to either the replayed or baseline 
condition in a predictable, blocked manner, rather than the ran-
domly interleaved assignment used in experiment 1. Blocked 
condition assignment alternated across weeks and was counter-
balanced across participants. All participants were explicitly 
informed of these weekly condition switches to ensure that they 
never anticipated replay of cues in the baseline condition.

Early memory testing was completed 7 d after the 10-wk 
HippoCamera use period. Delayed testing was completed approx-
imately 3.25 mo after early testing. We tested memory for the 
same subset of events at early and delayed testing (the mean 
number trials was identical across replayed and baseline condi-
tions: M = 19.7 ± 0.33 SEM). Our behavioral results replicate 
and extend those from experiment 1 (41). The benefit of repeated 
replay on episodic recollection of real-world events was apparent 
in both the early and delayed testing periods (Fig. 2B). A Poisson 
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generalized linear mixed model revealed that more Internal details 
were recalled in the replayed condition than in the baseline con-
dition (main effect of condition: b = 0.250, SE = 0.0259, 
z = 9.660, P < 0.001), as well as at the early memory test relative 
to the delayed memory test (main effect of test time point: 
b = −0.1240, SE = 0.0324, z = −3.840, P < .001; SI Appendix, 
Table S1). There was also a significant interaction between con-
dition and test time point (b = −0.0369, SE = 0.0134, z = −2.752, 
P = 0.006), driven by the fact that the difference in internal details 
between replayed and baseline events was larger at early testing 
(b = 0.574, SE = 0.0601, z = 9.549, P < 0.001) than it was at 
delayed testing (b = 0.427, SE = 0.0565, z = 7.560, P < 0.001). 
Proportionally, these differences can be quantified as an 83.8% 
increase in the number of event-specific details recalled for the 
replayed as compared with the baseline condition at early testing, 
and a 56.0% increase for the same comparison at delayed testing. 
As was the case in experiment 1, the benefit of replay on recall of 
internal details was observed in every participant. This pattern of 
results was also obtained after adjusting for verbal output 
(SI Appendix, section 2.5 and Table S5) (42, 43). Moreover, replay 
benefitted all subtypes of Internal details (Internal Event, Time, 
Place, Perceptual, and Thought/Emotion; SI Appendix, section 
2.3, Fig. S2, and Tables S2 and S3). Notably, significantly more 
event-specific details were recalled in experiment 2 relative to 
experiment 1 (main effect of experiment: b = 0.376, SE = 0.0792, 
z = 4.751, P < 0.001), suggesting that cognitive behavioral inter-
ventions aimed at improving autobiographical memory may 
benefit from targeting a limited number of higher quality events 
per day and distributing review over a longer period.

Four of the 12 participants from experiment 2 failed the MoCA, 
suggesting that they may be showing early signs of cognitive 
decline. It is worth noting that replay enhanced episodic recollec-
tion of event-specific details in each of these individuals at early 
and delayed testing (open triangles in Fig. 2B). On average, 71% 
and 41% more internal details were recalled for replayed as com-
pared with Baseline at early testing and delayed testing, respec-
tively. At another level, one participant who passed the MoCA 
produced considerably more details than their peers. We note, 
however, that this individual did not show the largest proportional 
difference between baseline and replayed; the group average was 
83.8%, the range was 33.7 to 170.45%, and the subject in ques-
tion had an increase of 90.4%, which was 5th highest of the 12 

participants. As such, excluding this participant from our statis-
tical analysis did not eliminate or even weaken the effect.

We did not find any evidence for differences in recall of external 
details across conditions (SI Appendix, sections 2.1 and 2.4, 
Figs. S1 and S3, and Tables S1, S3, and S4), suggesting that replay-
ing autobiographical memory cues does not influence subsequent 
retrieval of semantic information. This result is consistent with 
findings from experiment 1, and the broader notion that semantic 
knowledge tends to be relatively stable (8). We did find that the 
number of external details recalled differed significantly across 
early and delayed testing (main effect of test time point: b = −0.146, 
SE = 0.0355, z = −4.104, P < 0.001), reflecting the fact that par-
ticipants recalled significantly more external details at early testing 
than they did at delayed testing. Although we did not predict this 
outcome, we speculatively suggest that there may be some depend-
ency between internal and external details, such that a high num-
ber of internal details is accompanied by a relatively high number 
of external details that situate the target event in a broader context. 
Together, these findings converge with those from experiment 1 
and suggest that HippoCamera specifically enhances recall of epi-
sodic autobiographical information.

As was the case in experiment 1, we also revealed a main effect 
of condition on in-cue detail counts (b = −0.194, SE = 0.0624, 
z = −3.111, P = 0.00186; SI Appendix, section 2.2 and Fig. S1), 
such that participants described fewer in-cue details for replayed 
memories than they did for baseline memories. These results indi-
cate, again, that repeatedly replaying HippoCamera cues makes 
participants less reliant on these cues at retrieval and more reliant 
on elaborative episodic recollection.

Cued Reactivation Evoked More Positive Autobiographical 
Sentiment at Retrieval. Having revealed that using HippoCamera 
to replay autobiographical memory cues selectively increased recall 
of event-specific episodic details, we next asked whether there were 
qualitative differences in the kind of language used to describe 
replayed and baseline memories (Fig. 3). To examine whether 
cued reactivation was associated with more positive memory-
based event descriptions, we used a text-based sentiment analysis 
(Valence Aware Dictionary and sEntiment Reasoner; VADER) 
(44). This approach uses natural language processing to identify 
subjective states and quantify their polarity (i.e., positivity and 
negativity). As an example, the statement “We had an amazing 
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time, and Felix was overjoyed when he hit the ball” will receive 
a more positive score than “We had a nice time, and Felix was 
pleased when he hit the ball”. Similarly, “We had a terrible time, 
and Felix was devastated when he struck out” will be scored more 
negatively than “We had a bad time, and Felix was disappointed 
when he struck out”.

We used paired-samples t tests to probe for differences between 
normalized composite sentiment scores that capture overall pos-
itivity and negativity for replayed and baseline memories. For 
experiment 1, this approach revealed that sentiment scores were 
significantly more positive for replayed memories than baseline 
memories at early testing (t(21) = 2.54, P < 0.01, d = 0.54) and 
delayed testing (t(19) = 2.11, P < 0.05, d = 0.47). A similar result 
was obtained for early testing in experiment 2 (t(11) = 2.42, P < 
0.05, d = 0.70). This effect did not persist, however, at delayed 
testing in experiment 2 (t(11) = 0.28, P = 0.4, d = 0.08). Refer to 
SI Appendix, section 2.6 and Fig. S4) for sentiment frequency 
distributions. Comparing across experiments, we found that 
experiment 2 was generally associated with higher sentiment scores 
than experiment 1 (t(32) = 3.68, P < 0.001, d = 1.32). This dif-
ference may reflect an increase in the importance of the events 
recorded in experiment 2, for which we encouraged participants 
to record just one event per day.

Cued Reactivation Promoted Differentiation of Activity 
Patterns in the Hippocampus. Having revealed that replaying 
autobiographical memory cues enhanced episodic recollection 

in older adults, we next sought to determine whether this effect 
was associated with increased differentiation of activity patterns 
in the hippocampus. To this end, we combined fMRI data 
(N = 25) obtained from participants in experiment 1 (N = 13 
of 22 total participants) and experiment 2 (N = 12 of 12). For 
both experiments, cues were replayed a comparable number of 
times (Experiment 1 = 8.64; Experiment 2 = 7.77) and fMRI 
scanning was completed 7 d after the early autobiographical 
memory test (Fig. 2 A and C). In experiment 1, our recruitment 
efforts focused on finding older adults who were willing to use 
the HippoCamera application and visit our laboratory on a 
regular basis; willingness to be scanned was not a requirement 
for participation and several of our participants had medical 
implants (e.g., pacemaker), claustrophobia, arthritis, or other 
exclusions that made scanning not possible. For experiment 2, 
we completed extensive prescreening for all participants, including 
mock scanning sessions, to ensure that they would be able to 
complete the fMRI component of our experiment.

Each fMRI scanning session was designed to measure brain 
activity related to memory for the participant-specific events that 
had previously been probed in the early autobiographical memory 
test. We did this using three task components: Watch cue, men-
tally relive, and episodic probe (Fig. 4A). The mentally relive task 
component was unique to experiment 2. During the watch cue 
stage, participants watched and listened to one of their cues with-
out having to make a behavioral response. After briefly fixating a 
centrally presented cross, they were then asked to mentally relive 
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the event that was just cued in an unconstrained manner (45). 
They were instructed to do this by recollecting details from the 
cued event rather than simply visualizing the cue that was just 
played. No behavioral response was required during this stage. 
After another brief fixation, they completed an episodic probe task 
that involved making a “yes”/”no” judgment in response to a cen-
trally presented probe word that referred to a person, place, thing, 
or action that the participant previously recalled during the early 
memory test. A given probe could be either a target or a lure. 
Targets reflected details that were true of the event in question. 
For example, we would use “KITE” as a target probe for a cue in 
which a boy is playing baseball if a participant previously recalled 
that her grandson was distracted by a kite flying in the park near 
the location of the game. Lures reflected details that were plausible 
but to our knowledge not true of the event in question. For exam-
ple, we would use “LILLIAN” as a plausible lure for the baseball 
cue because the participant mentioned meeting this person when 
recalling a different event. This procedure (i.e., watch cue, men-
tally relive, and episodic probe) was repeated once for each tested 
memory, with repetitions appearing in separate runs. For the epi-
sodic probe task, one instance used a target probe word and the 
other used a lure. Participants correctly responded ‘yes’ to 86% ± 
0.08 SEM of the target trials, and ‘no’ to 79% ± 0.11 SEM of the 
lure trials, indicating that our probes were successful in promoting 
recollection of event-specific details (82.5% overall accuracy).

We quantified differentiation of hippocampal activity patterns 
within each experimental condition separately using a representa-
tional similarity analysis (46) (Fig. 4B). Briefly, single-trial activity 
was estimated using a general linear model and extracted as spa-
tially distributed patterns across the hippocampus. Activity pat-
terns were averaged across two trials for each event cue, resulting 
in separate memory-specific estimates for the watch cue task com-
ponent, the mentally relive task component, and the episodic 
Probe task component. For each of these tasks, we first quantified 
similarities between all pairs of replayed memories and between 
all pairs of baseline memories using Pearson’s r. These values were 
then subtracted from one and averaged to produce global measures 
of differentiation for replayed and baseline activity separately (Fig. 
4C) (32, 33).

Our results indicated that using HippoCamera to replay auto-
biographical memory cues fundamentally altered the representa-
tional structure of episodic information in the hippocampus by 
promoting differentiation of memory-related activity patterns. A 
linear mixed model revealed a significant main effect of condition 
(replayed vs. baseline: b = 2.865 × 10−2, SE = 6.846 × 10−3, t(24) 
= 4.184, P < 0.001) and a significant interaction between condi-
tion and task (F(2, 2186) = 13.932, P < 0.001; SI Appendix, 
section 3.5 and Tables S6 and S7). This was primarily driven by 
increased differentiation in hippocampal activity patterns for 
replayed compared with baseline events during the episodic probe 
task (b = 0.0940, SE = 0.0157, t(45) = 5.981, P < 0.001) and the 
mentally relive task (b = 0.0641, SE = 0.0204, t(101) = 3.146, 
P = 0.0022). These results were also obtained after controlling for 
differences in retrieval-related BOLD effects across replayed and 
baseline trials (i.e., partial correlations using average voxel-wise 
activity within each condition as a covariate; episodic probe: 
t(24) = 1.972, P = 0.0301; Mentally Relive task: t(11) = 1.910, 
P = 0.0419). This finding indicates that replaying HippoCamera 
memory cues promotes differentiation in a manner that cannot 
be explained by differences in the magnitude of hippocampal 
activity across conditions. We found no evidence for a difference 
between replayed and baseline differentiation during the watch 
cue task (b = 0.0138, SE = 0.0157, t(45) = 0.875, P = 0.386). Nor 
did we find evidence for a significant main effect of task (watch 

cue vs. mentally relive vs. episodic probe: F(2, 11) = 1.532, 
P = 0.257). The condition by experiment interaction term was 
not significant (F(1, 23) = 2.42, P = 0.13), suggesting that meth-
odological differences across experiments, such as the inclusion of 
the mentally relive task in experiment 2, did not influence the 
degree of differentiation across conditions. Moreover, restricting 
our analyses to activity from correct episodic probe trials did not 
change the overall pattern of results for this task component (mean 
baseline differentiation was 0.68 for all trials and 0.67 for correct 
trials; mean replayed differentiation was 0.77 for all trials and 0.78 
for correct trials).

To provide a more comprehensive picture of the effect that 
replay had on activity patterns in the hippocampus, we probed 
for potential differences in differentiation across the hippocampal 
long axis (47, 48); SI Appendix, section 4.1, Fig. S6, and Tables S6 
and S7). Briefly, this analysis revealed greater differentiation for 
replayed as compared with baseline trials in the anterior and pos-
terior hippocampus for the mentally relive and episodic probe 
tasks. However, there were no significant interactions between 
ROI (anterior vs. posterior hippocampus) and either condition or 
task. In a second set of exploratory analyses, we asked whether the 
effect of replay on neural differentiation was unique to the hip-
pocampus. To this end, we quantified differentiation in six struc-
tures that have been implicated in episodic memory processing 
(49, 50): ventromedial prefrontal cortex, anterior cingulate, pos-
terior cingulate, angular gyrus, precuneus, and parahippocampal 
cortex. We also examined differentiation in a control region that 
has not been reliably linked to autobiographical memory (post-
central gyrus, i.e., primary somatosensory cortex). Briefly, we 
found marginal evidence for a main effect of condition (replayed > 
baseline) on differentiation scores in vmPFC (P = 0.02), posterior 
cingulate (P = 0.02), and precuneus (P = 0.05). However, none 
of these effects survived correction for multiple comparisons 
(SI Appendix, section 4.2, Fig. S6, and Tables S6 and S7). Thus, 
replaying cues with HippoCamera produced robust increases in 
neural differentiation in the hippocampus and marginal evidence 
for increased differentiation in a subset of cortical areas that have 
been linked to autobiographical memory retrieval.

Hippocampal Differentiation Was Positively Correlated with 
Episodic Recollection. The degree of hippocampal differentiation 
of an event representation was positively correlated with the 
recollection of that event’s details on the unscanned early and 
delayed autobiographical memory tests (Fig. 5). Memory-specific 
differentiation scores were estimated by calculating mean pairwise 
pattern dissimilarities between a given memory and all other 
memories within the same condition. We then computed the 
correlation (Pearson’s r) between hippocampal differentiation and 
recall of internal details across trials for each participant separately. 
Because there is no principled reason to believe that the relationship 
between hippocampal differentiation and recall behavior differ 
qualitatively across our experimental conditions, we did not 
distinguish between replayed and baseline trials for the purpose 
of this analysis. Directional one-sample t tests against chance (i.e., 
correlation equal to zero) were performed using within-subject 
Fisher z-transformed correlation values. Using this approach, we 
found that degree of hippocampal differentiation measured during 
the episodic probe component of the fMRI task was positively 
correlated with the number of internal details recalled at early 
testing (t(24) = 3.97, P < 0.001, d = 0.795) and delayed testing 
(t(22) = 2.51, P < 0.01, d = 0.523). A similar result was obtained 
for the mentally relive component used in experiment 2 at early 
testing (t(11) = 3.45, P < 0.01, d = 0.997) and delayed testing 
(t(11) = 3.04, P < 0.05, d = 0.877). We also found above chance 
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correlations between differentiation at the watch cue component 
and the number of internal details recalled at delayed testing (t(22) 
= 2.76, P < 0.05, d = 0.576). Conversely, we found limited evidence 
for any meaningful associations between degree of hippocampal 
differentiation and recall of external details (SI Appendix, section 4.3 
and Fig. S7). Taken together, results from our pattern dissimilarity 
analyses revealed that replaying rich autobiographical memory cues 
promoted hippocampal differentiation, which in turn was positively 
correlated with recollection of event-specific episodic details on 
unscanned autobiographical memory tests administered 1 wk 
earlier and 3 mo later.

Discussion

We have developed a smartphone-based intervention that uses 
self-generated, high-fidelity cues to improve memory for everyday 
events in older adults. Across two experiments, we found that 
repeatedly replaying rich autobiographical memory cues improved 
detail-rich recollection shortly after a 14-d (Experiment 1) and a 
70-d (experiment 2) period during which participants used the 
application to record and repeatedly replay personally meaningful 
moments from their daily lives. This behavioral enhancement was 
also evident when memory was assessed a second time, 3 mo after 
participants stopped using the application. Moreover, replaying 
memory cues evoked more positive autobiographical sentiment 
at the time of retrieval. We used a pattern-based analysis approach 
with fMRI data to reveal changes in hippocampal activity related 
to our cued-reactivation protocol. This approach revealed increased 
differentiation of activity in the hippocampus related to memories 
for events that were previously replayed as compared with those 
that were recorded but never replayed. The extent of differentiation 
of memory-specific activity in the hippocampus was positively 
correlated with behavioral measures of episodic reexperiencing. 
Together, these findings support the conclusion that recording 
and replaying autobiographical memory cues can enhance episodic 
recollection by promoting differentiation of underlying rep-
resentations in the hippocampus.

Replaying autobiographical memory cues enhanced recollection 
of event-specific details in older adults. Specifically, using 

HippoCamera to record and replay real-world memory cues gen-
erated a 56% increase in detailed episodic recollection after 14 d 
of use (experiment 1), and an 84% increase after 70 consecutive 
days of use (experiment 2). Importantly, the behavioral advantage 
of replay was apparent in every participant. This effect was selective 
in that our replay protocol did not consistently affect retrieval of 
semantic information (SI Appendix, Figs. S1 and S3). The signif-
icance of these results is apparent against a background of prior 
research that has revealed age-related declines in the episodic com-
ponent of autobiographical memory (8, 51, 52). Our results indi-
cate that replaying brief but detail-rich cues from daily life can 
combat the tendency for recall in older adults to be limited to 
high-level episodic details by helping to preserve the event-specific 
information that enables mnemonic discrimination among mul-
tiple related episodes. The examples “Felix played baseball” and 
“Felix played baseball and I was thrilled to see the joy on his face 
the first time he hit the ball” captures this difference between recall 
of episodic gist versus recall that is characterized by detail-rich 
mnemonic elaboration. Moreover, this replay-related enhance-
ment persisted after a 3-mo delay between using HippoCamera 
and our second autobiographical memory assessment. Accordingly, 
by contributing to the preservation and accessibility of detail-rich 
memories, our cognitive behavioral intervention helps to bridge 
the present with the episodic past in older individuals. In particu-
lar, vivid, detail-rich retrieval establishes a more stable and reliable 
connection between the present self and past self than does 
retrieval that is deprived of event-specific details. To the extent 
these connections contribute to the maintenance of personal iden-
tity, we believe that the memory enhancements revealed here are 
meaningful (1, 2).

How does replaying real-world autobiographical memory cues 
improve episodic recollection? Remembering an event influences 
the probability and quality of future recollection (19–21), and 
successful retrieval is thought to beget future retrieval success, 
while incomplete or failed retrievals reduce the likelihood of future 
retrieval success (22–28). Our behavioral results are consistent 
with the idea that replaying high-fidelity, self-generated cues from 
everyday events evokes strong reactivation of event memories and 
therefore strengthens associations among episodic details. 
Moreover, building on prior laboratory-based work that examined 
episodic memory for pairs of object or video clips, they reveal a 
link between memory reactivation and enhanced recollection of 
complex and dynamic autobiographical events. We obtained this 
result despite using a cued-reactivation protocol that was not 
accompanied by explicit retrieval demands, which have been 
shown to improve subsequent memory relative to mere reexposure 
of previously encountered information (21, 53). Although this 
study was not designed to reveal potential differences between the 
effect of reexposure and retrieval demands on subsequent memory, 
we note that we did observe improved episodic recollection of 
event details even after excluding in-cue details (i.e., details that 
were captured by either the audio or video component of the 
memory cues; Fig. 2 and SI Appendix, Fig. S1). This observation 
suggests that reexposure to sufficiently rich cues can improve 
memory for uncued information about the cued event even in the 
absence of any retrieval demands.

Results from our pattern similarity analyses indicated that 
replaying detail-rich cues increased differentiation of memory-re-
lated activity in the hippocampus. In other words, repeated reac-
tivation minimized similarities between episodic memory 
representations by reducing representational overlap in the hip-
pocampus. Importantly, the degree to which a given memory 
representation was differentiated predicted the quality of episodic 
recollection, such that greater dissimilarity was associated with 
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retrieval of more event-specific details. By linking the differenti-
ation of activity in the hippocampus to enhanced episodic recol-
lection, our results dovetail with evidence from computational 
modeling suggesting that greater differentiation among memory 
representations can reduce competition at retrieval and therefore 
facilitate detail-rich recollection (23, 54). The fact that increased 
differentiation was driven by HippoCamera replay after initial 
encoding suggests that our results cannot be fully explained by 
the notion that the hippocampus minimizes overlap among mem-
ory representations at the time of encoding (i.e., pattern- separation; 
(55–56). Accordingly, we believe that using HippoCamera to 
replay memory cues differentiates underlying representations in a 
manner that protects against the postencoding loss of detail-based 
information.

The impact of episodic memory loss is far-ranging and includes 
reductions in one’s sense of identity, confidence, and autonomy 
(1, 2, 36). Because HippoCamera was designed to enhance epi-
sodic memory in older adults, we also asked whether replaying 
would evoke more positive autobiographical sentiment at the time 
of retrieval. Although we did not assess mood or screen for depres-
sive disorders in this study, we reasoned that replay would encour-
age repeated positive reminiscence and that this would be reflected 
in improved autobiographical sentiment in our behavioral mem-
ory assessments (e.g., baseline retrieval: “We were at the park for 
almost the entire day” vs. replayed retrieval: “We were at the park 
for almost the entire day and it was just lovely”). Our results 
indicated that this was indeed the case, as sentiment scores were 
significantly more positive for replayed as compared with baseline 
memories at early and delayed testing in experiment 1 and at early 
testing in experiment 2. When considered in the context of a 
broader literature that links memory impairment to mood disor-
ders, including depression (35, 37), these results suggest that using 
HippoCamera as a memory aid may contribute to emotional 
well-being.

Although the current set of experiments was designed to char-
acterize the effect of HippoCamera replay on memory, it is worth 
noting that this memory aid also enriches encoding in several 
important ways. As such, because the replayed and baseline con-
ditions had identical encoding protocols, events in both conditions 
were processed at encoding in a fundamentally different way from 
the incidental manner by which we typically learn about the world 
and encode new events. By incentivizing the creation of memory 
cues, HippoCamera encourages a shift from incidental encoding 
to intentional encoding, which is known to improve retrieval suc-
cess in older adults (57). Anecdotally, many of our participants 
reported increased awareness of the world around them (e.g., one 
individual described their experience as a participant as follows, 
“… It was very motivational. I started to have more confidence in 
myself and started to be more aware of things around me. I think it 
made my memory go up a shot.”). Creating self-generated memory 
cues also promotes deep processing of event details and meaning, 
which HippoCamera achieves by requiring a brief verbal descrip-
tion of the event, a video that captures diagnostic perceptual infor-
mation, and a rating of the personal significance of the event (Fig. 
1A). Importantly, this deep processing ensures correspondence 
between the retrieval cue and the information encoded in memory 
(15). Lastly, numerous participants reported having varied their 
behavioral repertoire out of a desire to record and replay interest-
ing content. For example, one participant noted “… Sometimes I 
would be sitting at home and realize that I needed to film something 
so I would go out to the library or the church just to have something 
to do”. Considering these points together, there was likely enriched 
encoding of events in both replayed and baseline conditions, and 
so we likely underestimated the beneficial effects of using 

HippoCamera when we contrasted replayed and baseline condi-
tions. Ultimately, further research is required to isolate and quan-
tify the contribution of enhanced encoding, perhaps through 
comparison of HippoCamera with a passive photograph system 
(i.e., wearable camera). At another level, we also note that it is not 
clear how best to define a baseline condition when conducting 
research outside of a controlled laboratory environment. We opted 
for a relatively conservative approach to ensure that we did not 
overestimate the effect of repeated replay.

This set of experiments, and HippoCamera more generally, 
builds on over a decade of research that has examined the efficacy 
of wearable cameras as memory aids in both healthy and cogni-
tively impaired populations (39, 58–59; for review, see refs. 40, 
60, and 61). Wearable cameras, which passively capture photo-
graphs for later review, provide richer, more voluminous informa-
tion about past events than more traditional memory aids such as 
written diaries. Indeed, reviewing such photographs improves 
episodic memory for everyday experiences relative to review of 
diary entries, and modulates activity in key memory-related brain 
areas, including the hippocampus (40, 60). Despite these prom-
ising outcomes, wearable cameras present practical barriers that 
make it difficult for older adults and individuals with memory 
impairment to easily integrate them into their daily life. First, they 
require companion hardware (e.g., a computer) and the technical 
proficiency to transfer still photographs for review. Second, the 
review process is time consuming as it can involve hundreds to 
thousands of indiscriminately captured photographs, creating an 
inefficient user experience and caregiver burden that compounds 
as cues accumulate over time. HippoCamera removes these prac-
tical barriers by enabling high-quality cues to be recorded and 
replayed on the same device, and by coupling automatically 
curated replayed sessions with periodic notifications reminding 
users to record and review their memory cues. Moreover, neither 
wearable camera technology nor popular social media platforms 
focus on enriching the encoding experience. HippoCamera is, to 
our knowledge, the only digital memory application that overtly 
promotes deep encoding strategies. At another level, few studies 
conducted with wearable cameras have deeply probed memory 
quality to determine whether the beneficial effects of photograph 
review extend beyond improved recognition of previously studied 
images. Here, we adapted Autobiographical Interview scoring by 
discounting in-cue details to demonstrate that repeatedly replaying 
HippoCamera memory cues improved memory for unstudied 
aspects of everyday experiences. Moreover, extant fMRI research 
that has used pictures from wearable cameras as stimuli has not 
asked the theoretically important question of how picture review 
improves memory (e.g., via pattern differentiation, integration of 
neural representations, or gain modulation). Using HippoCamera, 
we have revealed evidence that points to replay-related memory 
differentiation as a neural mechanism that can explain improve-
ments in recall of episodic event details.

Is replaying with HippoCamera superior to reviewing non-Hip-
poCamera content captured using a smartphone or camera? We 
think so. First, the guided recording process means that memory 
encoding and retrieval is intentional: participants are encouraged 
to pay greater attention to the events of their lives and generate 
cues that are specifically designed to trigger later retrieval. Second, 
our application curates replay sessions with powerful memory cues 
by guiding users to systematically reflect on their past in a highly 
structured and targeted way. Third, having a dedicated application 
with daily targets and notifications that remind participants to 
record and replay cues reinforces memory-oriented behavior and 
cognition in a manner that casual smartphone use does not. 
Compliance often presents a considerable barrier in the context 
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of cognitive behavioral interventions in older adults (62). It is 
noteworthy that we obtained high compliance in every one of our 
older adult participants in terms of meeting daily record and replay 
expectations in experiment 1 and experiment 2.

A key finding revealed here is that repeated replay of 
HippoCamera cues strengthens memories in a manner that 
enhances detail-rich retrieval and increases differentiation among 
activity patterns in the hippocampus. A notable limitation of this 
study that impacts on interpretation of these results is the fact that 
these replay-related benefits were obtained using well-learned cues 
to prompt retrieval (i.e., previously replayed HippoCamera cues). 
It is thought that retrieval reflects an interaction between a cue 
and an established memory trace (i.e., ecphory; (63, 64). This 
raises the important question of whether the memory strength-
ening we observed reflects a narrow benefit that is obtained only 
when prompted by a previously viewed HippoCamera cue, or if 
this effect generalizes to other nonpracticed cues and/or retrieval 
contexts. At a minimum, we can make the strong claim that 
replaying HippoCamera memory cues increases ecphory when 
those precise cues are later used to trigger retrieval. However, we 
have not systematically asked whether the benefit of replay is atten-
uated when using test cues that are related to but different from 
those that were replayed with HippoCamera. Nevertheless, data 
from a single-case study conducted with a hippocampal amnesic 
patient speaks to this issue (SI Appendix, section 5 and Figs. S8 
and S9). Notably, while she could not recall any episodic details 
for 3-wk-old events memorialized in her diary, she produced some 
details for 3-wk-old events recorded and repeatedly replayed with 
HippoCamera. In fact, she recalled some details spontaneously in 
conversation suggesting that replaying rich, self-generated auto-
biographical memory cues may have benefits that can be detected 
without cues.

Finally, we note that 65% of our participants were women, 
and that women usually outperform men in episodic memory 
performance (65). Therefore, to confirm the generality of these 
findings across genders and sexes, we will need to test these fac-
tors as moderators in a larger sample replay-based memory 
intervention.

In sum, we have developed a smartphone-based memory aid 
that uses cued reactivation of real-world events to improve epi-
sodic recollection in older adults. This beneficial outcome was 
linked to a corresponding increase in the differentiation of activity 
in the hippocampus and more positive autobiographical senti-
ment at the time of retrieval. By strengthening connections 
between the present and past self, this application presents a 
noninvasive approach to mitigating real-world age-related mem-
ory decline. More generally, to the extent that autobiographical 
memory makes important contributions to other aspects of cog-
nition and the maintenance of meaningful interpersonal relation-
ships, this intervention has potential to promote graceful aging.

Materials and Methods

Participants.
Experiment 1. Twenty-two neurologically healthy older adults (mean 
age = 69.64 y ± 0.89 SEM, range = 62 to 76 y, 16 women) participated 
in experiment 1. Two participants were unable to complete a delayed auto-
biographical memory test. All participants obtained a passing score on the 
Montreal Cognitive Assessment (MoCA) (mean score = 27.10 ± 0.26 SEM, 
range = 26 to 30), suggesting that these individuals were cognitively healthy 
at the time of testing (66). Of this sample, 13 individuals also participated in 
the fMRI experiment (mean age = 68.84 y ± 1.19 SEM, range = 62 to 76 y, 
10 women, mean MoCA = 27.62 ± 0.35 SEM).

Experiment 2. Twelve neurologically healthy older adults participated in exper-
iment 2 (mean age = 66.77 y ± 0.81 SEM, range = 61 to 71, 6 women, mean 
MoCA score = 26.58 ± 0.85 SEM). Four of these individuals failed the MoCA 
(scores of 20, 24, 25, and 25) but had no documented history of neurological 
or cognitive disorder. The research protocol for both experiments was reviewed 
and approved by the Research Ethics Board at The University of Toronto. Written 
informed consent was obtained from all participants prior to HippoCamera use 
and again before fMRI data collection.

HippoCamera Smartphone Application. We developed the HippoCamera 
application using a participatory design approach aimed at optimizing ease of 
use and enjoyability in older adults. Cues can be created in approximately 40 s 
and replayed in approximately 60 s. All participants were able to easily incorporate 
the application into their daily routines and most indicated that they enjoyed 
doing so. As evidence, we note that nearly all participants met our expectations 
in terms of how many cues should be recorded per day and how many replay 
sessions should be viewed per day in both experiments.

This research was conducted using a beta version of the application devel-
oped by our research team. The software was subsequently updated by Tactica 
Interactive (Winnipeg, Manitoba) to improve stability, enhance visualizations, 
enable cloud-based storage, and allow researchers to remotely access content 
recorded by participants. This version of the application can be obtained for sci-
entific purposes from Apple’s App Store and Google Play. As of the time of writing, 
this is a research-dedicated application that requires an access code that can be 
obtained from a corresponding author.

Recording Cues with HippoCamera: Cues are recorded in a 4-step process, with 
automated transitions between steps (Fig. 1A). First, participants intentionally 
make the decision to record an ongoing event. Second, they capture an 8-s audio 
recording that is a self-generated verbal description of the target event. Third, they 
record a 24-s high-definition video. Fourth, they rate the significance of the event 
using a 1 to 5 scale. Meta-data are also automatically recorded, including time, 
date, and GPS co-ordinates, when available. Upon completing a recording, the 
application generates integrated cues that combine the verbal description with 
a speeded version of the video. Audio is stripped from the 24-s video and the 
resulting file is accelerated by a factor of three, resulting in an 8-s-speeded video. 
The speeded video is then coupled with the audio file containing the 8-s verbal 
description. A notification system can be toggled on or off to encourage participant 
compliance. For the current study, these notifications reminded participants to 
record five cues per day in experiment 1 and one cue per day in experiment 2.

Replaying Cues with HippoCamera: Replay takes place within sessions that 
consist of up to five sequentially presented cues that are automatically selected 
(Fig. 1B). Cues are separated by a lead-in screen that displays the date and approx-
imate age of the event. Within a session, cues are replayed in reverse chronolog-
ical order, meaning newer cues are played before older cues. The application is 
designed to replay cues in a manner that achieves balance between distributed 
learning and the prioritization of recent, highly significant events. For the cur-
rent research, notifications encouraged participants to replay 6 times per day in 
experiment 1 and once per day in experiment 2.

Replay Instructions: At intake, participants were given guidance regarding 
when they should initiate replay sessions and how they should engage with 
replayed content. Specific instructions were developed to standardize our replay 
protocol as much as is possible in the context of unsupervised, real-world research. 
We instructed participants to initiate replay sessions at relatively quiet moments 
to minimize distraction and optimize effortful recollection. Although we did not 
communicate firm expectations, we suggested that they anchor some of their 
replay sessions to routine events that often present distraction-free opportuni-
ties for replay, such as while drinking coffee in the morning. We also instructed 
participants to engage in deep, contemplative processing of memories during 
replay by asking them to actively recollect a specific aspect of each cued event. This 
approach was motivated by the large body of research that has revealed a clear 
benefit for active retrieval over mere reexposure to a stimulus (i.e., the test effect; 
(67). Lastly, participants were encouraged to engage in a moment of reflection 
using in-app instructions that were presented on screen at the conclusion of each 
replay session: “Take a moment to reflect on the memories reviewed”. This prompt 
was designed to give participants an opportunity to contemplate their memories 
at a more leisurely pace than is possible during the preceding replay session. 

http://www.pnas.org/lookup/doi/10.1073/pnas.2214285119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2214285119#supplementary-materials
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Moreover, the open-ended nature of the guidance allowed them to flexibly focus 
on their personal past in a self-directed manner.

Autobiographical Memory Test. Behavioral performance was assessed using 
an adapted version of the Autobiographical Interview (8) (SI Appendix, section 
1.1.1). Whereas the Autobiographical Interview allows participants to choose 
which memories to recall, we prompted retrieval by presenting participants 
with their self-generated HippoCamera cues. Trial order was randomized, and 
experimenters were blinded to the condition of each cue. Verbal responses 
were recorded, transcribed, and then scored using an adapted version of the 
Autobiographical Interview protocol (38) (SI Appendix, section 1.1.2). Specifically, 
each recalled detail was scored as being either Internal, External, or In-Cue. 
Internal and external detail counts excluded in-cue details, meaning descriptions 
of information that was readily apparent in the cue (either the verbal description 
or video) did not count toward recall. In other words, we conservatively discounted 
details that a naïve observer could also describe based on having seen only the 
cue, but not having experienced the event. See SI Appendix, section 1.1.3 for 
details regarding stimulus selection.

Sentiment Analysis. Cued-recall transcripts were processed using VADER, a 
lexicon and rule-based sentiment analysis tool that systematically identifies and 
quantifies affective states communicated in natural language (44). The polarity 
and intensity scores of the 9,000 words comprising the VADER lexicon reflect 
sentiment ratings from human observers. VADER generates scores that reflect 
positive sentiment, negative sentiment, neutral sentiment, and a normalized 
weighted composite score that ranges between −1 (extremely negative) and 1 
(extremely positive). We used composite scores as dependent measures, as they 
provide a single unidimensional sentiment value. Although in-cue details were 
excluded from internal and external detail counts, they were not excluded for the 
purpose of performing our sentiment analyses because there is no principled 
reason to predict that in-cue details will be described with more positive or more 
negative valence across conditions.

fMRI Task. Data for experiment 1 were collected across 4 functional runs. Data 
from one run could not be collected for one participant due to a technical error. 
Data for experiment 2 were collected across eight functional runs. Three partic-
ipants were unable to complete all eight runs due to physical discomfort: one 
completed four runs, two completed six runs. Each experiment 1 trial was 16 s 
in duration and consisted of two subtasks (Watch Cue and Episode Probe) sep-
arated by baseline fixation (Fig. 4A). More specifically, participants first watched 
a HippoCamera cue (8 s), then fixated on a centrally presented cross (4 s), and 
finally responded to an episodic verification probe (4 s). Each experiment 2 
trial was 28 s in duration and consisted of three sub-tasks (Watch Cue, Mentally 
Relive, and Episode Probe) separated by baseline fixation (Fig. 4A). Participants 
first watched a HippoCamera cue (8 s), then fixated on a centrally presented cross 

(4 s), then actively recollected the cued event (8 s), then fixated on a centrally 
presented cross (4 s), and finally responded to an episodic verification probe 
(4 s). Trials in each experiment were separated by a jittered baseline fixation 
that spanned 4 to 8 s in duration. A brief audio tone was played 500 ms prior 
to the onset of a new trial. Moreover, the onset of each subtask within a trial was 
signaled by changing the color of the baseline fixation cross from white to red. All 
timing parameters were inspired by prior research in which participants viewed 
and later mentally relived audio–video stimuli that were similar in duration to 
the HippoCamera cues used here (68).

See SI Appendix, sections 3.1–3.4 for details regarding fMRI data acquisition, 
preprocessing procedures, ROI definition, and analytical procedures.

Data, Materials, and Software Availability. Anonymized behavioral data 
have been deposited on the OSF (https://osf.io/7g2rx/; doi:10.17605/OSF.
IO/7G2RX). fMRI data have been deposited to OpenNeuro (doi:10.18112/open-
neuro.ds004336.v1.0.0).
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