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Most tasks test memory within the same day, however, most forgetting occurs after 24 h. Further, testing memory for

simple words or objects does not mimic real-world memory experiences. We designed a memory task showing participants

video clips of everyday kinds of experiences, including positive, negative, and neutral stimuli, and tested memory immedi-

ately and 24 h later. During the memory test, we included repeated and similar stimuli to tax both target recognition and

lure discrimination ability. Participants’ memory was worse after 24 h, especially the ability to discriminate similar stimuli.

Emotional videos were better remembered when tested immediately, however, after 24 h we find gist versus detail trade-offs

in emotional forgetting. We also applied this paradigm to a sample of cognitively normal older adults that also underwent

amyloid and tau PET imaging. We found that older adults performed worse on the task compared to young adults. While

both young and older adults showed similar patterns of forgetting of repeated emotional and neutral clips, older adults

showed preserved neutral compared to emotional discrimination after 24 h. Further, lure discrimination performance cor-

related with medial temporal lobe tau in older adults with preclinical Alzheimer’s disease. These results suggest factors such

as time between encoding and retrieval, emotion, and similarity influence memory performance and should be considered

when examining memory performance for an accurate picture of memory function and dysfunction.

Episodic memory, or memory for events in our lives, is an impor-
tant facet of cognition that allows us to remember our past to influ-
ence future decisions (Tulving 2002). One critical component of
memory is its counterpart forgetting, which is a necessary feature
of memory to avoid catastrophic interference and overload
(Wixted 2004). Initially, memories are labile and subject to change
and forgetting, but over time become more stable (i.e., become
consolidated) (McGaugh 2000; Nader et al. 2000; Wixted 2004).
Many memory tasks developed in the laboratory test memory
within the same day and examine how much information is re-
membered. However, the amount of forgetting over time can be
an important memory measure to consider since this is often the
type of memory problem people struggle with in natural settings.

The hippocampus and surrounding cortical regions, or the
medial temporal lobe (MTL), play a key role in episodic memory
(Squire et al. 2004) and are involved in memory consolidation
(McGaugh 2000). However, these regions are not likely to be the lo-
cus of the memory, but rather an index of the memory to link the
association neocortex at the time of memory recall (Teyler and
DiScenna 1986). Computational models propose that the hippo-
campus performs two key computations: pattern separation and
pattern completion (Yassa and Stark 2011). Pattern separation is
the process of reducing interference among similar inputs by using
nonoverlapping representations and relies on the hippocampal
dentate gyrus (DG), while pattern completion retrieves previously
stored information given partial or degraded cues (Marr 1971;
Treves and Rolls 1994).

Discrimination tasks have been designed to tax hippocampal
pattern separation by including test stimuli that are similar but not
identical to studied items (Stark et al. 2013; Leal et al. 2014; Reagh

et al. 2014; Roberts et al. 2014). Tasks includeword (Ly et al. 2013),
object (Stark et al. 2013), or scene (Leal et al. 2014) stimuli and typ-
ically test memory on the same day. While these tasks use well-
controlled stimuli, they often lack contextual information that ex-
ists in natural settings. Creating a more ecologically valid memory
task that captures the complexity of everyday experiences can pro-
vide a more accurate measure of memory retention and loss.
Ideally, tasks would capture the episodic memory elements of
“what,” “where,” “when,” and “why” in order to provide an accu-
rate representation of a memory.

The significance of a memory (i.e., “why”) when remember-
ing an experience is often overlooked in traditional memory tasks.
Participants are shown either largely neutral stimuli or stimuli that
contain emotional components but with unmeasured relation-
ships tomemory performance. Previous work has shown that emo-
tional arousal and valence of an event influences remembering and
forgetting (McGaugh2002, 2004; Kensinger 2009; Leal et al. 2014).
Although memory for emotional events is often preserved
(McGaugh 2004), this is not always the case for all types of infor-
mation (Brown and Kulik 1977; Kensinger 2009; Leal et al. 2014).
Gist versus detail trade-offs often occur when examining emotion-
al versus neutral memory (Kensinger et al. 2007; Leal et al. 2014),
where the emotional gist is retained at the expense of emotional
details. This emotional gist versus detail trade-off has been previ-
ously examined via central versus peripheral components of an
emotional event (Loftus et al. 1987; Adolphs et al. 2005;
Kensinger et al. 2007) ormore recently via target recognition versus
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lure discrimination differences (Leal et al. 2014). This highlights
the complexity of memory; contextual elements such as emotion
play a crucial role in memory consolidation.

One population that shows deficits in episodic memory per-
formance and the ability to discriminate highly overlapping expe-
riences are older adults (Robitsek et al. 2008; Yassa et al. 2011b; Leal
and Yassa 2015). Disambiguating similar experiences and over-
coming interference is a critical feature of episodic memory (Marr
1971; Shapiro and Olton 1994) and increased susceptibility to in-
terference has been found in aging across species (Wilson et al.
2006; Yassa et al. 2011a,b). Tasks have found age-related reductions
in the ability to discriminate object (Toner et al. 2009; Ryan et al.
2012; Stark et al. 2013; Reagh et al. 2016), spatial (Gallagher et al.
1993;Wilson et al. 2004; Reagh et al. 2014), and temporal domains
(Roberts et al. 2014) ofmemory. In aging,memory consolidation is
typically impaired (Ward et al. 1999), although the degree of for-
getting depends on the length of the delay, the type of information
being remembered, and other factors that influence howmemories
are stored (Park et al. 1988; Ward et al. 1999; Davis et al. 2003; Leal
and Yassa 2014). The MTL is also the first region to be affected by
tau pathology (Braak and Braak 1996; Khan et al. 2014; Yassa
2014), which is ubiquitous in those over age 75 and is linked to ep-
isodic memory deficits in aging and Alzheimer’s disease (AD)
(Maass et al. 2018).

In the current study, we developed a more naturalistic mem-
ory task (Fig. 1) using dynamic video stimuli that featured everyday
kinds of experiences (e.g., picking up medications, cleaning the
kitchen, going to the grocery store) as well as experiences with
more emotional context (i.e., getting into a car crash, baby learn-
ing to walk, sitting in traffic). Participants watched 10-sec video
clips to create a contextually rich encoding environment and
were then tested on their memory of scenes using still images
from the video clips immediately (∼5 min after encoding) and 24
h later. We tested the specificity of memory by including similar
lure stimuli (discrimination) and repeated target stimuli (recogni-
tion). We tested participants’ memory immediately and 24 h later
to examine changes in memory over time, which is important giv-

en that most forgetting occurs after 24 h (Murre and Dros 2015).
Finally, we tested the impact emotion has onmemory by including
emotional and neutral stimuli. We then applied this task to a sam-
ple of cognitively normal older adults to investigate age-related
memory impairments.Wehypothesized that (1) therewould be in-
creased forgetting over time, (2) target recognition (gist) would be
better compared to lure discrimination (detail), (3) gist versus detail
trade-offs may exist, where emotional gist may be preserved over
time while emotional details may be impaired, and (4) older adults
would show memory impairments compared to young adults and
may show altered processing of emotional versus neutral stimuli.

Results

Worse memory over 24 h, especially when discriminating

similar stimuli
Thirty-seven young adults (mean age =23, 27% male) performed
the video mnemonic discrimination task, with recognition testing
immediately and 24 h later. We examined target recognition to
measuremore gist-likememory and lure discrimination tomeasure
more detail-oriented memory, which is thought to tax hippocam-
pal pattern separation (seeMaterials andMethods formore details).
We performed a pairwise t-test within-subjects to compare perfor-
mance immediately versus 24 h later. As expected, we found that
both target recognition (d′) (t(36) = 8.95, P<0.001; Fig. 2A) and
lure discrimination (d′) (t(36) = 7.27, P<0.001; Fig. 2B) of the scenes
from the videos were worse after 24 h compared to immediate test-
ing.We compared target recognition to lure discrimination using a
repeated-measures ANOVAwith time and memory type as within-
subjects factors.We found a significantmain effect of time (F(1,36) =
82.64, P<0.001), where memory was worse after a 24 h delay.
We found a significant main effect of memory type (F(1,36) =
728.17, P<0.001), where lure discrimination was worse compared
to target recognition. There was a significant interaction between
time and memory type (F(1,36) = 12.41, P=0.001), such that the
difference between target recognition and lure discrimination

was greater immediately versus 24 h later.
Participants’ individual performance over
time is shown in Figure 2C,D.

Emotional memory is better

immediately but gist versus detail

trade-offs exist after 24 h
Next, we examinedwhether the emotion-
al significance of the video stimuli affect-
ed memory performance immediately
and 24 h later. We divided the stimuli
into positive, negative, andneutral videos
and conducted a repeated-measures
ANOVAwith emotionand time aswithin-
subjects factors. For target recognition,we
founda significantmaineffect of emotion
(F(2,72) = 16.48, P<0.001; Fig. 3A), where
emotional targets (both negative and pos-
itive) were better remembered compared
to neutral targets (post-hoc Scheffé:
F(1,36) = 26.08, P<0.001). We found a sig-
nificant main effect of time (F(1,36) =
118.53, P<0.001), where target recogni-
tion was better immediately compared to
24 h later. We also found a significant in-
teraction between emotion and time
(F(2,72) = 5.85, P=0.004) such that emo-
tional targets (both negative and positive)

Figure 1. Video mnemonic discrimination task. Participants are shown 10 sec video clips during en-
coding, in which they are asked to rate whether they take place more indoors or outdoors.
Participants are then tested on their memory for scenes (shown for 4 sec) from the videos either imme-
diately (∼5 min after encoding) and 24 h later. Scenes are comprised of the exact same scenes from the
videos (targets), scenes that are similar but not exactly the same from the videos (lures), and scenes that
were not shown in any of the videos (foils).
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were better remembered immediately compared to neutral targets
while 24 h later only the negative stimuli were better remembered
compared to neutral or positive targets (post-hoc Scheffé: F(1,36) =
7.89, P=0.008). This suggests a preservation of emotional negative
gist information over time.

For lure discrimination, we found a significant main effect of
emotion (F(2,72) = 10.67, P<0.001; Fig. 3B), where emotional lures
(both negative and positive) were better discriminated compared
to neutral lures (post-hoc Scheffé: F(1,36) = 21.21, P< 0.001). We
found a significant main effect of time (F(1,36) = 75.26, P<0.001),
where lure discrimination was better immediately compared to
24 h later. We also found a significant interaction between emo-
tion and time (F(2,72) = 9.85, P<0.001) such that emotional lure
discrimination was better immediately compared to neutral
lure discrimination, however this difference was no longer evi-
dent after 24 h (post-hoc Scheffé: F(1,36) = 33.40, P<0.001).
Thus, memory for highly detailed emotional stimuli is being de-
graded over time while neutral stimuli are subject to less forget-
ting over time.

Next, we calculated the proportion of stimuli forgotten over
time by subtracting delayed from immediate performance and di-
viding by immediate performance to get a measure of forgetting
on an individual subject basis [(Delayed− Immediate)/Immediate].

We conducted a repeated-measures ANOVA with emotion (nega-
tive, neutral, and positive) and memory type (target recognition/
gist vs. lure discrimination/detail) to determinewhat kind of infor-
mation is being forgotten over time. We found a significant effect
of emotion (F(2,72) = 5.00, P=0.011; Fig. 3C), where emotional
stimuli are forgotten more than neutral stimuli (post-hoc Scheffé:
F(1,36) = 8.51, P= 0.006). Therewas amarginally significant effect of
memory type (F(1,36) = 3.79, P=0.060), where lure discrimination
was worse over time compared to target recognition. Further, we
found a significant interaction between emotion and memory
type (F(2,72) = 9.56, P< 0.001), such that negative lure discrimina-
tion was worse 24 h later compared to immediate performance
and other emotion conditions (post-hoc Scheffé: F(1,36) = 18.09, P
<0.001). This supports the hypothesis that emotional detail infor-
mation is lost over time while gist information tends to be relative-
ly well preserved.

Applications of the task in cognitively normal aging
We then applied the task to a sample of 48 cognitively nor-
mal older adults (mean age =76, 31% male). We performed a
repeated-measures ANOVA for both target recognition and lure dis-
crimination, with time as the within-subjects factor (immediate
and 24-h delay) and age group as the between-subjects factor
(young vs. old). For target recognition, we found a main effect of
time (F(1,83) = 192.81, P< .001; Fig 4A), where target recognition
was better immediately compared to 24 h later. We found a main
effect of age group (F(1,83) = 13.02, P=0.001), where older adults
performed worse than young adults. There was no interaction be-
tween age group and time (F(1,83) = 0.06, P=0.812). For lure dis-
crimination, we found a main effect of time (F(1,83) = 90.62, P<
0.001; Fig. 4B), where lure discrimination was better immediately
compared to 24 h later. We found a significant main effect of age
group (F(1,83) = 6.40, P=0.013), where older adults performedworse
than young adults, and a significant interaction between age group
and time (F(1,83) = 5.58, P=0.021), where older adults were signifi-
cantly worse at discriminating similar lures compared to young
adults, but only when tested immediately. When comparing the
proportion forgotten across target recognition and lure discrimina-
tion across age groups, we found no significant effects of memory
type or age (P’s > 0.05; Fig. 4C).

Older adults also underwent a neuropsychological testing ses-
sion that included tests of attention, memory, and executive func-
tion.We examined the relationship between our taskmeasures and
standard episodic memory tests. We created a composite episodic
memory score (see Leal et al. 2018) including the California
Verbal Learning Test (immediate and delayed recall) as well as
the Weschler Memory Scale–Visual Reproduction Test (immediate
and delayed recall) and correlated it to our task measures. We
found significant correlations between our composite episodic
memory score and immediate target recognition (r=0.448, P=
0.001), immediate lure discrimination (r=0.320, P=0.027), and

BA
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Figure 2. Young adult target recognition and lure discrimination perfor-
mance immediately and 24 h later. (A) Target recognition was better im-
mediately compared to 24 h later, (B) lure discrimination was better
immediately compared to 24 h later, (C) individual subject slopes for
target recognition showing forgetting over a 24-h delay, (D) individual
subject slopes for lure discrimination showing forgetting over a 24-h delay.

B CA

Figure 3. Young adult performance on the video mnemonic discrimination task split by emotion. (A) Target recognition performance split by emotion
(negative, neutral, and positive) immediately and 24 h later in young adults, (B) lure discrimination performance split by emotion immediately and 24 h
later in young adults, (C) proportion forgetting [(Delayed− Immediate)/Immediate] of target and lure stimuli across emotion.
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delayed target recognition (r=0.367, P=0.010). We did not find a
significant relationship between our composite episodic memory
score and delayed lure discrimination (r=0.180, P=0.221), sug-
gesting our delayed lure discrimination measure may be tapping
into a different component of memory that is not captured with
standard episodic memory tasks.

Next, we divided the stimuli by emotion to test hypotheses on
the impact of emotion onmemory performance in aging. We con-
ducted a repeated-measures ANOVA with time and emotion as
within-subjects factors and age group as a between-subjects factor
for both target recognition and lure discrimination. For target rec-
ognition, we found a significant effect of time (F(1,83) = 261.89, P<
0.001; Fig. 4D,E), where performance was worse after 24 h. There
was a significant main effect of emotion (F(2,166) = 26.91, P<
0.001), where emotional stimuli (both negative and positive)
were better remembered than neutral stimuli (post-hoc Scheffé:
F(1,83) = 52.52, P<0.001). We also found a significant interaction
between time and emotion (F(2,166) = 15.41, P<0.001), such that
emotional targets (both negative and positive) were better remem-
bered immediately compared to neutral targets across age groups
while 24 h later only negative stimuli were better remembered
compared to neutral or positive targets across age groups (post-hoc
Scheffé: F(1,83) = 16.93, P<0.001). There was a significant effect of
age (F(1,83) = 13.92, P<0.001), where older adults performed worse
than young adults, however, there were no interactions between
age and anyother factor. Thus, target recognition of emotional ver-
sus neutral stimuli is similar across age groups, however, older
adults have worse performance overall.

Next, we examined the proportion of targets forgotten over
time and compared across age groups. We conducted a repeated-

measures ANOVAwith emotion and age.We found a significant ef-
fect of emotion (F(2,166) = 5.65, P=0.012; Fig. 4F), where positive
stimuli were forgotten more than negative and neutral stimuli
(post-hoc Scheffé: F(1,83) = 14.52, P<0.001). There was no signifi-
cant effect of age or interaction between emotion and age on pro-
portion of target forgetting.

For lure discrimination, we found a significant effect of time
(F(1,83) = 121.99, P<0.001; Fig. 4G,H), where memory for lures
wasworse after 24 h. Therewas a significantmain effect of emotion
overall (F(2,166) = 14.92, P<0.001), where emotional lures were bet-
ter remembered than neutral lures overall (post-hoc Scheffé: F(1,83)
= 37.81, P<0.001).We also found a significant interaction between
time and emotion (F(2,166) = 26.42, P<0.001), such that emotional
lures (both negative and positive) were better remembered imme-
diately compared to neutral lures across age groups while these ef-
fects disappear 24 h later (post-hoc Scheffé: F(1,83) = 91.91, P<
0.001). There was a significant effect of age (F(1,83) = 5.89, P=
0.017), where older adults performed worse than young adults,
and a significant interaction between time and age (F(1,83) = 4.05,
P= 0.047), where there were larger age differences immediately ver-
sus 24 h later. Interestingly, lure discrimination in older adults
showed unique differences when split by emotion after 24
h. Post-hoc testing revealed older adults showed better neutral
compared to emotional (both negative and positive) lure discrimi-
nation after a 24 h delay (post-hoc Scheffé: F(1,47) = 8.23, P=0.006),
while thiswas not the case for young adults (P>0.05). This suggests
that when tested immediately, emotional stimuli are better re-
membered regardless of age or memory type (i.e., targets or lures),
however, after a 24-h delay, this effect is not sustained after a 24-h
delay and the pattern reverses with age.

B CA
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Figure 4. Young and older adult performance on the video mnemonic discrimination task. (A) Overall target recognition performance immediately and
24 h later in young and older adults, (B) overall lure discrimination performance immediately and 24 h later in young and older adults, (C) proportion
forgetting [(Delayed-Immediate)/Immediate] across memory type and age group, (D) immediate target recognition split by emotion (negative,
neutral, and positive) and age (young and old), (E) target recognition after a 24 h delay split by emotion and age, (F) proportion of targets forgotten
split by emotion and age, (G) immediate lure discrimination split by emotion and age, (H) lure discrimination after a 24 h delay split by emotion and
age, (I ) proportion of lures forgotten split by emotion and age.
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Next, we examined the proportion of lures forgotten over
time and compared across age groups. We conducted a repeated-
measures ANOVAwith emotion and age.We found a significant ef-
fect of emotion (F(2,166) = 7.87, P=0.001; Fig. 4I), where emotional
lure stimuli (both negative and positive) were forgottenmore than
neutral lure stimuli (post-hoc Scheffé: F(1,83) = 16.12, P<0.001).
There was no significant effect of age or interaction between emo-
tion and age on proportion of lure forgetting.

In order to determine if the type of forgetting differs across
memory type (target recognition/gist vs. lure discrimination/de-
tail), we conducted a repeated-measures ANOVA with emotion,
memory type, and age. We found a significant effect of emotion
(F(2,166) = 10.16, P<0.001; Fig. 4F,I), where emotional stimuli
(both negative and positive) were forgotten more than neutral
stimuli (F(1,83) = 19.23, P<0.001).We also found a significant inter-
action between emotion and memory type (F(2,166) = 4.74, P=
0.014), where there was more forgetting of emotional detail infor-
mation (lure discrimination) compared to emotional gist informa-
tion (target recognition). This is consistent with previous work
suggesting a gist versus detail trade-off (Kensinger et al. 2007;
Kensinger 2009; Leal et al. 2014), where emotional gist is relatively
preserved at the expense of emotional details.

Older adults also underwent amyloid (Pittsburgh Compound
B, PIB) and tau (Flortaucipir) PET imaging to determine if AD asso-
ciated pathology was predictive of impaired memory on the task.
We split participants based on their global amyloid measure (PIB
DVR) into PIB− and PIB+ based on our laboratory threshold of
1.065 PIB DVR. This produced 24 PIB+ (mean age =78, 25%
male) and 24 PIB- (mean age =74, 38% male) participants. Since
tau begins to develop in the MTL, we investigated the relationship
between MTL tau (including the entorhinal cortex, hippocampus,
parahippocampal cortex, and the amygdala [Maass et al. 2018])
and performance on the task in PIB− and PIB+ individuals. We
found no significant relationships betweenMTL tau and target rec-
ognition (immediate or delayed) in either PIB+ or PIB− groups (P’s
> 0.025). However, we found that MTL tau predicted immediate
lure discrimination in PIB+ individuals (r=−0.492, P=0.014; Fig.
5A) and marginally predicted delayed lure discrimination in PIB+
individuals (r=−0.380, P=0.067; Fig. 5B). We did not find these
same relationships for PIB− individuals (P’s > 0.025). We per-
formed a Fisher r-to-z transform to directly compare the correlation
coefficients from the groups for each measure and found a sig-
nificant difference between PIB+ and PIB− individuals’ relation-
ship between MTL tau and immediate lure discrimination (z=
1.94, P=0.052) as well as between MTL tau and delayed lure dis-
crimination (z=1.97, P=0.048).

Discussion

The current study aimed to develop a
more ecologically valid memory task us-
ing dynamic video stimuli of everyday ex-
periences. Using video clips during
encoding allowed participants to encode
experiences in a context rather than view-
ing a context-independent static image,
word, or object as is more typically used
in memory experiments (Bartels and
Zeki 2004; Hasson and Malach 2006;
Vanderwal et al. 2017; Güçlütürk et al.
2018). Previously, we developed a mne-
monic discrimination task using static
scene stimuli (Leal et al. 2014), however,
the current mnemonic discrimination
task tests memory for dynamic events

which has not been done. Within this more naturalistic paradigm,
we also parametrically manipulated a variety of factors that impact
memory.We included a 24-h delaymemory test sincemost typical
forgetting occurs after 24 h,making delayed testing essential for ex-
amining real-world memory. Memory tasks commonly used in
neuropsychological batteries and many commonly used memory
tasks only test participants within the same day. While this may
be easier to conduct experimentally, our memory problems in ev-
eryday life result from longer delays between encoding and
retrieval.

Another important component to testing real-world memory
is the inclusion and evaluation of emotional context, which pro-
vides the basis for why we remember certain experiences over oth-
ers. Many studies either exclude emotion entirely or include
emotional components but do not control or evaluate their influ-
ence onmemory performance.We incorporated video clips of pos-
itive, negative, and neutral events one might experience in daily
life to capture the varying levels of importance certain experiences
might have over others.

Finally, many studies test memory of the exact same items
that participants were shown during encoding, however, we often
encounter similar but not identical experiences whichwemust dis-
tinguish from previous similar experiences. Inclusion of similar
lure stimuli is useful in understandingmore specific versus general
memory abilities, which may rely on different memory processing
mechanisms (i.e., pattern separation and pattern completion).
Measuring the effects of varying levels of interference creates a
more naturalistic memory paradigm that will allow for more accu-
rate characterization of memory.

To our knowledge, this is the first mnemonic discrimination
task to include dynamic videos as stimuli to create a more natural-
istic encoding environment. Further, measuring effects of emo-
tion, delayed testing, and similarity on memory allow us to
explore the complexities of memory by breaking memory perfor-
mance down into these well characterized conditions. The results
from this study can be summarized by a few core findings. First,
this task is sensitive to changes in memory over time as well as dif-
ferences in the types of memory being measured (i.e., gist versus
detail memory). Second, emotion modulates memory differently
depending on whether or not consolidation has occurred. While
emotion boosts memory performance immediately regardless of
memory type, there is a gist versus detail trade-off after 24 h, where
negative gist stimuli are relatively preserved over time while emo-
tional detail memory is more forgotten over time. Third, older
adults show similar patterns of forgetting emotional versus neutral
information over time, however, consolidation of detailed infor-
mation differs from young adults.

We found that memory for repeated stimuli (target recogni-
tion) and the ability to discriminate similar lure stimuli (lure

BA

Figure 5. MTL tau predicts lure discrimination in older adults with preclinical Alzheimer’s pathologic
change. (A) MTL tau (measured via flortaucipir) in cognitively normal older adults predicts immediate
lure discrimination in PIB+ (>1.065 PIB DVR threshold) but not in PIB− older adults. (B) MTL tau (mea-
sured via flortaucipir) in cognitively normal older adults marginally predicts delayed lure discrimination
in PIB+ but not in PIB− older adults.
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discrimination) was impaired after 24 h, however, lure discrimina-
tion was worse compared to target recognition. This has been
shown in previous work (Stark et al. 2013) and suggests different
mechanisms underlie these distinct forms of memory (Kim and
Yassa 2013). This difference in memory performance between
lure discrimination and target recognition is useful when testing
hypotheses about general versus specific (or gist versus detail)
memories.

When we split the stimuli by emotion, we found that emo-
tional videos (both positive and negative) were better remembered
compared to neutral videos when tested immediately. However,
this was not the case after 24 h. For target recognition, negative
stimuli were remembered better than neutral or positive stimuli,
suggesting a relative preservation of emotional gist information af-
ter a delay. It is interesting that we only find a preservation effect
for the negative stimuli after 24 h and not the positive stimuli,
even though the positive stimuli are rated at the same arousal level
as negative stimuli and are also remembered equally well when
tested immediately. One possibility is that positive events are not
autobiographical, they are not remembered as well after time pass-
es, however, negative events may be more important to remember
and generalize regardless of who the event happened to. This will
be an important avenue to explore further in future studies.

For lure discrimination, the beneficial effects of emotion on
memory immediately were lost after 24 h. When we examined for-
getting across task conditions and memory types, we found that
there wasmore forgetting of negative detail information compared
to gist information, which is consistent with an emotional gist ver-
sus detail trade-off found in previous studies (Adolphs et al. 2001;
Kensinger et al. 2007; Kensinger 2009; Leal et al. 2014) where emo-
tional gist is relatively preserved at the expense of emotional de-
tails. It may be more adaptive to retain the bigger picture and
forget the minute details of an emotional experience (Loftus
et al. 1987).

Another possible explanation for greater forgetting of emo-
tional stimuli over time could be due to an effect of retrieval-
induced forgetting (RIF), where retrieval during immediate testing
may result in lower recall ability of related items at the second test-
ing timepoint (Anderson et al. 1994). When tested immediately,
better memory for emotional itemsmay lead to the reduced ability
to recall related (emotional) items later on. Thus, it appears that
emotional items aremore susceptible to RIF since they are better re-
membered when tested immediately. It is difficult to distinguish
whether the forgetting is caused by a process that actively inhibits
information or is due to interference from other related informa-
tion in memory. Clearly, emotion influences memory differently
when tested immediately versus after consolidation has occurred
and gives amore accurate picture of real-worldmemory processing.

We also applied this task to a sample of cognitively normal
older adults to test the influence of aging on episodic memory pro-
cessing. Previous studies have found that mnemonic discrimina-
tion is impaired in aging and is a more sensitive measure of
memory changes in older adults (Stark et al. 2013). We found
that older adults performed worse overall compared to young
adults on both memory measures. For target recognition, when
we split by emotion, both young and older adults showed a similar
pattern of results (better emotional memory immediately and rela-
tively preserved negative memory after 24 h). For lure discrimina-
tion, we found the age groups did not differ in their ability to
perform lure discrimination after 24 h. However, once we split
the stimuli by emotion, older adults showeda reversal in emotional
mnemonic discriminationafter 24h, such thatneutral stimuliwere
remembered better than positive or negative stimuli. We found a
similar effect in a previous studywhere older adults showed less for-
getting of highly similar neutral lures (Leal and Yassa 2014). Young
adults showed no difference in lure discrimination across emotion

conditions 24 h later. When examining the proportion of forget-
ting across memory measures, we found that both age groups
showed greater forgetting of emotional detail information com-
pared to gist information, which is consistent with the gist versus
detail trade-off found in previous studies (Kensinger 2009;
Kensinger et al. 2007; Leal et al. 2014). We showed a similar effect
in aging using an emotional mnemonic discrimination task with
scenes (Leal and Yassa 2014). Previous studies have shown that
older adultsmayhave a bias toward remembering positive informa-
tion (Mather and Carstensen 2005), however, we did not find evi-
dence of this effect here. Our positive and negative stimuli are
matched for arousal, suggesting this is not the underlying cause
of the lack of a positivity effect in aging. Again, this may be due
to the nature of remembering positive experiences that are not au-
tobiographical, which may influence how experiences are remem-
bered. Our results suggest that including measures of gist versus
detail memory, emotion, and time of testing all influence how
older adults remember and forget experiences.

Finally, we investigated the influence of amyloid and tau pa-
thology on memory performance to determine if we could detect
any relationships between AD pathology andmemory decline ear-
ly on. Our older participants were all cognitively normal, but half
of them were defined as amyloid-positive based on a global PIB
threshold (>1.065 PIB DVR). Although we did not formally apply
the recent biomarker research framework (Jack et al. 2018), these
amyloid positive individuals would be described as older adults
with preclinical Alzheimer’s pathologic change. We found that
older adults on the AD continuum have more difficulty discrimi-
nating highly similar lure items in proportion to the amount of
MTL tau. This was not the case for target recognition, suggesting
that lure discrimination is a more sensitive measure in detecting
early ADpathology. Previous studies have shown a relationship be-
tween early amyloid accumulation and tau pathology even in
those who are cognitively normal (Leal et al. 2018), suggesting
that examining the relationships between memory decline and
AD pathology early onmay be beneficial in predicting AD progres-
sion. This task may be especially useful early on to detect subtle
changes in memory performance.

There are a few limitations of the current study. First, we did
not power our sample to test possible sex differences on the task.
This could be a fruitful future endeavor, as previous studies have
shown sex differences in processing gist versus detail memory
(Nielsen et al. 2014). Another possible limitation is that we tested
participants on still images from the videos rather than a dynamic
clip from the videos. Future studies could consider also testing on
video stimuli to determine if inclusion of dynamic stimuli at re-
trieval changes performance in any way. Further, the effects we
find on memory consolidation may be associated with changes
in the sleep–wake cycle, where typical findings have shown that
older adults have irregular sleep patterns (Buckley and Schatzberg
2005), which may affect their ability to consolidate emotional
memories (Payne and Kensinger 2010). This will be an interesting
area to explore in future studies. Finally, our participants were
pooled from a behavioral study and imaging study, in which the
context of performing the experiment in versus out of the scanner
could have some influence on performance. Although we did not
find any significant differences across groups, having a consistent
testing environment is ideal.

Using video stimuli creates a more naturalistic experience for
encoding experiences, however, this advantagemaynot be evident
by simply using “Old/New” response options. Future studies using
this task along with other existing memory tasks may be able to
more directly address various advantages it may have over other
versions of mnemonic discrimination tasks (i.e., objects, words,
scenes). Participants may show more interest and motivation to
participate if the task is more interesting and entertaining
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compared to simple objects on a blank screen. Participants may
find the video clipsmore relatable to their own lives and experienc-
es, as we chose videos of events occurring in everyday life, which
may influence how participants remember certain videos over oth-
ers. These will be important aspects to test in the future to deter-
mine if using naturalistic video clips to test memory is more
ecologically valid than usingmore simple stimuli (i.e., motivation-
al ratings, task performance differences, etc.). Using more natural-
istic tasks versus well-controlled laboratory tasks have different
strengths andweaknesses.Memory tasks using simplewords or ob-
jects are less generalizable to real-world experiences while more
naturalistic tasks are complex and more difficult to control, but
more closely mimic real-world memory processing.

An important future investigation will be to determine the
brain mechanisms underlying these effects. Utilizing a mnemonic
discrimination paradigm allows for specific mechanistic hypothe-
sis testing of the hippocampal subfields using high-resolution fMRI
and how connectivity between these subfields and the neocortex
may change over time (i.e., as a memory becomes consolidated).
Most fMRI tasks usingmnemonic discrimination paradigms exam-
ine brain function during encoding and immediate retrieval, but
examining how brain activity and functional connectivity change
after a delay has yet to be explored. We hypothesize that the DG/
CA3 subregion of the hippocampus will show a signal consistent
with pattern separation (Yassa and Stark 2011) when discriminat-
ing similar still images from the videos, especially in the context
of emotional stimuli, where the amygdala will likely play a role
in modulating this signal (Leal et al. 2014) and has been shown
to play an important role in the emotional modulation of memory
(McGaugh 2004). Further, we expect that these relationships will
shift after 24 h such that there will likely be more dependence on
neocortical regions over time. Future studies examining brain
changes over 24 h will provide clarity as to howmemories are con-
solidated and forgotten over time. Using a more naturalistic task
may perhaps activate the MTL and neocortical systems to an
even greater extent than using simple objects or words, giving us
more signal when examining contrasts between conditions of in-
terest (Bartels and Zeki 2004; Hasson and Malach 2006;
Vanderwal et al. 2017; Güçlütürk et al. 2018).

Material and Methods

Participants
We recruited 37 young adults from the University of California,
Berkeley campus using flyers and email announcements (mean
age=23, 27%male). Twenty-five performed the task in the labora-
tory and 12 performed the task inside the MRI scanner. We found
no significant differences across the different testing environ-
ments, so we combined data for a larger sample. We recruited 48
cognitively normal older adults from the Berkeley Aging Cohort
Study (BACS; mean age=76, 31% male). Fifteen performed the
task in the laboratory and 33 performed the task inside the MRI
scanner. We found no significant differences across the different
testing environments, so we combined data for a larger sample.
All older adults met the following inclusion criteria: living inde-
pendently in the community, MMSE≥26, within age, education,
and gender norms on cognitive tests, absence of neurological or
psychiatric illness, and lack of major medical illnesses andmedica-
tions that affect cognition. Demographic information can be
found in Table 1.

Neuropsychological testing
Older participants received a neuropsychological evaluation with-
in three months of participating in the current study. The neuro-
psychological battery was designed to examine memory

function, as well as other aspects of general cognitive ability (i.e.,
the Mini Mental State Examination, MMSE). In particular, the
California Verbal Learning Test (CVLT) and the Wechsler
Memory Scale-III Visual Reproduction Test (VR) were administered
to assess episodic memory processing and to relate to our novel
mnemonic discrimination task. We created a composite episodic
memory score across these two tests, including both short and
long delay intervals. We performed a z-score calculation for each
measure using norms from a larger BACS sample (N=158, average
age 74.1 ±5.7 yr, average education 16.7 ±2.0 yr, 38% male).

Amyloid and tau PET imaging
Older participants also underwent Pittsburgh Compound B (PIB)
PET imaging and Flortaucipir (FTP) PET imaging to measure amy-
loid and tau in the brain, respectively. PET scans occurred within
10 mo of cognitive testing and within 6 mo of task performance.
PET scans were acquired on a Siemens Biograph 6 Truepoint PET/
CT scanner in 3D acquisition mode. A low-dose CT scan was col-
lected for attenuation correction. All PIB PET data were prepro-
cessed using Statistical Parametric Mapping (SPM) 12 software
(http://www.fil.ion.ucl.ac.uk/spm/), summed, and realigned as
previously reported (Leal et al. 2017; Marks et al. 2017). PIB distri-
bution volume ratio (DVR) imageswere created using Logan graph-
ical analysis with frames corresponding to 35–90 min after
injection and a cerebellar gray matter reference region. Mean
DVR values from frontal, parietal, temporal, and cingulate cortices
were computed to serve as a global PIB index.

FTP standardized uptake value ratio (SUVR) imageswere creat-
ed based on mean uptake over 80–100 min postinjection (Baker
et al. 2016; Shcherbinin et al. 2016; Wooten et al. 2016) normal-
ized by mean inferior cerebellar gray matter uptake (Maass et al.
2017). Regional analyses based on a priori defined ROIs from a
Freesurfer-derived atlas were performed on AV-1451 SUVR images
in native space after partial volume correction (PVC) using
the Geometric Transfer Matrix approach (Rousset et al. 1998;
Desikan et al. 2006; Baker et al. 2017). After PVC and renormaliza-
tion by the PVC mean of inferior cerebellar gray, we calculated
weighted mean SUVR of the MTL (includes the entorhinal cortex,
hippocampus, parahippocampal cortex, and the amygdala) since
tau inMTL regions, especially the entorhinal cortex, was identified
as the best predictor of episodic memory performance (Braak and
Braak 1996; Maass et al. 2017, 2018).

Video discrimination task
The mnemonic discrimination task (Fig. 1) presented video clips
during encoding and testedmemory for scenes from the video clips
immediately and 24 h later. The stimulus set for encoding was
comprised of short video clips acquired from Pond5 (https://
www.pond5.com/), a website that has stock video footage in
high definition. The stimulus set for retrieval was comprised of

Table 1. Demographic information for young and older adults

Variable Young Old PIB− PIB+

N 37 48 24 24
Age 23 76 74 78
Sex 10 M 15 M 9 M 6 M
Education (yr) 15 17 17 17
MMSE – 29 29 29
PIB DVR – 1.12 1.02 1.30
MTL Tau SUVR – 1.24 1.19 1.28

Key: MMSE, Mini Mental State Examination; PIB DVR, Pittsburgh Compound
B Distributed Volume Ratio; MTL Tau SUVR, Medial temporal lobe tau stan-
dardized uptake value ratio.
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scenes taken from the 10 s video, Google searches of similar scenes
from the videos, or brand-new images.

An Apple iMac equipped with PsychoPy v1.83.01 was used to
present the video clips and scenes as well as record keyboard re-
sponses. Each trial consisted of two displays: a video (10 sec) or im-
age (4 sec) display and an ISI display (black screen, 1 sec). All video
clip or scene dimensions were 1140×900. Video clips were played
for 10 sec with an inter-stimulus interval (ISI) of 1 sec with no
sound. After 4 sec, response options appeared on the screen where
participants had to determine whether the videos took place
more indoors or more outdoors (1 = INDOOR, 2=OUTDOOR).
Participants were instructed to respond any time after this point
until the video ended at 10 sec and to continuewatching the video
until it moved on to the next video clip. The experimental para-
digm consisted of 120 video clips shown during encoding, split
into three 40 video clips blocks (7.3 min each). Half the video clips
were neutral and the other half were emotional (positive and neg-
ative). Ratings of valence, arousal, and similarity of the videos are
described in the next section.

We then tested memory for scenes from the video clips, with
half of the scenes tested on Day 1 (about 5 min after the encoding
phase) and half the scenes tested 24 h later on Day 2. Scenes were
randomized across participants. On Day 1, 90 scenes were shown
during the immediate test (4 sec duration, 1 sec ISI), with one third
of the scenes taken directly from the video (targets), one third be-
ing similar but not exactly the same (lures), and the remaining
third being completely new scenes not shown in any of the video
clips (foils). On Day 2, the other half of the stimuli were tested,
with the same breakdown of targets, lures, and foils. Participants
were instructed to press button 1 if the scene was exactly the
same as a scene fromone of the video clips they watched or to press
button 2 if it was newor different in anyway (1= EXACT SAME, 2 =
NEW/DIFFERENT). Response options appeared below each image
immediately and participants were instructed to respond while
the imagewas still on the screen. Targets, lures, and foils were even-
ly distributed across emotion.

Our two key outcome measures were target recognition and
lure discrimination. These were measured immediately and 24 h
later. Target recognition was measured by a discriminability index
(d′), whichwas calculated as z(Hits)− z(False Alarms). Hits and false
alarms refer to correct recognition of old items and false recogni-
tion of new items, respectively. D′ is calculated as the difference
of z-transformed values. In order to measure how well participants
discriminated similar items (lures), we examined performance us-
ing a discriminability index (d′), which was calculated as z(Hits)
− z(Lure False Alarms).We also calculated a forgetting rate to deter-
mine howmuch an individual forgets over the 24-h delay, calculat-
ed as a proportion of forgetting [(24-h delay d′ − Immediate d′)/
Immediate d′]. These measures were determined overall as well as
split into negative, neutral, and positive trials.

Valence, arousal, and similarity measures
A subset of young participants underwent valence, arousal, and
similarity ratings after they completed the study (N=21, mean
age= 22, 33% male). Participants rated the video clips and images
for emotional valence on a scale of 1–9 (1 being the most negative,
9 being themost positive, and 5 being neutral). Video clips and im-
ages were also rated for emotional arousal on a scale of 1–9 (1 being
the least arousing and 9 being the most arousing). Table 2 shows
the average ratings across negative, neutral, and positive stimuli.
Negative video clips (t(20) =−15.6, P<0.001) and images (t(20) =
−11.9, P< 0.001) as well as positive video clips (t(20) =−14.6, P<
0.001) and images (t(20) =−10.6, P<0.001) were rated significantly
different fromneutral stimuli for valence. Bothnegative video clips
(t(20) = 9.2, P<0.001) and images (t(20) = 8.6, P<0.001) as well as

positive video clips (t(20) =−19.3, P<0.001) and images (t(20) =
−12.3, P<0.001) were rated as having higher arousal compared
to neutral stimuli.

Finally, similarity ratingswere acquired by showing two imag-
es side by side. Participants were asked to rate the similarity be-
tween the two images (1 being completely different, 2 being
somewhat similar, 3 beingmoderately similar, 4 being very similar,
and 5 being identical). This task was self-paced. Identical scenes
that were paired together received an average rating of 4.9, lure
pairs received an average rating of 3.1, and completely different
paired images received a rating of 1.0. Similarity ratings were dis-
tributed across the 1–5 scale and similarity ratings across Day 1
and Day 2 testing did not differ (P=0.99).

Statistical analyses
All statistical analyses were conducted in SPSS v. 25 (IBM Corp.,
Armonk, NY). Planned comparisons were conducted using
repeated-measures ANOVAs and t-tests. Post-hoc statistical tests
for ANOVAs were corrected for multiple comparisons using
Scheffe’s correction. All tests used the General Linear Model
(ANOVA and correlations). Correlation analyses were corrected
for multiple comparisons when necessary using Bonferroni correc-
tion. Comparison of correlations was performed using Fisher r-to-z
transformations. Normality assumptions were investigated using
Kolmogorov–Smirnov tests and all distributions investigated did
not significantly deviate from the normal distribution. Repeated-
measures tests were corrected for error nonsphericity using
Greenhouse–Geisser correction. Statistical values were considered
significant at a final corrected α level of 0.05 (and 0.025 for corre-
lation analyses to correct for multiple comparisons), which appro-
priately controls for Type I error.
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