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ABSTRACT

A powerful way to investigate memory consolidation during sleep utilizes acoustic stimulation to reactivate
memories. In multiple studies, Targeted Memory Reactivation (TMR) using sounds associated with prior learning
improved later memory, as in recalling locations where objects previously appeared. In the present experiment,
we examined whether a variant of the same technique could strengthen memory for the locations of pairs of
objects. Each sound was naturally connected to one object from each pair, but we hypothesized that both
memories could be improved with TMR. We first asked participants to memorize each of 50 pairs of objects by
associating the two objects with each other and with the sound of one of the objects (e.g., cat-meow). Next,
objects were presented in unique locations on a grid. Participants learned these locations in an adaptive pro-
cedure. During an afternoon nap, 25 of the sounds were quietly presented. In memory tests given twice before
and twice after the nap, participants heard the sound for each object pair and were asked to recall the name of
the second object and the locations of both objects. Forgetting scores were calculated using the mean difference
between pre-nap and post-nap spatial recall errors. We found less forgetting after the nap for cued compared to
non-cued objects. Additionally, the extent of forgetting tended to be similar for the two members of each pair,
but only for cued pairs. Results thus substantiate the potential for sounds to reactivate spatial memories during
sleep and thereby improve subsequent recall performance, even for multiple objects associated with a single

sound and when participants must learn a novel sound-object association.

1. Introduction

Sleep is widely thought to be important for memory consolidation.
A contemporary theoretical framework for research in this area is based
on the idea that, during sleep, memories are reactivated while parti-
cular patterns of neural activity are recapitulated or replayed (Rasch
and Born, 2013). This replay and associated plasticity in hippocampal-
neocortical networks may be essential for memory consolidation. Yet,
much remains to be elucidated about these consolidation mechanisms.

The first neural evidence for memory reactivation during sleep came
from rodent studies in which place cells active during learning showed
the same temporal order of activation during subsequent sleep
(Pavlides and Winson, 1989; Wilson and McNaughton, 1994). However,
these studies did not show whether subsequent memory performance
changed as a function of place-cell reactivation during sleep. In hu-
mans, the strongest evidence for memory reactivation during sleep
comes from a procedure called Targeted Memory Reactivation (TMR).
With this procedure, investigators choose which memories to reactivate
and then monitor the influence of reactivation on subsequent memory

* Corresponding author.
E-mail address: eitan.schechtman@northwestern.edu (E. Schechtman).

https://doi.org/10.1016/j.neuropsychologia.2018.12.017

performance (Oudiette and Paller, 2013). Presumably, cues presented
during sleep engage replay as well as modification of memories asso-
ciated with a previously learned task. Initial research on strengthening
object-location memory with TMR provided evidence of reactivating an
entire learning session using odors (Rasch et al., 2007) and of re-
activating specific object-location associations using sounds (Rudoy
et al., 2009). Although TMR is effective at strengthening memory in a
variety of different tasks beyond object-location learning (Schouten
et al., 2017), the extent to which single auditory cues can be used to
reactivate spatial memories encompassing more than one spatial asso-
ciation, and going beyond pre-existing sound-object associations (e.g.,
meow-cat), remains unexplored.

Here, we asked whether TMR could be used to reactivate and
strengthen memory for locations of pairs of objects associated with a
single sound. We hypothesized that multiple object-locations could be
reactivated at the same time. Reactivating complex associations is a
first step in exploring the selective reactivation of multiple memory
items using a single sound. The results provide information about the
future potential of sleep reactivation. For instance, successful
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reactivation of unrelated pairs of objects in this experiment would open
the door to more elaborate strategies to reactivate a larger number of
distinct memories with an individual sound.

2. Materials and methods
2.1. Participants

Participants were members of the Northwestern community (N = 24,
ages 18-24 years) with no known history of neurological disease who
claimed to be able to nap in the afternoon. Participants were instructed
to wake up 2 h earlier than usual and not have any caffeine that day prior
to the experiment. Results do not include data from an additional 25
participants (20 failed to enter NREM sleep long enough for one round of
cue presentation; 3 reported hearing the sounds during the nap; 1
dropped out of the study before the nap; and 1 was excluded due to
below 50% accuracy on the cued recall test). The Northwestern
University Institutional Review Board approved the procedure.

2.2. Procedure

The experiment consisted of six phases, as shown in Fig. 1: (1)
learning pairs, (2) learning locations, (3) practicing pairs and locations,
(4) pre-nap test for pairs and their locations, (5) 90-min nap opportu-
nity, and (6) post-nap test for pairs and their locations. The electro-
encephalogram (EEG) was recorded during the testing and nap phases
of the experiment. EEG was recorded from 21 scalp locations from the
10-20 system (Fpz, Fpl, Fp2, Cz, C3, C4, F3, F4, F7, F8, Pz, P3, P4, T3,
T4, T5, T6, Oz, O1, 02) and both mastoids. Additional electrodes were
placed on the face for recording vertical and horizontal electro-oculo-
gram (EOG) and chin electromyogram (EMG). Electrodes were refer-
enced to the left mastoid electrode and re-referenced offline to the
average of the two mastoids. Impedances were brought down to 5kQ
and voltage was sampled at 1000 Hz.

Stimuli consisted of photographic images of 100 common objects
(Table 1), half with a characteristic sound lasting less than 500 ms and
presented through a speaker. Images were 150 X 150 pixels (5.3 cm X
5.3cm) and presented on a grid background screen of 1000 x 800
pixels (35.7 x 28.6 cm) from a distance of 100 cm. Each of 50 objects
with a sound (Object A) was randomly paired with one of 50 objects
without a sound (Object B). Pair combinations were randomized for
each participant.

In Phase 1, participants were instructed to memorize object pairs.
Each of 50 A-B pairs appeared on a gray background on the screen
(Object A to the left of Object B) for 5000 ms, followed by a 500-ms
interstimulus interval. Participants were advised to construct a story for
how the two objects might be related. They were also told to pay close
attention to each sound, which was presented along with the stimuli,
and to associate it with both objects.

In Phase 2, participants were instructed to memorize locations of
objects presented on a grid background. Two objects were simulta-
neously presented in different locations on the screen. Each pair ap-
peared on the screen for 6000 ms, accompanied by a single presentation

Neuropsychologia 124 (2019) 144-150

Table 1

Lists of stimuli used as Objects A and B.
List A List B
airplane harmonica anchor gift
baby bag pipes apple globe
bell harp balloon glue
bird red shoes basket hat
camera ice cubes bow ice cream
coke can kiss box kiwi
car laughing woman brain ladder
cat dollar bill bucket leaf
city owl burger lemon
hands (applause) telephone button light bulb
man yawning piano cake mailbox
cow pig candy pancakes
crow banjo carrot peach
cuckoo clock record celery pie
dog rooster cheese plug
doll saxophone cherries rose
donkey sheep corn sandwich
door sneezing woman crayon shell
child drinking toilet diamond sponge
drum toothbrush dice starfish
elephant vacuum donut stool
frog violin dress stop sign
gong water droplet eggplant ticket
zipper whip football toast
gun wind chime garlic yarn

of the associated sound. This was followed by a 500-ms interstimulus
interval. The location for the center of each object was assigned using
an X-Y coordinate system. A coordinate of (0, 0) corresponded to the
center of the screen. The X and Y coordinates for Object A were ran-
domly assigned values between -300-300. For Object B, one coordinate
(either X or Y) was assigned a random value between -300-300. If
Object A was within 210 pixels from the boundary of the 600 X 600
pixel area in which stimuli could potentially appear, then the second
coordinate for Object B was chosen at a random location between
Object A and the opposite boundary; otherwise the object was assigned
a random location on one side of Object A or the other, within the range
of -300-300. In all cases, Objects A and B were at least 210 pixels from
each other so as not to overlap.

In Phase 3, participants were asked to place objects in their correct
locations and to recall Object B when prompted with Object A.
Repeated location practice was conducted using a drop-out method. In
each trial, Object A appeared in the middle of the screen for 1000 ms
along with the word “Where?” The associated sound was presented at
the same time as the object. After 1000 ms, “Where?” disappeared from
the screen and participants indicated their choice using a mouse by
dragging the object to a location and making a left click. The object
then disappeared for a 100-ms interval and appeared in its correct lo-
cation for 3000 ms, again accompanied by the associated sound. A
prompt asking “What was its pair?” appeared for 1000 ms while Object
A was still displayed on the screen. Participants used a keyboard to type
out the name of Object B. Once they entered the name or indicated that
they did not know the pair by typing “idk,” the sound was presented
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o I
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Y
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Pair Learning Location Learning Pair and Location Pre-Nap Test Nap Post-Nap Test
Practice (identical to Phase 4)

Fig. 1. Schematic depiction of experimental timeline.
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again and Object B appeared in the middle of the screen for 1000 ms
along with the word “Where?” After the word disappeared, participants
indicated their choice by dragging the object to a location and making a
left click. The object disappeared for 100 ms and then reappeared in its
correct location for 3000 ms, accompanied by the sound. Object A re-
mained on the screen through the duration of each trial. For the pur-
pose of practice in this phase, a placement within 150 pixels of the
correct location was considered a correct response. In each run through
the list, the pairs were tested in the same order. All 50 pairs appeared in
the first two runs. Thereafter, pairs were dropped out as follows. If both
Object A and Object B were placed in the correct location twice, that
pair did not appear again. Otherwise, the pair was included in the
subsequent run. The location did not have to be correct on consecutive
runs for the object to be dropped. If neither object location was correct,
the pair was included in the same way. If only the location for Object A
was correct twice, Object A appeared in its correct location and the trial
continued from there (prompt for name of Object B and then practice
for location of Object B). If only Object B was correct twice, the trial
transpired as usual except that Object B appeared in the correct location
rather than requiring location recall for Object B. Participants were
allowed to take a short break between runs if needed. After all objects
were placed in the correct location twice, Phase 3 ended.

In Phase 4, there was a pre-nap test for the 50 paired object names
and 100 object locations. There were two runs with a different random
order each time. The testing format was similar to the practice except
that there was no feedback. Object A was presented in the middle of the
screen for 1000 ms with the word “Where?” and the associated sound.
Once the word “Where?” disappeared, participants attempted to drag
the object to its correct location. Next, they saw the question: “What
was its pair?” for 1000 ms. After they typed in the name, Object B ap-
peared in the middle of the screen for 1000 ms with the word “Where?”
and the associated sound. Participants attempted to drag the object to
its correct location. Object A remained on the screen for the duration of
each trial. Each trial was followed by a 500-ms interval when only the
grid was displayed.

Phase 5 included a 90-min nap opportunity that began approxi-
mately 2 h after the beginning of the study. The nap took place in the
same room as earlier phases. The futon chair used in the prior phases
was converted into a bed, with sheets and a pillow. Participants re-
clined while listening to white noise. Speakers were placed on a shelf to
the left and right of their head and sound intensity was approximately
45 dB for the white noise and 50 dB for the individual sounds. After the
lights were turned off, the participant attempted to sleep. Sleep stages
during the nap were monitored online using continuous EEG, EMG, and
EOG recordings. When the experimenter determined that SWS had been
reached, or that it might not be reached and that presenting sounds
during Stage 2 would not disturb sleep, half of the sounds from learning
were presented repeatedly. Sounds were presented in a random order in
each presentation of the list. These specific 25 sounds were selected by
first taking the distance between the recalled location and the correct
location, averaged across both objects and both test runs (see Phase 4).
Pairs were ranked based on performance and either the even- or odd-
ranked sounds were played during sleep. Stimulation rate was one
sound every 5800 ms and the sounds continued until slow-wave sleep
ended. For most participants, cues were presented during both SWS and
Stage 2 (n = 16). Two participants did not reach SWS and were only
cued during Stage 2, and six participants were only cued during SWS.
Each sound was presented during sleep 1-19 times (mean 7).
Participants were allowed to wake up naturally or were woken up after
90 min. Then, a 10- to 15-min break ensued.

In Phase 6, participants were tested on the object names and loca-
tions in the same manner as in the pre-nap test. Prior to the test, they
filled out the Karolinska Sleep Log, which assesses the quality and
length of the previous night of sleep. After the post-nap test, they
completed a questionnaire to assess the difficulty of the task, nap
quality, and expectations about the experiment.

146
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2.3. Sleep physiology

After the experiment, continuous EEG was down-sampled to 128 Hz
and filtered at 0.5-50Hz wusing an infinite impulse response
Butterworth filter. Sleep stages were formally identified using standard
sleep scoring criteria (Iber et al., 2007).

Standard analyses of sleep oscillations were computed focusing on
two clusters of interest (frontal using Fpz, Fpl, Fp2; central-parietal
using Cz, Pz, C3, C4, P3, P4). A fast Fourier transform using a Hanning
function and 5-s intervals was performed on NREM sleep epochs. We
extracted mean power for delta (1-4 Hz) and sigma (12-15 Hz) bands.
For slow-oscillation analyses, EEG was low-pass filtered at 3.5 Hz. Slow
oscillations were detected by finding adjacent points in which the EEG
signal voltage changed from positive to negative that were 0.5-2.0's
apart from each other, and when the maximum peak-to-peak amplitude
between the two points was greater than 75 pV. Spindles were auto-
matically detected (Molle et al., 2011) by first filtering EEG data be-
tween 11 and 16 Hz and calculating root mean squared (RMS) voltage
using a sliding 200-ms window. A spindle was counted if the RMS
crossed a threshold of 1.5 standard deviations of the signal and re-
mained above the threshold for 0.5-3.0s. Because fast spindles and
slow spindles show different topographies, with fast spindles pre-
dominant at parietal and central locations and slow spindles at frontal
locations, probably with distinct neural generators (Rasch and Born,
2013), we separately analyzed fast (> 13.5Hz) and slow spindles
(< 13.5Hz).

2.4. Behavioral data

Behavioral data for pairs in which the participant was unable to
recall the name of Object B on the first post-nap test were excluded
from analysis. We also excluded trials with poor pre-sleep spatial
learning if both the average pretest error was more than 212 pixels and
the two recalled pretest locations were more than 212 pixels away from
each other (212 pixels is the length of the picture's diagonal). That is, if
the object was not placed close to the original location and also was
placed inconsistently, then the location was presumably not effectively
learned. After the exclusion of these trials, the average number of trials
per participant was 97 = 1 (mean * SD, maximum 100). Analyses
conducted without excluding these trials produced qualitatively similar
results. Because the correlation analysis requires data for both A and B
objects, for this analysis the average number of pairs per participant
was 48 = 1. For spatial recall data presented below, the standard error
of the mean across participants was computed after averaging scores
across both pre-nap or both post-nap tests for each individual.

The main analysis concerned the change in recall error for objects
cued by a sound during sleep compared to objects that were not cued
during sleep. In particular, we hypothesized that TMR would reduce
forgetting for both objects in a pair if the associated sound was pre-
sented during sleep. Recall error was computed as the log-transformed
distance to the studied location, averaged across the two pre-nap or two
post-nap tests. A forgetting score for each object was calculated as the
average error at post-nap test minus average error at pre-nap test. A
higher score indicates more forgetting after the nap. To test statistical
significance, forgetting scores were submitted to an ANOVA with trial
type (A/B) and cuing (cued/not cued) as within-subject factors. A cuing
advantage score was calculated for each participant as the difference in
forgetting score for not-cued objects minus cued objects (higher score
indicates larger relative benefit due to cuing). The cuing advantage
score was used to investigate the relationship between behavioral
measures and sleep physiology.

In addition to forgetting scores, we also evaluated the within-test
consistency with which object locations were recalled, as another
measure of the quality of learning (better learning should produce more
consistent location recall responses). This consistency index was cal-
culated as the (log transformed) distance between the first and second
placement of each object on the two runs of the pre-nap test, or on the
two runs of the post-nap test. A lower number indicates greater recall
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consistency. To test statistical significance, the within-test consistency
scores were submitted to an ANOVA with time (pre-nap test/post-nap
test), object type (A/B), and cuing (cued/not cued) as within-subject
factors.

We were also interested in location recall consistency within pairs.
We hypothesized that TMR might conjointly improve memory for both
objects in a pair, such that A and B objects in cued pairs would show
similar changes in error. To calculate how error changed in paired
trials, for each participant, we computed the correlation between error
for A trials and error for B trials, before and after the nap, as well as the
correlation between forgetting scores for A and B paired trials.
Correlation scores were transformed to z-scores using a Fisher trans-
formation to conduct hypothesis testing. A change in correlation due to
cuing was obtained as the difference in change in correlation (z-trans-
formed) between cued and not-cued pairs.

3. Results

The training procedures worked as intended, as participants were
almost always able to recall the name of the second object. A perfect
cued recall score was achieved by 22 participants. The average number
of words missed was 1 out of 50 in the post-nap test. Five participants
were able to recall 1-2 words in the post-nap test that were not recalled
in the pre-nap test, whereas two participants failed to recall 1-2 words
that were recalled previously. These changes in word recall following
the nap were minimal, probably due to ceiling effects that were in-
tentional given our goal of examining effects on spatial recall. In Phase
3, each object was presented 3.76 + 1.00 times on average
(mean + SD) until spatial recall reached the criterion and the object
was dropped out.

Spatial recall performance in Phase 4 showed that the mean pre-nap
error across both tests was 82.5 pixels (30 mm) from the original lo-
cation (Table 2). For reference, the length of each picture's diagonal was
212 pixels (77 mm), so with this average magnitude of error the object
would largely overlap with a perfect recall placement. Whereas some
locations were recalled with less accuracy and some greater accuracy,
none were recalled with perfect accuracy. Most importantly, spatial
recall tested approximately 2 h later in Phase 6 (described below) dif-
fered systematically between conditions. Yet, overall accuracy after the
nap remained high, as objects were placed 87.3 pixels (32 mm) from the
original location.

As expected given that objects were assigned to be cued or not cued
based on pre-nap recall accuracy, Phase 4 results showed that location
recall did not differ between objects that would or would not be cued
later [F(1, 92) = 1.1, p= 0.3] nor did we find an interaction between
cuing condition and A/B trial type [F(1, 92) = 14.94, p= 0.22].
However, the learning procedure was not the same for A trials and B
trials. Accordingly, errors were smaller for A trials than for B trials [F(1,
92) =14.94, p < 0.001].

The chief hypothesis in this experiment was that spatial memory
would differ as a function of TMR during sleep. As shown in Fig. 2,
there was less forgetting for objects cued during sleep compared to
objects that were not cued [F(1, 23) = 4.46, p < 0.05]. This cueing
advantage was not significantly different between A trials and B trials
[2.0 = 1.9 pixels and 5.1 * 1.9 pixels, respectively; F(1, 23) = 0.75,
p = 0.39]. These results show that TMR produced a memory benefit
both for objects directly corresponding to sounds and for objects in-
directly linked. To allow comparisons with other TMR studies, we also
examined the cueing benefit in A and B trials separately and found a
trend towards a cuing benefit for B trials [t¢(23) = 1.98, p = 0.06], but
not A trials [t(23) = 1.28, p = 0.21]. There were negligible differences
in forgetting between A and B trials, when collapsed across cuing
conditions [4.6 + 1.1 pixels and 5.1 = 1.1 pixels, respectively, F(1,
23) = 0.47,p = 0.49].

Within-test consistency, calculated as the distance between recalled
locations for first and second placement of the same object on the same
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Table 2
Behavioral data in the memory tests. 1 pixel = 0.367 mm.
Error in pixels (all A trials B trials
trials)
Average Pre-nap test 82.5 = 3.0 753 = 23 899 * 4.2
Error
Cued During Sleep 849 = 2.8 756 = 2.6 943 = 4.8
Not Cued During Sleep 809 + 3.4 748 = 2.3 854 *+ 3.8
Average Post-nap test 87.3 = 3.3 79.8 £ 26 949 * 45
Error
Cued During Sleep 879 + 3.3 79.2 = 2.7 96.8 + 4.8
Not Cued During Sleep 86.7 + 3.4 80.3 = 3.0 929 * 4.6
Forgetting Score 4.8 = 0.9 4.6 = 1.1 51 1.1
Cued During Sleep 3.1 =09 3.6 = 1.2 2.6 = 1.2
Not Cued During Sleep 6.6 = 1.4 55 *+ 1.6 7.6 = 1.7
Consistency (in A trials B trials
pixels)
Average Pre-nap test 509 = 2.7 48.8 = 29 529 * 28
Consistency
Cued During Sleep 51.5 = 3.0 50.4 = 3.5 52.6 = 3.2
Not Cued During Sleep 50.2 = 2.9 471 =29 532 = 3.1
Average Post-nap test 46.3 = 3.0 44.1 = 3.1 485 = 3.1
Consistency
Cued During Sleep 46.9 = 3.1 444 = 29 496 = 3.7
Not Cued During Sleep 459 = 3.4 43.8 = 45 47.8 = 3.1
Change in Consistency 4.5 = 1.3 47 £19 44 17
Cued During Sleep -4.6 = 2.3 6.0 =26 -32 %27
Not Cued During Sleep -4.3 = 22 33 32 -54=*22
Correlation
Correlation between A and B Pre-nap test Error 0.19 = 0.03
Cued During Sleep 0.22 = 0.05
Not Cued During Sleep 0.20 = 0.04
Correlation between A and B Post-nap test Error 0.16 = 0.03
Cued During Sleep 0.24 = 0.05
Not Cued During Sleep 0.09 = 0.04
Change in correlation between A and B Error -0.03 = 0.04
Cued During Sleep 0.02 = 0.06
Not Cued During Sleep -0.11 = 0.03
Correlation between A and B Forgetting Scores 0.13 = 0.04
Cued During Sleep 0.19 = 0.05
Not Cued During Sleep 0.05 = 0.05
10 - O Object A
BObject B -
=9 —
287
o 7t
£
= L
o 6 ——
=5 ¢
Ll
c4r
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S 3
®© L
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O 1+
0
Cued Uncued

Fig. 2. There was less forgetting from the pre-nap test to the post-nap test for
object locations cued during sleep than for those not cued. This cuing benefit
was not significantly different between Objects A and B. Error bars reflect + 1
standard error of the mean (SEM) for each condition adjusted to represent the
variance for statistically evaluating the cuing benefit, a within-subjects contrast
(i.e., SEM was calculated using each participant's value for each condition after
subtracting that participant's mean value across all conditions). *- p < 0.05.

test, was better after the nap compared to before the nap, as shown in
Fig. 3 [F(1, 23) = 21.79, p < 0.001]. Participants were also more
consistent in their placement of objects in A trials compared to B trials
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Fig. 3. Participants attempted to recall each object location twice before the
nap and twice after the nap, and recall consistency was measured as the dis-
tance between the two placements. The two placements were closer together
after the nap compared to before the nap. Error bars represent + 1SEM (com-
puted as in Fig. 2). ***-p < 0.001.

[46.5 = 2.9 pixels vs. 50.7 = 2.8 pixels, respectively; F(1, 23)
= 26.80, p < 0.001]. However, TMR during sleep did not influence
within-test consistency after the nap [F(1, 23) = 0.13, p = 0.72] or
produce any changes in consistency as a function of A/B trial type [F(1,
23) = 0.37, p = 0.55]. Similar results were obtained when including
the initial absolute error as a covariate, except that the difference be-
tween trials A and B was no longer significant. This additional analysis
thus substantiated the notion that recall consistency within a test was
greater after the nap.

Recall consistency can also be considered with respect to the re-
lationship between errors for the A and B objects within each pair,
given that both locations might tend to be forgotten or not forgotten
together. The correlation between A and B error before the nap was
0.19 + 0.03 (computed in each subject and averaged across subjects).
As shown in Fig. 4A, the extent to which correlations changed from
before to after the nap varied as a function of TMR [F(1,23) = 4.71,
p < 0.05]. Specifically, pairs that were not cued showed a decrease in
correlation after the nap [t(23) = 3.20, p = 0.004], whereas the cor-
relation did not change after the nap for cued pairs [t(23) = 0.47,
p = 0.64]. That is, cuing enhanced the degree to which similar errors
were made for A and B trials after sleep, and this similarity may indicate
that A and B objects were reactivated together and benefitted in a
correlated manner.

To further test this explanation, we considered the similarity be-
tween the level of forgetting over sleep for associated items and its
dependence on cuing (Fig. 4B). There was a marginally greater corre-
lation between A and B trial forgetting scores for cued versus not cued
pairs [t(23) = 1.98, p = 0.06], suggesting that associated items shared
similar forgetting patterns when cued.

Analysis of time in each sleep stage and correlations with behavior
are presented in Table 3. There were no significant correlations be-
tween cuing advantage and time in each sleep stage. Additionally, we
calculated the correlation between cuing advantage and delta power at
the frontal electrode cluster (Fpz, Fpl, and Fp2) as well as the corre-
lation between cuing advantage and slow spindle density at the frontal

Neuropsychologia 124 (2019) 144-150

cluster and fast spindle density at the central-parietal cluster (Cz, Pz,
C3, C4, P3, P4). None of the correlations with cuing advantage were
significant (delta power: r = 0.02, p = 0.94; slow spindle density: r = -
0.19, p = 0.37; fast spindle density: r = 0.36, p = 0.11).

After removing data from an outlier participant who had excessive
SWS (69 min, over 3 times the average, which was 22.8 min), an ex-
ploratory analysis showed a relationship between the change in corre-
lation between A and B error and amount of SWS (r = 0.50, p = 0.03).
Additionally, there was a correlation between the primary two outcome
measures and the average number of cues per pair received during sleep
(Cuing Advantage: r = 0.46, p = 0.05, Fig. 5; Change in Error Corre-
lation: r = 0.44, p = 0.06). Our analyses also revealed a correlation
between Change in Error Correlation due to cuing and delta power
(r =0.49, p =0.04) as well as slow-oscillation density (r = 0.47,
p = 0.04) at frontal electrode clusters (Fpz, Fp1, Fp2). Change in Error
Correlation also showed a relationship with sigma power (r = 0.45,
p = 0.05) and slow oscillation density (r = 0.45, p = 0.05) at central
electrode clusters. Because these correlations were not significant when
accounting for multiple comparisons, these exploratory results should
be considered with caution.

4. Discussion

The present experiment provided novel support for the conclusion
that brain activity during sleep can impact subsequent memory ability.
Results replicated findings from previous sleep studies (e.g., Rudoy
etal., 2009; Creery et al., 2015) in showing that playing sound cues that
had been associated with learning strengthened corresponding object-
location memories in comparison to object locations that were not cued.
Additionally, the findings showed that one cue can reactivate and
strengthen more than one object-location association. Memory
strengthening was measured in the form of reduced forgetting for the
two independent object locations in each cued pair. Each pair included
one object that was semantically related to the sound and one that was
not. Thus, these results also showed that sounds can reactivate mem-
ories even for objects not semantically connected with the presented
sound.

Another conclusion supported by the results is that cued objects
were reactivated together as pairs, rather than individually and in-
dependently. When time passes, it is reasonable to expect memory ac-
curacy to decline, and also for forgetting to vary between the members
of a pair. This pattern of variance in within-pair forgetting was ob-
served here in analyses of correlations between recall accuracy for the
two objects of each pair, A and B. This correlation weakened after the
nap only for non-cued pairs. Additionally, the correlation between
forgetting for Object A and Object B was marginally higher for cued
relative to non-cued pairs. In other words, the interrelationship be-
tween recall accuracy for A and B members of each pair was influenced
by whether the corresponding sound was presented during sleep. Given
that each cue was presented multiple times, it is possible that each
presentation reactivated only one memory each time (either A or B),
but concurrent reactivation of A and B is a more parsimonious

Fig. 4. The effects of cuing on the correlation between
objects A and B. (A) The correlation between A and B error
significantly decreased after the nap for pairs that were
not cued, but not for pairs that were cued. This pattern
indicates that when a pair was not cued, the error changed
at different rates for each object in a pair. (B) The corre-
lation between the levels of forgetting of associated objects
was marginally greater for pairs that were cued versus
pairs that were not cued. Error bars represent + 1 SEM
(computed as in Fig. 2). *-p < 0.05.
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Table 3
Sleep physiology and correlations with behavioral data.
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Cuing advantage

Change in error correlation

Sleep Stage Time in min (mean = SEM) R

p (uncorrected) r p (uncorrected)

Wake 24.1
Stage 1 4.6
Stage 2 26.1
SWsS 22.8
REM 4.1
Total Sleep 57.6

3.1 - 0.38
0.9 - 0.26
2.4 0.16
3.3 0.19
1.4 - 0.24
3.7 0.13

I+ 1+ 1+ 1+ I+t

0.09 - 0.27 0.22
0.24 -0.17 0.44
0.47 - 0.05 0.81
0.38 0.39 0.08
0.28 - 0.04 0.86
0.56 0.27 0.22

Cuing Advantage (in pixels)

-10 }

15 L
0 2 4 6 8 10 12 14

Number of times each cue was presented during sleep

Fig. 5. The more times each cue was presented during sleep, the less forgetting
for cued compared to non-cued objects (r = 0.46, p = 0.05, uncorrected). This
analysis excluded an outlier who had 69 min of SWS.

explanation for the observed patterns of within-pair forgetting variance.

The relationships observed between behavioral measures and sleep
physiology, although not universally strong, are consistent with the
view that sleep reactivation played an active role in strengthening lo-
cation memories for both objects. Exploratory analyses showed that
increases in sleep physiology measures of slow oscillations (frontal
delta power and slow oscillation density) and spindles (central sigma
power) tended to be associated with increases in error correlations
between paired objects, although these results were not significant
when stringently correcting for multiple comparisons. In a variety of
other studies, slow oscillations and sleep spindles have been implicated
as part of the mechanism through which memory consolidation occurs
during sleep (Diekelmann and Born, 2010; Antony and Paller, 2017).

Whereas memories for object pairs in our study may have been
reactivated concurrently, it would be interesting to determine whether
there are cases in which TMR cues engage memory competition. For
example, if one cue is associated with two separate memories, cuing
during sleep may reactivate only one of the associated memories based
on motivating factors such as believing one memory is more important
to remember over the other. Such studies may help elucidate what is
replayed and how competition operates (Antony et al., 2018). Using
TMR techniques may also provide insights into the content of re-
activation, factors that influence reactivation, and a timeline for these
processes (e.g., Cairney et al., 2018; Oyarzun et al., 2017).

Given the paired objects in this study, twice as much information
was reactivated and strengthened as in previous studies using a similar
task with roughly the same amount of sleep (Rudoy et al., 2009; Creery
et al., 2015). In contrast to the effects on spatial recall, however, we
were unable to examine whether TMR strengthened the learned asso-
ciations between the paired objects themselves due to ceiling-level
performance in recalling object names. Given that most experiences
people have require multiple types of information to come together to
form a rich and cohesive memory, additional studies are needed to
understand how more complex memories may be strengthened during
sleep. If it were possible to artificially reactivate different aspects of a
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memory using TMR, there could be ways to strengthen desirable fea-
tures of a memory over unwanted ones.

The results of this study also raise the possibility of strengthening
indirectly cued associations (i.e., second- or third-order associations),
which could in turn promote relational binding. Previous work has
shown that sleep helps promote item-integration (Dumay and Gaskell,
2007; Ellenbogen et al., 2007; Lau et al., 2010), so it is possible that
integration may also be enhanced using TMR. The formation of new
implicit associations during sleep has been shown using conditioning
with aversive odors paired with the odor of cigarettes during sleep to
reduce smoking behavior (Arzi et al., 2014). Results from Hauner et al.
(2013) also suggest that associative learning can be altered during
sleep. Participants underwent olfactory contextual fear conditioning,
and during sleep were re-exposed with an odor previously associated
with a conditioned stimulus and a mild electric shock. Re-exposure to
the odor helped promote extinction for the conditioned fear response,
possibly by forming a new association between the conditioned sti-
mulus and the absence of a shock. Artificial memory formation during
sleep is also possible in rodents; place cell activity was monitored and
rewarding stimulation used to create new place-reward memories (de
Lavilléon et al., 2013). After sleep, rodents exhibited goal-directed be-
havior indicative of memory for the new association. The extent to
which new explicit memories can be produced during sleep in humans
remains to be determined.

Our results show that auditory TMR can enhance memory in rela-
tion to more than a single item. Olfactory TMR has been consistently
used to enhance memory for multiple items (e.g., Rasch et al., 2007),
yet these studies commonly employ only one or two odors that may be
associated with a learning context and not individual items. Here, each
sound had a fairly specific association. Yet, with the present design we
cannot determine whether each sound was associated independently
with each of the two corresponding objects. Perhaps in some cases a
sound instead reactivated only Object A, which in turn reactivated
Object B, or a sound may have conjointly reactivated the association
between the two objects that the participant created during learning.
An additional limitation of the study concerns the high number of
participants whose data were excluded from analysis. Most of these
participants could not be cued sufficiently during sleep, and therefore
did not fully complete critical experimental stages.

Future studies should further explore the hypothesis that a single
sound can reactivate multiple, independent memories and reveal the
boundary conditions for these associations, which may expose the
properties of the neural infrastructure supporting memory consolida-
tion during sleep. Pursuing these avenues of research may reveal the
mechanisms of reactivation and open new paths towards the utilization
of TMR for memory improvement.
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