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INTRODUCTION
Research spanning several decades has suggested that sleep 

plays both an active and critical role in declarative memory 
consolidation.1-7 Sleep-dependent changes in memory are 
thought to be driven by a process of neural replay, whereby 
newly acquired information is reactivated during slow wave 
sleep (SWS), as indexed by spontaneous neural activity in the 
brain regions where it was encoded.8 Both animal and human 
studies have provided evidence to support this proposal,9-12 but 
recent work has suggested that memory reactivations can be 
externally induced, or triggered, by reexposing individuals to 
learning-associated cues while they sleep,13-19 a process known 
as targeted memory reactivation (TMR).

In a seminal study by Rudoy et al.,20 human participants formed 
associations between picture-locations and semantically related 
sounds (i.e., a picture of a dog and a barking sound) immediately 
before taking a nap, during which they were re-exposed to half of 
the sounds in SWS. At subsequent testing, picture-location memo-
ries were remembered more accurately if the associated sound 
had been replayed during SWS, suggesting that auditory cues 
had stimulated the reactivation of individual memory representa-
tions. While compelling, this and other memory replay studies13-

19,21 have adopted experimental stimuli with an entirely neutral 
tone, thereby raising the important question of how emotionally 
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salient memories, which have been shown to undergo preferen-
tial consolidation during postlearning sleep,21,22 are affected by 
TMR. Because recent work has suggested that sleep facilitates an 
offline mnemonic tradeoff, whereby the emotional components 
of a memory are fortified at the expense of their neutral coun-
terparts,22,23 it is possible that TMR also promotes the selective 
strengthening of emotional memories, even when both neutral 
and emotional representations are reactivated.

Critically, despite the reported benefits of TMR for consoli-
dation, precisely how new memories are influenced by TMR 
in SWS remains to be investigated. One possibility is that cue 
reexposure provides an immediate boost to consolidation, and 
another is that cued memory reactivations elicit a targeted 
consolidation process, which unfolds throughout the ensuing 
SWS. If the second possibility is correct, then the extent to 
which new memories are enhanced by TMR should be depen-
dent on the amount of SWS that is obtained after such reactiva-
tion. Moreover, because electroencephalographic (EEG) sleep 
spindles (12-15Hz) occur in SWS,24,25 and recently have been 
implicated in emotional memory consolidation,26 TMR-related 
enhancements of emotional memory may depend more specifi-
cally on SWS spindle oscillations.

In this study, we examined how auditory TMR in SWS affects 
the consolidation of both emotionally negative and neutral picture-
location memories. Participants were trained on a picture-location 
task in which each picture was paired with a semantically related 
sound. After training, participants took a nap and half of the sounds 
were replayed during SWS. We used polysomnographic record-
ings of the nap in combination with performance on a subsequent 
picture-location retrieval test to distinguish between immediate 
consolidation during TMR and consolidation that follows TMR, 
related to both SWS and sleep spindles.
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METHODS

Participants
Fifteen (three male) healthy participants aged 18-28 y (mean 

age 20.40 [standard deviation (SD) ± 3.07]) were recruited on 
a voluntary basis. As evaluated with prestudy screening ques-
tionnaires and telephone interviews, participants had no history 
of sleep, psychiatric, or neurological disorders, and reported 
regular sleep-wake patterns across the preceding month. Partic-
ipants were not using any psychologically active medications 
and agreed to abstain from alcohol and caffeine from 24 h prior 
to the study start. To control for differences in prestudy sleep, 
participants followed a standardized sleep schedule for 3 days 
prior to the study, during which they went to bed at 11:00 and 
rose the following morning at 07:30. Participants recorded bed 
and wake times on each day of the scheduled period, together 
with subjective estimations of hours slept, in laboratory-issued 
sleep diaries. To assess alertness levels, participants completed 
the Stanford Sleepiness Scale27 at the beginning of each experi-
mental session. Written informed consent was obtained from all 
participants in line with the School of Psychological Sciences 
Research Ethics Committee, University of Manchester, who 
also approved the study.

Materials and Equipment

Stimuli
Seventy-two pictures (36 negative and 36 neutral) were 

selected from the International Affective Picture System 
(IAPS).28 IAPS pictures range from images of everyday scenes 
to images of rotten food, violence, and death, and each are 
rated on 9-point scales of emotional valence (1 = negative, 
5 = neutral, 9 = positive) and emotional arousal (1 = boring, 
9 = exciting). The negative and neutral picture sets were 
significantly different in terms of both mean IAPS valence 
rating (negative: 2.74 [SD ± 0.62]; neutral: 5.60 [SD ± 0.77], 
t(35) = 16.24; P < 0.0001) and mean IAPS arousal rating (nega-
tive: 5.81 [SD ± 0.74]; neutral: 4.00 [SD ± 0.85], t(35) = 8.55; 
P < 0.0001), but were balanced for human content. Each picture 
was paired with a semantically related 6000-ms sound taken 
from the International Affective Digitized Sounds (IADS) 
battery29 to create 36 negative and 36 neutral picture-sound 
pairs. IADS sounds are rated on the same 9-point scales as 
IAPS pictures, with the negative and neutral sound sets showing 
significant differences in terms of both mean IADS valence 
rating (negative: 3.60 [SD ± 1.33]; neutral: 5.32 [SD ± 1.23], 
t(35) = 7.19; P < 0.0001) and mean IADS arousal rating (nega-
tive: 6.17 [SD ± 1.16]; neutral: 5.29 [SD ± 1.00], t(35) = 3.16; 
P = 0.003). A comprehensive account of the picture-sound pairs 
used in this study is available in Table S1. All study pictures 
were adjusted to a standardized size for the experimental tasks 
(height, 85mm; width, 70mm).

Experimental Tasks and Sound Replay
Computerized tasks and a sound replay algorithm were 

written and implemented with Presentation version 14.1 
(Neurobehavioral Systems, Inc.). During experimental tasks, 
sounds were heard through a pair of headphones (Sennheiser, 
model: HD 207), and participant responses were recorded 

with a joystick (Logitech, model: Attack 3). During sleep, 
sounds were replayed via PC speakers (Dell, model: A425) 
placed 1 m from the bed. Sounds were integrated into unob-
trusive background brown noise (approximately 39 dB overall 
sound-pressure level), which was presented throughout the 
entire napping period.

Polysomnography and Sleep Spindles
Sleep monitoring was carried out using a Polysomnography 

(PSG) system (Embla, model: N7000) with RemLogic 1.1 soft-
ware (Embla). Silver-silver chloride (Ag-AgCl) electrodes were 
attached using EC2 electrode cream (Grass Technologies) after 
the scalp was cleaned with NuPrep exfoliating agent (Weaver 
and Company). EEG scalp electrodes were attached according 
to the international 10-20 system at six standardized locations: 
central (C3 and C4), frontal (F3 and F4), and occipital (O1 and 
O2), and each was referenced to the contralateral mastoid (A1 
or A2). Left and right electrooculogram, left, right, and upper 
electromyogram, and a ground electrode were also attached. 
All electrodes were verified to have a connection impedance 
of less than 5 kOhms. All signals were digitally sampled at a 
rate of 200 Hz.

To detect the emergence of SWS in real time, online sleep 
scoring was conducted on the referenced central electrodes 
(C3-A2 and C4-A1) according to the standardized sleep 
scoring criteria of Rechtschaffen and Kales,30 with sleep 
stages three and four collectively scored as SWS. To confirm 
that sound replay had occurred during SWS, sleep data were 
subsequently partitioned into 30-sec epochs and scored offline 
by a second researcher who was unaware of when the sounds 
were presented again. Epochs scored as SWS were extracted 
from each EEG channel and, following artefact rejection, 
bandpass filtered at 12-15 Hz using a linear finite impulse 
response filter in EEGLAB version 10.0. An automated detec-
tion algorithm31 counted discrete spindle events as amplitude 
fluctuations within the filtered time series, which exceeded a 
predetermined threshold (eight times the mean channel ampli-
tude). This algorithm has been used in prior studies of sleep 
and memory consolidation.32,33

Procedure

Session One (12:00)
The first experimental session began with a modified version 

of the object-location task used in Takashima et al.34 On each 
randomized trial, participants were presented with a gray rect-
angular mask (height, 85mm; width, 70mm) in the center of 
the computer screen for 1000 ms before one of the 72 study 
pictures was presented in its place for 6000 ms, with its associ-
ated sound heard through headphones. One of six gray circles 
surrounding the picture on the bottom left/right, center left/
right, and top left/right of the screen then flashed green for 
1000 ms, before the picture moved across the screen to its loca-
tion. The picture remained at this location for 2000 ms until the 
next trial began. Participants were instructed to memorize the 
pictures and their associated screen locations for a future test, 
and to move a joystick in the direction that each picture moved.

Immediately after the encoding phase, participants’ memory 
was probed with a picture-location retrieval task. For each 
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randomized trial, participants were re-presented with one of 
the 72 study pictures in the center of the computer screen, 
along with its associated sound, for 6000 ms. The picture then 
disappeared and participants were required to indicate its asso-
ciated screen location by moving a cursor to the appropriate 
gray circle with the joystick. Participants were instructed to 
make their responses as quickly as possible, and no feedback 
was provided. Participants were then required to indicate how 
certain they were that their response was correct by moving the 
cursor to one of five new circles, each depicting a different level 
of certainty (for reference: 1 = very uncertain; 5 = very certain), 
before moving on to the next trial. To facilitate learning, the 
procedures of session one were carried out twice.

Targeted Memory Reactivation (14:00)
After PSG setup, participants were given an opportunity to 

sleep for approximately 90 min in a darkened bedroom. Approx-
imately 2 min after SWS onset, one half of the sound cues (18 
negative and 18 neutral, counterbalanced across participants) 
were replayed to participants in random order. The sounds 
were replayed once, with each sound separated by a 3000-ms 
interval. After waking, electrodes were removed and partici-
pants were given a 30-min break to recover from the general 
effects of sleep inertia.

Session Two (16:00)
Participants completed the picture-location retrieval task for 

a third and final time. At the end of the session, participants 
were asked if they were aware of any sound replay during sleep, 
before completing a questionnaire in which they were required 
to discriminate between the replayed and nonreplayed sounds. 
Experimental procedures and tasks are illustrated in Figure 1.

Data Analysis
We examined memory accuracy and response times (RTs) for 

correctly recalled picture locations in the final retrieval phase. 
In keeping with prior research,34,35 we focused on confident 
correct memory responses, and therefore included only trials 
with a high certainty rating of 4 or 5. To control for response 
bias, retrieval scores were calculated as the percentage of high-
certainty responses that were correctly answered. Data was 
analyzed with a 2 (sound: replayed/not replayed) × 2 (emotion: 
negative/neutral) repeated-measures analysis of variance 
(ANOVA). To examine how SWS and sleep spindles influ-
enced the effects of TMR, we repeated these analyses with time 
spent in SWS (min), and then spindle count averaged across 
all six EEG channels during SWS, as separate mean-centered 
covariates (analysis of covariance, ANCOVA).36 Analyses were 
conducted with SPSS statistical software version 16 (SPSS, 
Inc.), and a two-tailed P < 0.05 was considered significant.

RESULTS

Sleep Data and Alertness
Sleep diaries showed that participants obtained 

a mean of 7.37 h [SD ± 1.03 h] sleep during the 
night preceding the study. There was no signifi-
cant difference between this value and subjective 
estimations of hours slept in a typical night: 7.60 

(mean) [SD ± 0.91] (t(14) = 1.20; P = 0.25), confirming that 
participants’ prestudy sleep had not deviated from their usual 
practices. PSG sleep data scored offline confirmed that sound 
replay had occurred for all participants during a definitive period 
of SWS (for sleep stage data, see Table 1). The Stanford Sleepi-
ness Scale revealed no difference in mean levels of alertness 
between session one and session two, which took place before 
and after sleep, respectively (session one: 2.40 [SD ± 0.99]; 
session two: 2.27 [SD ± 0.96], t(14) = 0.56; P = 0.58).

Targeted Memory Reactivation

Memory Accuracy
Retrieval scores were calculated as the percentage of 

high-certainty responses (rating of 4 or 5) that were correctly 
answered (see Table 2). There was no difference in memory 
accuracy between negative and neutral items in the presleep 
retrieval session (t(14) = 1.19; P = 0.26), and no change in 
accuracy between the presleep and postsleep retrieval sessions, 

Figure 1—(A) Session one (12:00): encoding and retrieval tasks. (B) 
Targeted memory reactivation (02:00): half of the sounds were replayed 
during slow wave sleep (SWS). (C) Session two (04:00): retrieval task.

Table 1—Sleep stage data (means)

Stage 1 Stage 2 SWS REM TST
19.90 ± 6.62 24.83 ± 10.03 20.23 ± 12.00 6.90 ± 7.86 71.87 ± 12.95

Duration of time (min) spent in each sleep stage. REM, rapid eye movement sleep, SWS, 
slow wave sleep; TST, total sleep time.
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irrespective of emotional valence (negative: t(14) = 0.88; 
P = 0.39, neutral: t(14) = 1.00; P = 0.33). For postsleep retrieval, 
a 2 (sound: replayed/not replayed) × 2 (emotion: negative/
neutral) repeated-measures ANOVA revealed no difference in 
accuracy between memories that were replayed relative to those 
that were not (F(1,14) = 0.21; P = 0.65), no difference between 
negative and neutral memories (F(1,14) = 0.01; P = 0.92), and 

no interaction between factors (F(1,14) = 0.02; P = 0.90). Accu-
racy data is available in Table 3.

Response Times
Like our analysis of memory accuracy, our RT analyses 

included only high-certainty correct responses. RTs in the 
presleep retrieval session were equivalent for negative and 
neutral items (t(14) = 0.76; P = 0.46), and no significant differ-
ence was observed between RTs in the presleep and postsleep 
retrieval sessions (negative: t(14) = 1.49; P = 0.16, neutral: 
t(14) = 1.89; P = 0.08). The same 2 × 2 repeated-measures 
ANOVA previously mentioned was conducted on postsleep 
RT data, and revealed no main effect of sound (F(1,14) = 2.00; 
P = 0.18), no main effect of emotion (F(1,14) = 0.48; P = 0.50) 
and no interaction between these factors (F(1,14) = 0.65; 
P = 0.43). RT data is available in Table 4.

Slow Wave Sleep
To examine how TMR is influenced by SWS, we repeated 

the aforementioned analyses with SWS duration (min) as a 
mean-centered covariate, thereby producing a 2 × 2 repeated-
measures ANCOVA. For memory accuracy, there was no main 
effect of SWS (F(1,13) = 0.29; P = 0.60) or interaction between 
SWS and any of the experimental factors (SWS × sound: 
F(1,13) = 0.42; P = 0.53, SWS × emotion: F(1,13) = 0.03; 
P = 0.87, SWS × sound × emotion: F(1,13) = 1.66; P = 0.22).

For RTs, however, this ANCOVA revealed a three-way inter-
action between SWS, sound, and emotion (F(1,13) = 9.04; 
P = 0.01). To better understand this interaction, we calculated 
an RT difference measure for each participant, which paralleled 
the emotion factor in the ANCOVA (emotion effect = neutral 
RT – negative RT), and tested for correlations between this 
measure and time spent in SWS. Thus, a positive emotion effect 
represented faster memory judgements for emotional (relative 
to neutral) picture locations, whereas a negative emotion effect 
corresponded to faster memory judgements for neutral (relative 
to emotional) picture locations. Among picture-location memo-
ries that were reactivated during sleep, SWS duration predicted 
a strongly positive emotion effect (r = 0.66; P = 0.008) (see 
Figure 2). Examination of the simple effects of emotion showed 
that this relationship was driven by negative reactivated picture 
locations, as SWS predicted faster RTs for these items (r = -0.52; 
P = 0.05), whereas no significant relationship was found 
between SWS and RTs for neutral reactivated picture locations 

Table 3—Memory accuracy (means)

Presleep
Neutral Negative

TMR No TMR TMR No TMR
80.50 ± 18.91 80.22 ± 21.72 83.58 ± 19.00 84.98 ± 16.40

Postsleep
Neutral Negative

TMR No TMR TMR No TMR
84.01 ± 14.23 82.06 ± 23.31 83.11 ± 18.83 82.09 ± 16.10

Memory accuracy in the presleep and postsleep retrieval tests. Retrieval 
scores were calculated as the percentage of high certainty responses 
(rating of 4 or 5) that were correctly answered. TMR, targeted memory 
reactivation.

Table 4—Response times (means)
Presleep

Neutral Negative
TMR No TMR TMR No TMR

1040.67 
± 164.59

1041.07 
± 193.27

1029.45 
± 163.72

995.36
± 146.90

Postsleep
Neutral Negative

TMR No TMR TMR No TMR
990.54

± 137.33
999.13

± 129.79
951.88

± 133.75
996.17

± 127.88

Response times for correct high certainty responses (rating of 4 or 5) 
in the pre-sleep and postsleep retrieval tests. TMR, targeted memory 
reactivation.

Table 2—Certainty data (means)

Presleep
Neutral Negative

1 2 3 4 5 1 2 3 4 5
4.41 ± 6.35 3.63 ± 4.64 12.79 ± 14.08 13.87 ± 9.81 65.30 ± 19.72 3.26 ± 3.79 4.12 ± 5.62 12.51 ± 10.03 20.98 ± 10.44 59.13 ± 20.83

Postsleep
Neutral Negative

1 2 3 4 5 1 2 3 4 5
3.41 ± 4.78 4.65 ± 6.28 9.01 ± 10.71 14.93 ± 11.37 68.01 ± 20.87 4.73 ± 6.23 5.27 ± 6.17 13.40 ± 10.10 15.07 ± 13.36 61.53 ± 22.64

Percentage of correct responses made at each level of certainty (1 = very uncertain; 5 = very certain) in the presleep and postsleep retrieval tests.
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(r = 0.34; P = 0.21). Importantly, SWS did not predict any 
emotion effect for nonreactivated picture locations (r = 0.06; 
P = 0.83). These findings suggest that emotional memories, but 
not neutral memories, were more strongly consolidated during 
SWS when TMR had taken place.

In addition to the three-way interaction, this ANCOVA 
of RTs revealed an interaction between SWS and emotion 
(F(1,13) = 4.99; P = 0.044), suggesting that SWS had influ-
enced negative and neutral memories in generally distinct 
manners. No interaction was found between SWS and sound 
(F(1,13) = 0.58; P = 0.46) for RTs, and there was no main effect 
of SWS (F(1,13) = 0.42; P = 0.53).

SWS Spindles
To examine the role that sleep spindles play in SWS-TMR 

interactions, we repeated the ANCOVA for the aforementioned 
RTs, but this time included the spindle count averaged across all 
six EEG channels during SWS as the mean-centered covariate. 
This revealed a three-way interaction between spindles, 
sound, and emotion (F(1,13) = 5.12; P = 0.043), with spindles 
predicting a positive emotion effect for reactivated picture loca-
tions (r = 0.51; P = 0.05), but not nonreactivated picture loca-
tions (r = 0.02; P = 0.93). No interaction was found between 
spindles and either sound (F(1,13) = 0.01; P = 0.92) or emotion 
(F(1,13) = 2.02; P = 0.18), and there was no main effect of 
spindles (F(1,13) = 0.04; P = 0.85). These findings suggest that 
SWS-related enhancements of reactivated emotional memories 
may be mediated by the spindle oscillations that occur in this 
sleep stage.

Sound Awareness
All participants confirmed that they were unaware of any 

sound replay during sleep and performed at chance when asked 
to discriminate between the sounds that were replayed and 
those that were not (t(14) = 0.26; P = 0.80).

DISCUSSION
In this study, we investigated how TMR influences emotional 

memory consolidation during SWS and the mechanisms that 
underpin such effects. Our findings suggest that when emotion-
ally negative and neutral memories are reactivated together, the 
ensuing SWS supports the consolidation of negative memories 
alone, with such effects mediated by sleep spindle oscillations.

The Mechanism of TMR
The notion that SWS-dependent memory reactivations can 

be triggered with sensory cues, leading to superior retrieval 
performance, has been well supported in recent years,13,15-

18,20,21,37 but the mechanisms underpinning this effect have been 
largely uncharacterized. Our observation that time spent in 
SWS predicts faster memory judgments for reactivated picture 
locations suggests that the explicit effects of TMR do not occur 
instantaneously, but are instead driven by the SWS that follows. 
Crucially, such RT speeding was also predicted by sleep spin-
dles recorded in SWS, suggesting that spindle oscillations play 
a critical role in TMR-related memory enhancements. These 
findings join a wealth of behavioral and physiological evidence 
indicating an active role for both SWS and sleep spindles in 
memory consolidation.33,35,38-43 Building on this research, the 

active systems model of consolidation1,5,8 proposes that neocor-
tical slow oscillations (< 1 Hz) drive the synchronized occur-
rence of hippocampal memory replay, together with associated 
sharp-wave ripple events in the hippocampus, and thalamocor-
tical sleep spindles throughout SWS. As a result, sharp-wave 
ripples and reactivated memory information are thought to 
become nested into single oscillatory troughs of the spindle, 
which is collectively fed back to the neocortex in the form of 
a spindle-ripple event, and thereby facilitates the transfer of 
hippocampal-dependent memories to neocortical sites for long-
term storage. Using this model, it is tempting to interpret our 
findings as evidence for an augmented consolidation process, 
whereby TMR initiates focused hippocampal replays and thus 
triggers an enhanced series of spindle-ripple events, which 
occur at a greater frequency than those generated endogenously. 
Accordingly, as a result of TMR, recently acquired memories 
may become rapidly independent of the hippocampus during 
SWS, and more effectively stabilized within long-term neocor-
tical memory networks.

Selective Emotional Memory Processing
Rather than strengthening all newly encoded memories 

equally, sleep-dependent consolidation processes are thought to 
operate in a discriminatory manner, such that new information 
is either lost or retained on the basis of its relevance for future 
recall.8,44,45 Emotional memory research has provided consider-
able evidence for this selective gating of relevant and irrelevant 
memories during sleep, with several studies demonstrating that 
affective representations are better remembered over sleep than 
their neutral counterparts,22,23,46-48 although these findings are 

Figure 2—The influence of targeted memory reactivation (TMR) on the 
relationship between slow wave sleep and the emotion effect (neutral 
response time – negative response time).
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also discussed by Baran et al.49 and Lewis et al.50 Our current 
findings add to this literature by showing that consolidation 
processes occurring in SWS as a result of TMR also operate 
in a highly selective manner. Although both emotionally nega-
tive and neutral memories were reactivated in this study, only 
negative memories showed evidence of enhanced consolidation 
during the SWS that proceeded TMR, suggesting that SWS had 
preferentially affected reactivated memories with the highest 
degree of emotional salience. Moreover, our data revealed that 
this selective enhancement of negative reactivated memories 
was also predicted by sleep spindles recorded during SWS. In 
addition to being previously implicated in the memory effects 
of TMR,13,21 recent work has suggested that spindles support 
discriminatory memory processes over sleep,51 and facilitate 
emotional memory consolidation.26 Importantly, Wilhelm et 
al.52 found an increase in SWS spindles after newly encoded 
object-location memories were made more salient, and the 
extent of this increase predicted memory performance in a 
subsequent test. However, because Wilhelm et al. did not 
examine emotional memories, care should be taken when 
drawing comparisons between their findings and those reported 
here. Selective memory processes are thought to be governed 
by neural salience tags, which are attached to relevant infor-
mation at encoding and stimulate a targeted consolidation of 
such information during sleep, while unimportant or irrelevant 
memories are left to decay.8,45 In the current study, the salience 
tags attached to emotionally aversive memories at encoding 
may have become boosted during TMR, resulting in a subse-
quently enhanced consolidation process that was mediated 
by SWS-specific spindle oscillations. Future research should 
therefore focus on whether the sleep spindle can be harnessed 
to maximize the selective influences of TMR.

Study Limitations
Although the current study provides insight to the neural 

mechanisms underpinning TMR effects in human memory, 
we did not observe the TMR-related changes in memory 
accuracy reported in previous studies of this type.15,16,18,20 This 
caveat may be reasonably attributed to substantial differences 
between the experimental task used here and those adopted by 
others. According to Rudoy et al.,20 for example, the distance 
between the encoded and recalled screen locations of each 
study item provided an index of memory accuracy that was 
particularly sensitive to the effects of TMR. Instead, our data 
indicate that our six-option forced choice task provides greater 
insight to TMR-related changes in RTs, which have not been 
appropriately examined in prior research. It is important to 
note, however, that our significant findings were limited to the 
postsleep retrieval phase, rather than a change in performance 
between presleep and postsleep retrieval sessions, as reported 
in prior studies of auditory TMR. 17,20,37

Several studies have reported a predictive relationship 
between rapid eye movement (REM) sleep and emotional 
memory retention, suggesting that this sleep stage may support 
the consolidation of affective representations,23,47,53,54 but Baran 
et al.49 also provide insight. Although we found no association 
between REM and subsequent emotional memory performance, 
studies that have shown such a relationship did not involve TMR 
during sleep. Thus, TMR-related changes in emotional memory 

performance may, in part, result from an atypical pattern of 
offline consolidation, in which REM-dependent processes are 
superseded by those occurring in SWS. Moreover, seven of 
our participants achieved no REM during their afternoon nap, 
reducing the plausibility of our attempts to correlate time spent 
in REM with behavioral changes.
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SUPPLEMENTAL MATERIAL

Table S1—Picture-sound pairs

Negative Neutral

Picture Sound Picture Sound
Vomit on street Male vomiting Cars on road Car horns
Bomb explosion Explosion Skyscraper construction Jackhammer
Police scene Police siren Cows Cow moo
Car accident Car crash Nightclub Crowd and music
Female abduction Female scream Electric fan Electric fan
Sad children Children crying Shipyard Seagulls
Attack on male Male scream Clocks Clock ticking
Dead tiger Growling animal Male runner Male panting
Plane crash Plane crash Office Typing
Male in hospital Male sobbing Female medic Heartbeat
Dying male Male coughing Field Wind blowing
War ruined buildings Warfare Female tennis player Tennis rally
Pit bull Dog barking Person with balloons Carousel 
Male aiming gun Gun load and shot Female secretary Telephone
Male corpse on train Train passing Park Birds singing
Building on fire Air-raid siren Lizard Rain forest
Snake Rattlesnake Casino Slot machine
Tornado Thunderstorm Male musician Acoustic guitar
Male gang smashing car Breaking glass Cuckoo Cuckoo
Male in electric chair Electricity Supermarket shopper Footsteps
Battered female Male attacking female Male with flowers Doorbell
Baby with tumour Baby crying Teeth Brushing teeth
Oil fire Warning buzzer Boy with radio Tuning radio
Flies on pie Flying insects Neon building Crickets
Helicopter over fire Helicopter Coffee and newspaper Sorting papers
Crowd carrying corpse Street crowd Glass Pouring drink
Dental exam Dentist drill Boy writing Writing
Male boxer Male being punched Farmer Rooster
Dirty toilet Toilet flush Ice hockey Sports crowd
Burial Digging African mask Bongos
Sliced hand Male injuring himself Boys reading Classroom
Attack on female Prowler, female scream Males sleeping Male snore
Sick cat Cat meow Market Market crowd
Male corpse in water Moving water Female on horse Bugle
Corpse in rain Rain Car headlight Car engine
Riot High pitch alarm Female snoozing Female yawn
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