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SUMMARY
Post-learning sleep contributes to memory consolidation. Yet it remains contentious whether sleep affords
opportunities tomodify or update emotional memories, particularly when people would prefer to forget those
memories. Here, we attempted to update memories during sleep, using spoken positive words paired with
cues to recentmemories of aversive events. Affective updating using positive words during human non-rapid
eye movement (NREM) sleep, compared with using neutral words instead, reduced negative affective judg-
ments in post-sleep tests, suggesting that the recalled events were perceived as less aversive. Electroen-
cephalogram (EEG) analyses showed that positive words modulated theta and spindle/sigma activity; spe-
cifically, to the extent that theta power was larger for the positive words than for the memory cues that
followed, participants judged the memory cues less negatively. Moreover, to the extent that sigma power
was larger for the positive words than for the memory cues that followed, participants forgot more episodic
details about aversive events. Notably, when the onset of individual positive words coincided with the up-
phase of slow oscillations (a state characterized by increased cortical excitability during NREM sleep), affec-
tive updating was more successful. In sum, we altered the affective content of memories via the strategic
pairing of positive words and memory cues during sleep, linked with EEG theta power increases and
the slow oscillation up-phase. These findings suggest novel possibilities for modifying unwanted memories
during sleep, which would not require people to consciously confront memories that they prefer to avoid.
INTRODUCTION

Sleep sculpts our emotional memories via offline consolida-

tion.1–4But can memories be updated and modified during sleep?

Unwanted memories—such as those of traumatic, painful, or

shameful experiences—can be particularly debilitating for cogni-

tive functioning andmentalwell-being.5,6 However, controlling un-

wanted memories can be daunting, given the challenge of top-

down cognitive control abilities.7,8 Moreover, people often wish

to avoid thinking of such unwantedmemories, thereby precluding

direct confrontation and control. It would therefore be desirable to

modify unwanted memories without direct confrontation and

associated cognitive effort. Here, we examined the novel hypoth-

esis that unwanted memories can be updated during sleep, by-

passing the challenge of confronting a negative memory.

An established paradigm to manipulate memory processing

during sleep is known as targeted memory reactivation

(TMR).9–11 The TMRmethod entails the unobtrusive re-presenta-

tion ofmemory cues during post-learning sleep, using a sound or

an odor that was pairedwith prior learning duringwakefulness. In

this way, cued memories are reactivated, and consolidation

moves forward. TMR effects are manifested by differential
retrieval for reactivated compared with non-reactivated memory

items in post-sleep tests. TMR can influence many types of

memory, including spatial memory, motor memory, emotional

memory, linguistic memory, and others.9,11–17 Notably, re-

searchers also adapted TMR to modify fear or emotional mem-

ories during sleep,18–26 but the results to date are mixed: TMR

weakened, strengthened, or had null effects on emotional mem-

ories. This evidence thus does not constitute convincing support

for the idea that these TMR methods can effectively update un-

wanted memories.

Instead of provoking reactivation by presenting a stimulus

linked to emotional information from the pre-sleep-learning

phase, some investigators have used more complex sleep

learning or TMR paradigms. Sleep-learning paradigms typically

involved attempts to form new associations—accomplished

via odor-odor, odor-tone, or even word-word stimulus pair-

ing—during sleep.27–29 Beyond forming new associations, re-

searchers have also aimed to promote forgetting during sleep.

In a TMR study, Simon and colleagues first trained tones to be

associated with efforts to forget and then played those forget-

ting-associated tones in conjunction with memory cues during

sleep, which induced forgetting of episodic memories. Episodic
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Figure 1. Experiment procedure and affective updating effect

(A)The general procedure of experiment.

(B) Affective updating procedure during sleep (for details, see STAR Methods).

(C) Box plots for behavioral outcomes of affective updating (left) and memory change of detail (right). Note that the affective updating effect remained significant

when using mean ± 2.5 median absolute deviation (MAD) to exclude statistical outliers (p = 0.011). *p < 0.05. Error bars indicate maximum (the third quartile + 1.5

interquartile range) and minimum (the first quantile � 1.5 interquartile range).
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forgetting was also shownwith a related procedure in which only

forgetting-associated tones were played during sleep after

directed forgetting was attempted prior to sleep.30

Another variation of the TMRparadigm yet to be explored is at-

tempting to update amemory by combining amemory cuewith a

stimulus of opposite valence, i.e., counterconditioning. In a

counterconditioning paradigm, a previously conditioned stim-

ulus is paired with a new stimulus of opposite valence, with the

aim of modifying evaluations or maladaptive behavior.31–33 For

example, when repeatedly paired with a positive or an appetite

stimulus, an original fear memory could be updated to be less

negative, while fear responses gradually diminished via this
2 Current Biology 33, 1–12, January 23, 2023
counterconditioning procedure.31–33 This waking-state counter-

conditioning research, combined with sleep learning and TMR,

raises a novel possibility that through pairing positive emotional

stimuli with memory cues during sleep, people may update the

affect tone of previously learned aversive memories.

Here, we designed a sleep-based memory-updating proced-

ure to test the extent to which we can update unwanted

memories by pairing positive words with memory cues. The

procedure consists of three sessions (Figure 1): pre-sleep

learning, updating during sleep, and post-sleep test. Prior to

sleep, participants learned cue-target pairings involving initially

neutral pseudowords and aversive emotional pictures. We also
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included memory tests, following learning, to obtain pre-sleep

baseline measures. During post-learning non-rapid eye move-

ment (NREM) sleep, we unobtrusively played spoken updating

words (positive or neutral) as unconditioned stimuli, each fol-

lowed by a pseudoword memory cue. We presented updating

words (positive versus neutral) immediately before the memory

cues to ensure that effects were produced by affective counter-

conditioning instead of memory disruption that might result if

words were played following cues (see Schreiner et al.17 wherein

presenting a spoken word immediately after a memory cue abol-

ished TMR benefits, compared with a cue-only condition). To

assess behavioral effects of sleep-based updating, we

measured participants’ affective judgments and accuracy of un-

wanted memories after sleep. We hypothesized that by repeat-

edly pairing positive words with memory cues during NREM

sleep, participants’ negative affective responses toward cues

would be weakened in the post-sleep tests.

We further hypothesized that if unwanted memories can be up-

dated, stimulus-elicitedbrain activityduringNREMsleepwouldbe

critical for updating toemergeandmaybeobservable inelectroen-

cephalogram (EEG) measures. Existing studies showed that 4–

8 Hz theta activity was related to memory consolidation during

sleep and wakefulness.17,34–37 Some TMR and sleep-learning

studies further pinpointed the role of theta in emotional processing

during NREM sleep, such as in distinguishing between emotional

versus neutral prosodies,38 encoding of emotional stimulus pair-

ings,27,34,39 and reactivation of emotional memory.24,27,34,38–40

We thus hypothesized that the valence of the updatingword could

modulate theta power during NREM sleep, which could then drive

successful affective updating.

In addition to theta power, spindle activity within the sigma

band (12–16 Hz) and slow-wave activity within the delta band

(0.5–4 Hz) are instrumental for sleep-mediated memory reactiva-

tion and consolidation.2,41–46 Spindle and spindle-related sigma

power have also been associated with auditory processing and

emotional memory reactivation during NREM sleep.16,17,47,48

Here, given that we presented pairs of stimuli during sleep, we

were interested in whether sigma power elicited by the positive

words and the memory cues would influence post-sleep mem-

ory. In addition, the cortical slow oscillation (SO, 0.5–2 Hz), a

defining neural oscillation of deep sleep, encompasses a

down-phase and an up-phase that reflect neural hyperpolar-

ization and depolarization, respectively. The SO up-phase is

thought to comprise a transient period suitable for high-level

cognitive processing and long-distance cross-region communi-

cation.49–51 Indeed, when memory cues or auditory stimulation

were applied during the SO up-phase, stronger memory benefits

or sleep-learning effects emerged.29,52,53 Here, we focused on

the contingency between SO phase and onset of spoken words

and memory cues, and we examined whether such contin-

gencies influenced post-sleep affective updating.

RESULTS

Pairing positive words and memory cues updated
affective judgment
To answer our primary research question on sleep-based

affective updating, we quantified changes in affective judgments

from pre-sleep to post-sleep, i.e., affective updating. We
calculated the neutral response ratio by dividing the number of

neutral responses by the number of total trials in each of the three

conditions (positive versus neutral versus non-updating). At the

pre-sleep-learning session, we confirmed that pairing of pseudo-

words and aversive images successfully induced negative judg-

ments toward pseudowords (hereafter referred as cues): partici-

pants were more likely to judge the cues as negative than

neutral (t(30) =�14.43, p < 0.001, and dz = 2.59). Moreover, there

were no significant between-condition differences in neutral

response ratio during the pre-sleep-learning session (mean ±

SE; positive updating, 0.41 ± 0.048; neutral updating, 0.46 ±

0.047; non-updating, 0.38 ± 0.045; F(2,60) = 2.21, p = 0.118).

To quantify the affective updating effect, we computed affec-

tive change scores as pre-sleep neutral response ratio

subtracted from post-sleep neutral response ratio, with higher

scores indicating higher neutral responses. Submitting affective

change scores to a one-way ANOVA (positive versus

neutral versus non-updating) revealed a significant effect:

F(2,60) = 4.23, p = 0.019, hG
2 = 0.043, hp

2 = 0.124. Post-hoc

tests showed that positive updating during sleep more signifi-

cantly increased affective change scores than neutral updating

(mean ± SE; positive updating, 0.07 ± 0.02; neutral updating,

0.01 ± 0.02; t(30) = 2.36, pcorrected = 0.038, dz = 0.42) and than

non-updating (0.01 ± 0.03; t(30) = 2.41, pcorrected = 0.038, dz =

0.43). The difference between neutral updating and non-updat-

ing conditions was not significant (t(30) = �0.10, p = 0.921).

Wenext examined reaction times (RTs) in the affective judgment

task.A3 (positive versusneutral versusnon-updating) * 2 (negative

versus neutral response) repeated-measures ANOVA was con-

ducted on pre- to post-sleep RT changes. There were no signifi-

cant differences for condition, valence, or their interaction

(p > 0.190). The same analyses on subjective valence and arousal

ratings did not reveal significant main or interaction effects

(p > 0.620).

We next sought to explore whether our procedure produced

changes in the recall of negativememories. We coded verbally re-

called memory with three indices: identification, gist, and detail

(STAR Methods). We quantified identification and gist changes,

dividing pre-sleep correct responses by post-sleep correct re-

sponses. Memory detail scores were Z normalized within partici-

pants to control for between-participant variances in verbal de-

scriptions . Then, memory detail change scores were calculated

by subtracting pre-sleep from post-sleep memory detail scores.

We did not find significant differences among the three conditions

(identification, F(2,60) = 0.17, p = 0.840; gist, F(2,60) = 0.75, p =

0.479; detail, F(2,60) = 0.29, p = 0.752).

Words elicited significant ERPs during NREM sleep
To examine how the sleeping brain responded to updating words,

we first calculated brain potentials elicited by updating words

across all electrodes. We conducted one-tailed spatial-temporal

permutation tests to compare event-related potentials (ERPs)

against zero across all channels and time points to identify the

peak responses. The results revealed dynamic changes in the

brain’s responses to updating words along the time course (

pclusters < 0.045; Figure 2). In particular, in the frontal-central re-

gions, two ERP peaks were identified following each of the updat-

ing word and memory cue. These findings indicate that the

sleeping brain retains some capacity for processing external
Current Biology 33, 1–12, January 23, 2023 3



Word-elicited EEG responses during NREM sleep Figure 2. Word-elicited ERPs during NREM

sleep (first, updating word; second, memory

cue)

Upper panel: butterfly plot of ERPs to spoken

words collapsing across positive and neutral up-

dating conditions. Graded area denotes the global

field power (GFP). Middle panel: significant time

windows (colored areas) across frontal-central

electrodes when comparing ERPs against zero.

Bottom panel: grand-averaged ERPs across fron-

tal-central electrodes (F1/2, Fz, FC1/2, FCz, C1/2,

Cz). See also Figure S1.
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auditory stimuli such as spoken words (for whole-brain analyses;

Figure S1).

Regarding ERPs differences between the positive updating

and neutral updating conditions, a two-tailed spatial-temporal

permutation test was performed to assess the between-condi-

tion differences across all channels and time series. The results

revealed no significant differences in ERPs between positive and

neutral updating conditions (pclusters > 0.566).

Words elicited delta-theta-alpha and alpha-sigma-beta
power during NREM sleep
To investigate word-elicited EEG activity, we performed time-fre-

quency analyses on EEG epochs, followed by averaging across

conditions, participants, andpre-selected frontal-central channels

(F1/2, Fz, FC1/2, FCz,C1/2,Cz; Figure 3A). These electrodeswere

selected based on previous sleep-learning29 and TMR studies.16

Via a cluster-based, two-tailed one-sample permutation test

(1,000 randomization and a statistical threshold of 0.05) against

zero across time points and frequency bands, we identified one

significant cluster, including an earlier delta-theta-alpha cluster

(1–12 Hz) and a later alpha-sigma-beta cluster (9–25 Hz) induced

by updating words or memory cues (pcluster = 0.001; Figure 3B).

For EEG responses elicitedby the updatingwords (positive versus

neutral), we examined the delta-theta cluster during 0.37–1.29 s

and the sigma-beta cluster during 0.54–2.08 s (Figures 3C and
4 Current Biology 33, 1–12, January 23, 2023
3D). For EEG responses elicited by the

memorycues,weexaminedthedelta-theta

cluster during 2.30–3.69 s and the sigma-

beta cluster during 2.34–3.90 s

(Figures 3C and 3D). These clusters were

generally consistent with previous TMR

and sleep-learning studies.16,29 We then

used these identified clusters as regions

of interest (ROIs) in the following analyses.

Updating words modulated theta
and sigma/spindle activity
We first examined the EEG power elicited

by positive and neutral words within the

earlier 0.37–1.29 s delta-theta cluster (1–

8 Hz). To delineate the frequency-specific

effect, we separately focused on delta

(1–4 Hz) and theta (4–8 Hz). A paired sam-

ple t test showed that positive words eli-

cited significantly stronger theta power
(Figure 3E; mean ± SE; positive word, 3.07 ± 0.40; neutral

word, 2.06 ± 0.39; theta, t(29) = 2.47, pcorrected = 0.030, dz =

0.45) than neutral words, while no significant effect was

observed in the delta band (delta, t(29) = 1.50, pcorrected = 0.432).

We next examined the later 0.54–2.08 s sigma-beta (12–25 Hz)

clusters, focusing on sigma (12–16 Hz) and beta (16–25 Hz)

bands separately. Paired sample t tests showed that positive

words elicited significantly greater sigma power than neutral

words (sigma, mean ± SE; positive word, 2.91 ± 0.50; neutral

word, 1.70 ± 0.49, t(29) = 3.28, pcorrected = 0.005, dz = 0.60; Fig-

ure 3F). However, this effect was not observed in the beta band

(t(29) = 1.65, p = 0.110). Complementing time-frequency EEGan-

alyses, we found similar results when examining discrete 12–

16 Hz fast spindle events and spindle probability: positive words

elicited significantly higher fast spindle probability than neutral

words within similar time windows as in the sigma power ana-

lyses (Figure S2B). Together, results from time-frequency EEG

and fast spindle analyses show that the positive updating and

neutral updating words differentially modulate theta and

sigma/spindle activity change during NREM sleep.

Updating words and memory cues jointly modulated
theta and sigma activity
We next examined how updating valence and position modu-

lated the dynamics of theta and sigma power. We conducted 2
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Figure 3. Word-elicited, time-frequency-resolved EEG activity during NREM sleep

(A) Time-frequency results averaging across all trials and participants over frontal-central electrodes (F1/2, Fz, FC1/2, FCz, C1/2, Cz).

(B) A map of t values from a cluster-based permutation test across frequency bands and time points, representing how updating words and memory cues

modulated EEG activity during NREM sleep.

(C and D) Time-frequency plots for positive (C) and for neutral (D) updating conditions, with solid and dash lines highlighting significant clusters derived from

(B) within the 4–8 Hz theta and the 12–16 Hz sigma bands, together with their scalp distributions.

(E and F) Box plots for theta (E) and sigma (F) power extracted from the significant clusters (highlighted in solid lines) were significantly different between positive

and neutral words. *pcorrected < 0.05. Theta and sigma differences remained significant after excluding statistical outliers (mean ± 2.5MAD; theta, p = 0.013; sigma,

p < 0.001). Error bars indicate maximum (the third quartile + 1.5 interquartile range) and minimum (the first quantile � 1.5 interquartile range).
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(B) power. Theta and sigma power were derived

from their corresponding significant clusters high-

lighted in Figures 3C and 3D. Error bars indicate

maximum (the third quartile + 1.5 interquartile

range) and minimum (the first quantile � 1.5 inter-

quartile range).

(C) Theta power differences between positive words

and cues positively predicted affective updating.

(D) Sigma power differences between positive

words and cues negatively predicted memory

changes in details. *p < 0.05 and **p < 0.01. Shaded

areas indicate 95% confidence intervals (CIs).

See also Figures S2 and S3.
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(updating valence: positive versus neutral) * 2 (position: first up-

dating words versus second memory cues) repeated measures

ANOVAs on theta and sigma power, separately. Theta (4–8 Hz)

and sigma (12–16 Hz) power were extracted within their corre-

sponding significant clusters (Figures 3C and 3D).

Regarding theta, we found a significant main effect of updat-

ing valence (F(1,29) = 4.62, p = 0.040, hG
2 = 0.023, and hp

2 =

0.138), with positive updating eliciting greater theta power

change than neutral updating (mean ± SE; positive updating,

3.14 ± 0.36; neutral updating, 2.48 ± 0.35; Figure 4A).

We also found that the second memory cue tended to elicit a

larger theta power change (3.05 ± 0.35) than the preceding up-

dating word (2.56 ± 0.34), although this effect did not reach

significance (F(1,29) = 4.14, p = 0.051, hG
2 = 0.013, hp

2 =

0.125). The interaction was not significant (F(1,29) = 1.66,

p = 0.208).

Regarding sigma, the same ANOVA did not find main effects

for either updating valence (F(1,29) = 2.66, p = 0.114) or position

(F(1,29) = 0.45, p = 0.507; Figure 4B). However, we found a sig-

nificant interaction effect (F(1,29) = 11.38, p = 0.002, hG
2 = 0.024,

hp
2 = 0.282; Figure 4B). Post-hoc comparisons revealed that in

the neutral updating condition, the neutral word elicited a lower

sigma power increase than its paired cue (neutral word, 1.70 ±

0.49; cue, 2.69 ± 0.50; t(29) = �2.90, pcorrected = 0.017, dz =

�0.53), whereas in the positive updating condition, the positive

word elicited a slightly higher sigma power increase than the

memory cue (positive word, 2.91 ± 0.50; cue, 2.31 ± 0.37;

t(29) = 1.52, pcorrected = 0.139). We observed a similar interaction

with the 12–16 Hz fast spindle probability (Figure S2D).
6 Current Biology 33, 1–12, January 23, 2023
Theta power difference between
positive words and memory cues
predicted affective updating
We next sought to ask whether the theta

and sigma EEG power changes have

any effect on affective updating. To

quantify the affective updating effect at

a neural level, we subtracted power

induced by memory cues from the power

induced by updating words. This sub-

traction thus removed auditory-related
neural activity that was not specific to emotion or to cue pro-

cessing. A higher value would indicate stronger neural process-

ing of updating words than its preceding memory cues, which

possibly drives more effective affective updating.

Using this neural metric and the behavioral affective change

scores, we examined the relationship between theta and sigma

power difference with the affective updating, respectively. We

found that during positive updating, theta power differences

positively predicted post-sleep affective updating (r(30) = 0.55,

p = 0.002; Figure 4C), whereas sigma power differences did

not show such a prediction (r(30) = 0.16, p = 0.408). During

neutral updating, no significant correlations were found (theta,

r(30) = �0.19, p = 0.304; sigma, r(30) = 0.09, p = 0.654).

To verify that the prediction effect was driven by the theta po-

wer differences between the updating word and memory cue

rather than by the power elicited by either updating word or

memory cue, we repeated the analyses using partial correlation,

controlling the theta power elicited by individual positive words

and cues. The results remained significant (theta, r(30) = 0.56,

p = 0.002), confirming that the theta power difference between

the positive words and the following cues significantly predicted

overnight affective updating.

Sigma power difference between positive words and
memory cues predicted memory change
Spindle-related sigma power has been linked to memory pro-

cessing during sleep. In TMR studies, post-cue sigma power

positively predicted memory change, whereas pre-cue sigma

showed the opposite predictions.41,54,55 We thus asked whether
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sigma power differences between the updating words andmem-

ory cues predicted memory changes after sleep. We found that

sigma power differences negatively predictedmemory change in

all three measures (identification, gist, and details), yet the rela-

tionship was only significant for memory details in the positive

updating condition (r(30) = �0.47, p = 0.009; Figure 4D, for iden-

tification and gist, r(30) > �0.03, p > 0.080). Partial correlation

confirmed that in this positive updating condition, only the sigma

power differences—rather than the sigma power induced by in-

dividual words—predicted memory change in details (r(30) =

�0.49, p = 0.009). Together, these results show that during up-

dating, stronger sigma power elicited by the positive words rela-

tive to memory cues results in more forgetting of negative mem-

ories following sleep.

We examined delta, beta, and earlier and later alpha power in

affective updating (Figure S3), given their roles in memory and

semantic processing during sleep.54,56 We also performed ana-

lyses to rule out the potential influence of alpha-related arousal

(STAR Methods). Furthermore, spindle analyses showed that

the later 8–12 Hz alpha power changes may reflect the activity

of slow spindles (Figures S2A–S2C).

Successful affective updating depends on positive word
onset within an SO up-phase
Recent sleep-learning and TMR studies suggest that the tempo-

ral coupling between SO phases and auditory stimulation is

instrumental for successful sleep-learning and TMR bene-

fits.29,52,57 An intriguing possibility is that the affective updating

effect would similarly depend on stimulus-SO coupling. To

examine this hypothesis, we categorized individual trials into

negative-change and negative-stay sub-conditions based on af-

fective judgment changes (STAR Methods). By definition, nega-

tive-change trials were trials showing successful affective updat-

ing, i.e., cues previously judged to be negative were later judged

to be neutral.

We included negative-change trials across all participants and

extracted the instantaneous SO phase when individual updating

words andmemory cues were played, and we repeated this step

for negative-stay trials. Complementing this item-level analysis,

we examined the coupling between word onset and SO phase

at a participant level, wherein we averaged instantaneous SO

phase when updating words and cues were played for nega-

tive-change and for negative-stay trials separately within each

participant.

The item- and participant-level analyses yielded consistent re-

sults: in the positive updating condition, negative-change trials

were associated with a significant non-uniform distribution of

positive word onsets, and the averaged preferred phase was

coupled to SO up-phases (trial level, Z(681) = 7.46, p < 0.001,

mvl = 0.105, coupling phase: �0.09�; participant level, Z(26) =
6.18, p = 0.002, Rayleigh test; mvl = 0.49; coupling phase:

�18.51�; Figure 5A). A similar result was found for memory

cues (trial level, Z(681) = 4.87, p = 0.008, Rayleigh test; mvl =

0.10; coupling phase, �4.91�; participant level, Z(26) = 2.98,

p = 0.049, Rayleigh test; mvl = 0.34; coupling phase,�6.54�, cir-
cular mean).

By contrast, for negative-stay trials, the onsets of positive

words and memory cues were randomly distributed (positive

words, trial level, Z(681) = 1.75, p = 0.174; participant level,
Z(26) = 1.59, p = 0.205; cues, trial level, Z(681) = 1.34, p =

0.263; participant level, Z(26) = 0.11, p = 0.895, Rayleigh tests).

The phase effect was specific to SO events, as the same ana-

lyses focusing on 2–4 Hz delta activity did not yield significant ef-

fects (Z < 2.30, p > 0.100). Repeating the same analysis in the

neutral updating condition did not find significant clustering in

the negative-change trials (Figure 5B; trial level, neutral words,

Z(412) = 0.57, p = 0.567; cues, Z(412) = 0.61, p = 0.541; partici-

pant level, neutral words, Z(25) = 0.45, p = 0.643; cues, Z(25) =

0.38, p = 0.691) or in the negative-stay trials (trial level, neutral

words, Z(412) = 1.20, p = 0.30; cues, Z(412) = 0.37, p = 0.690;

participant level, neutral words, Z(25) = 0.36, p = 0.698; neutral

paired cue, Z(25) = 1.07, p = 0.345).

Next, we conducted an inverted analysis to further demon-

strate that the coupling between positive words and SO up-

phases drove successful affective updating. We counted how

many times each individual positive/neutral word were delivered

during an SO up-phase and used the linear mixed model (LMM)

to examine whether this number, the updating valence, and their

interaction would predict affective updating (STAR Methods).

While neither the number of updating words in SO up-phase

(F(1, 29.44) = 0.37, p = 0.550) nor updating valence (F(1,

686.47) = 0.07, p = 0.785) was significant, we found a significant

interaction (F(1, 689.21) = 4.25, p = 0.040). That is, the prediction

power of affective updating was significantly higher when using

the number of up-phase positive words than when using the

number of up-phase neutral words (b = 0.025, SE = 0.012,

t(688) = 2.06, p = 0.040; Figure 5C), suggesting that the number

of individual positive words played during SO up-phases drove

successful affective updating.

When we used the number of individual memory cues deliv-

ered during SO up-phases in the LMM, neither main nor interac-

tion effects were significant (F < 2.20, p > 0.140). Taken together,

these SO phase analyses indicate that the coupling between the

onset of positive words and SO up-phases drives successful af-

fective updating.

DISCUSSION

Can negative memories be strategically updated to become less

negative during sleep?We demonstrated that our procedures for

presenting positive words and memory cues during NREM sleep

did indeed produce ‘‘affective updating’’—participants’ affective

judgments about thesememories became less negative. In addi-

tion to this behavioral effect, we found that EEG theta and sigma

power were both implicated in affective updating as well.

Notably, at both the item level and participant level, the timing

of positive words relative to the SO up-phase contributed to suc-

cessful affective updating. By demonstrating sleep-based affec-

tive updating in association with neural correlates of this updat-

ing, the present study provides new knowledge to guide future

possibilities for editing unwanted memories.

Previous research showed that the sleeping brain responds to

external stimuli with a preserved information-processing capacity.

Specifically, during NREM sleep, theta power elicited by

emotional words could indicate affective information process-

ing,34,38 and theta power elicited by memory cues represents re-

activation of emotional memories.24,40 We thus postulated that

theta differences between updating words and memory cues
Current Biology 33, 1–12, January 23, 2023 7
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Figure 5. The coupling between SO up-phases and positive word onset drove affective updating

(A and B) The distribution of updating words and cues onsets relative to SO phases. Upper panel: shaded areas in the radar plot indicate the trial numbers of word

onset phase distribution from negative-change and negative-stay in positive (A) and neutral (B) updating conditions, using all trials from all participants. The

colored circles represent the averaged preferred phase from negative-change and negative-stay sub-conditions, for each participant. Arrows indicate the mean

vector length across all participants. Bottom panel: grand-averaged ERPs from negative-change and negative-stay trials in positive (A) and neutral (B) updating,

with a 2-Hz low-pass filter applied.

(C) Results from the linear mixedmodel, using the number of individual updating words (left panel) and memory cues (right panel) during SO up-phases to predict

affective updating. The coupling results remain significant after excluding outliers (Figure S4). Shaded areas indicate 95% CIs. **p < 0.01 and ***p < 0.001.
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could reflect the strength of modulation of affective processing on

subsequent memory reactivation. Accordingly, we quantified this

modulation effect by calculating theta power differences between

updating words and memory cues. Our results indicate that the

larger the theta power elicited by positive words than by memory
8 Current Biology 33, 1–12, January 23, 2023
cues, the greater the affective updating. Moreover, this effect was

specific to the positive updating condition, and there was no such

relationship in the neutral updating condition. Thus, successful af-

fective updatingmay depend on theta activity for affective encod-

ing, for memory reactivation during sleep, or for both.
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Sigma EEG power was also implicated in affective updating.

Intriguingly, we found that positive words elicited stronger

sigma power and more spindles than neutral words, whereas

such differences were weaker or even reversed for memory

cues. Moreover, the temporal trajectory of spindle probability

was consistent with the spindle refractory hypothesis, whereby

spindles are segregated by brief refractory periods such that a

second spindle is relatively likely 3–6 s after a first spindle.41

Regarding sigma power and memory reprocessing, previous

studies showed that pre-cue sigma negatively predicted

post-cue sigma power as well as the TMR-induced memory

change.41,54,55 Here, given that the two stimuli were played

consecutively, sigma induced by updating words could func-

tion to decrease the likelihood of spindles following the subse-

quent memory cues. Accordingly, stronger sigma power eli-

cited by the positive word relative to the memory cue may

decrease cue-triggered memory reactivation, thereby leading

to episodic forgetting.

Whereas sigma power differences predicted forgetting,

memory cue presentations in the non-updating blocks ap-

peared not to influence emotional memory. Importantly, our

study combined memory cues with preceding positive or

neutral words, which could lead to results different from those

of typical TMR studies. In a highly relevant study, Schreiner

and colleagues17 found that presenting auditory stimuli shortly

after memory cues abolished both reactivation-related neural

activity and the TMR benefits. It is possible that even when up-

dating words were played before the memory cues, an inter-

fering effect nevertheless occurred, diminishing the TMR bene-

fits from memory cues alone. Another possibility is that

updating and non-updating blocks may interactively influence

memory reactivation. Unfortunately, we cannot disentangle

separate effects that may have resulted from the updating

blocks and the non-updating blocks.

Stimulation synchronized with the SO up-phase has been

shown to be conducive for successful encoding and memory

reactivation during sleep.29,52,58 Indeed, the SO up-phase repre-

sents a unique period associated with cortical excitability and

neural plasticity that may be essential for information processing

during sleep.49,50 Corroborating this hypothesis about the SO

up-phase, our results found that at both the item and participant

levels, successful affective updating depended on coincidence

betweenword onset and SO up-phase. Scrutinizing the coupling

results suggested that the onset of positive words, but not mem-

ory cues, drove affective updating. These results corroborate a

recent study that showed that successful learning occurred

when the second word of word pairings was delivered at the

SO peak.29 Whereas in that study participants learned novel se-

mantic associations, our paradigm involved pairing positive

words and aversive memory cues, or counterconditioning.31,32

Extending this research, our study showed that optimal process-

ing of the positive stimuli, as indicated by higher theta power and

precise coupling with the SO up-phase, was crucial for affective

updating.

What are the possible mechanisms supporting affective up-

dating during sleep? Employing intracranial EEG (iEEG), a

recent TMR study found that emotional memory reactivation

was accompanied by spindle and SOs in the orbitofrontal cor-

tex and by enhanced theta connectivity between the
hippocampus and orbitofrontal cortex.40,59 These results are

consistent with the systems consolidation account that empha-

sizes a critical role of hippocampal-neocortex interactions in

memory consolidation.44 Given that affective updating is most

effective when updating words were coupled with SO up-

phases, a period characterized by long-range cross-region

communication,51 it is possible that affective updating during

NREM sleep would also engage distributed brain regions impli-

cated in emotional and memory processing (e.g., hippocam-

pus, amygdala, and orbitofrontal cortex). Future research could

adopt iEEG or other neuroimaging techniques to investigate

whether similar cross-regional communication during pairing

contributes to affective updating.

Broadly speaking, our study is related to the ‘‘sleep to forget,

sleep to remember’’ (SFSR) hypothesis, which proposes that

sleep preserves memory contents while attenuating their affec-

tive tone.4 Beyond spontaneous memory and emotional pro-

cessing during sleep, our findings indicate that the memory

and emotional responses could be modified via re-playing mem-

ory cues in conjunction with positive words. The SFSR hypothe-

sis proposes an important role for REM sleep in attenuating

emotional responses.23,60 Extending our study that focused on

NREM sleep, future research could focus on REM sleep to pro-

vide additional information about the physiological mechanisms

of affective updating.

The limitations of our study are noted. First, previous sleep and

TMR studies have often shown long-term effects on emotional

responses and memory.42,61,62 Given that we did not include a

delayed test, whether sleep-based affective updating can be

long-lasting warrants future investigation. Second, affective

updating was evident in the affective judgment task, which

captured fast, spontaneous affective responses. However, sub-

jective emotional ratings did not show any updating effects.

Previous sleep-learning and TMR effects were evident in indirect

measures such as nasal airflow, response speed, and forced

choices.20,27–29,39,63 Future research should clarify the extent

to which affective updating is evident in different behavioral

tasks. Lastly, one fruitful direction to consider is how to boost

the magnitude of the affective updating effect. Our findings

suggest two routes. First, closed-loop stimulation that delivers

updating word at the up-phase of SOsmay enhance the affective

updating effect.52,58 Second, employing more potent positive

stimuli, such as pleasant odors, may elicit stronger theta activity

and enhance affective updating. In addition, using pleasant

odors as unconditioned stimuli could help capture affective

learning effect during sleep, and it has been associated with sub-

sequent behavior changes.27,39

During sleep, the brain continues to process sensory stimuli

despite ostensible disconnection from the external world.48

Harnessing the power of the sleeping brain, we showed that af-

fective responses to memory cues could be changed by pairing

positive words with these cues during NREM sleep. This study

could help the development of novel paradigms to update or

modify unwelcome memories, and it pinpoints possible neural

mechanisms supporting effective updating. An important ques-

tion that remains to be tackled in future research will be how to

help people to better manage unwantedmemories they have ac-

quired outside the laboratory, such as from actual traumatic

experiences.
Current Biology 33, 1–12, January 23, 2023 9
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Forty-six native Chinese speakers participated in the study. Participants reported regular sleep-wake cycles, did not take any med-

ications that impairs sleep ormood, and had no history or current diagnoses of neurological or psychiatric illnesses. Participants were

compensated with a monetary incentive (� 30 USD) for their participation. Six participants were excluded because they reported

hearing the words while sleeping, four participants were excluded because they had fewer than 48 updating trials (i.e., one updating

block), and five participants dropped out of the experiment before sleep. One participant’s sleep EEG data were not saved due to

equipment breakdown. The final analyses included 31 valid participants in the behavioral analysis (gender: nine male, 22 female;

age: mean ± S.D., 21 ± 2) and 30 valid participants in the EEG analysis (with at least 48 updating trials, mean ± S.E., positive:

191 ± 10; neutral: 188 ± 10; t(29) = 1.70, p = 0.100). The study was approved by the Human Research Ethics Committee of the

University of Hong Kong. All participants provided written consent prior to participation.

Thirty-six two-syllable pseudowords were created by randomly pairing two neutral characters. We then selected 12 positive words

(valence: mean ± S.D., 7.00 ± 1.28; rating obtained from the nine-point Likert-scale, with 1 being extremely negative to 9 being

extremely positive) and 12 neutral words (valence: mean ± S.D., 5.29 ± 1.58) from the Chinese Affective Word System.64 Vocalization

of the pseudowords, positive words, and neutral words were generated via text-to-speech of iFLYTEK (word duration, mean ± S.D.,

0.76 ± 0.10 s), with the positive words ratedmore positive than the neutral words (t(30) = 18.38, p < 0.001; positive words:mean ±SD.,

7.59 ± 0.78; neutral words: 5.45 ± 0.39). For emotional pictures, we selected 36 negative pictures (mean ± S.D., valence: 3.14 ± 0.53;

arousal: 4.43 ± 1.22; ratings obtained from the nine-point Likert-scale, with 1 being extremely calm to 9 being extremely excited).
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These pictures are from three categories: Animal, Baby, Scene, with each category containing 12 pictures (sources: International

Affective Picture System, IAPS65; Nencki Affective Picture System, NAPS66; and from the internet).

METHOD DETAILS

Experimental procedure
Participants completed the following three sessions: 1) pre-sleep learning in which they learned cue-target pairings to acquire nega-

tive emotional memories; 2) sleep-based affective updating in which spoken word-cue pairings were unobtrusively played during

their NREM sleep; and 3) post-sleep tests in which they were tested on affect responses and memory promoted by cues.

In the pre-sleep learning session (� 20:30), participants completed the following tasks in order: 1) affective rating of negative

pictures; 2) cue-target learning involving pseudowords as cues and negative pictures as targets; 3) baseline affective judgment

task; 4) baseline pseudowordsmemory cue affective rating; 5) positive and neutral words affective rating; and 6) baseline cued recall.

Participants went to sleep (� 23:00) after completing these tasks.

Picture/cue/word rating task
Participants first rated each of the 36 negative emotional pictures on valence (1 being extremely negative to 9 being extremely pos-

itive on the Likert scale) and arousal (1 being extremely calm to 9 being extremely excited on the Likert scale). Each trial started with

an 0.8-s fixation, followed by pictures being presented on the center of the screen until participants gave responses using a computer

mouse. Pictures from all three categories (Animal, Baby, and Scene) were randomly presented. Additionally, participants completed

a cue affective rating task in which they rated the valence and arousal of memory cues, in the same way as in the picture rating task.

Encoding task
During cue-target learning, participants memorized 36 word-picture pairings involving pseudowords and negative pictures via four

rounds of viewing and recognition-feedback. In the viewing phase, each trial started with a fixation (jittered 0.8–1.2 s), followed by

two-syllable aurally presented pseudowords (� 1 s). After a 1-s blank screen, a pseudoword-picture pairing was presented for

1.5 s on the center of the screen, while the spoken pseudoword was played again. After participants viewed all 36 pseudowords-

picture pairings, they took a one-minute break, followed by a test-feedback phase. Here, participants were visually and aurally pre-

sented with the pseudoword (� 1 s), together with three pictures being presented on the screen. Pseudowords were randomly

assigned to be paired with each picture across participants. Participants were prompted to identify the correct picture that was

paired with the spoken pseudoword from the previous viewing session. Note that all pictures in this test-feedback phase were

randomly chosen from the earlier viewing session, preventing participants from relying on familiarity to make a correct judgment.

Distractors were randomly selected from all viewed pictures for each trial, and were randomly shuffled for each participant. Upon

participants’ choice, a ‘‘correct’’ or ‘‘incorrect’’ feedback was provided regardless of accuracy, followed by the presentation of

the correct pseudoword-picture pairing for 1.5 s. Participants were instructed to remember the picture in the cue-target pairing in

as much detail as possible because there would be another memory recall task in later tests. Participants were presented with their

recognition accuracies at the end of each test-feedback phase. This viewing and recognition-feedback round repeated for four times.

Affective judgement task
In the affective judgment task, each trial started with an 0.8–1.2 s fixation, followed by the cues being played aurally and visually on

the center of the screen for� 1 s. Participants made a speedy negative or neutral affective judgment toward the cue, using the left vs.

right keys within 1.5 s. Participants completed this task before and after sleep to measure the affective updating effect.

Cued recall task
In the cued recall tasks, each cue started with a fixation (0.8–1.2 s), followed by the cue word being aurally presented for � 1 s. Par-

ticipants were asked to verbally describe the paired pictures in asmuch detail as possible within 15 s. The inter-trial interval was set to

be 3 s. Participants completed this cued recall task before and after sleep to measure memory changes. Two independent raters

blind to experimental conditions rated identification, detail, and gist from the cued recall task according to previous similar studies

on the verbal recall of emotional scenes.67 For inconsistent ratings between the two raters, a third rater was involved to reconcile the

discrepancy. Identification refers to whether the verbal description included sufficient details to correctly identify the unique picture,

with correct identification given a score of 1 (vs. incorrect identification, with a score of 0). Detail refers to the number of meaningful

information segments describing the picture, and was scored by counting the number of correct details. Gist refers to whether the

verbal description included the key theme of the picture, and was scored by counting the number of correctly identified gist items.67

Participants woke up at around 07:00 the next morning and completed the following task in order: 1) affective judgment, 2) cue

affective rating, and 3) cued recall.

Sleep-based affective updating
We randomly selected two out of three categories of negative memories and their associated memory cues to be paired with positive

(one category, 12 cues) or neutral (one category, 12 cues) words during sleep. The remaining one category (12 cues) was assigned to

the non-updating condition, i.e., they were not paired with any words during sleep. One of the categories was randomly selected and
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paired with positive words, while another category was paired with negative words. Picture categories assigned to positive updating,

neutral updating, and non-updating conditions were counterbalanced across participants. Linear mixed model (Affective updating�
1 + updating_valence * picture_category + (1 | subject)) revealed that picture category did not influence the significance of affective

updating results (updating valence: F(1, 708.35) = 6.80, p = 0.009; picture category: F(2, 531.33) = 1.77, p = 0.171; picture category by

updating valence interaction: F(2, 90.72) = 0.84, p = 0.435).

Participants went to bed around 23:00. Well-trained experimenters started playing the spoken words when participants entered

slow-wave sleep for at least five minutes. Each updating trial started with a spoken positive or neutral word (� 1 s), followed by a

spoken pseudoword memory cue (� 1 s) with an inter-stimulus-interval (ISI) of 1 s. The inter-trial-interval (ITI) was 4 s. Each updating

block contained 24 trials that were randomly presented, with 12 positive words + cue trials and 12 neutral words + cue trials. We

presented positive or neutral words before the memory cues to ensure that the effects are due to affective conditioning rather

than to memory disruption, which might occur if words were played immediately following memory cues. This latter possibility

was observed by Schreiner and colleagues,17 who reported that presenting a spoken word immediately after a memory cue disrup-

ted the cue-elicited EEG activity, and abolished TMR benefits compared to a cue-only condition. Stimulation was paused for one

minute between blocks. After every three updating blocks, a non-updating block was administered. In the non-updating block, all

36 cues (12 positive updating cues, 12 neutral updating cues, and 12 non-updating cues) would be played randomly without any

paired words. The ITI was 4 s. Each round included three updating blocks and one non-updating block. We hypothesized that exam-

ining cue-elicited EEGs in the non-updating blocks may capture the online change of positive- vs. neutral- vs. non-updating memory

cues. Stimulation was paused if participants entered REM or N1 sleep, or showed arousal or wakefulness (e.g., burst of EMGs, alpha

activity, etc.). The experimenter would end the procedure when 1) seven rounds (i.e., 21 updating blocks and seven non-updating

blocks) were completed or 2) at 02:00 in the morning, whichever came first. The next morning (� 07:00), participants were woken

up and given 15 minutes to recover from sleep inertia.

All experimental tasks were implemented with PsychoPy 3.0.68 During sleep, all aurally presented stimuli were played via a loud-

speaker (� 47-dB sound pressure level) mounted one meter above the bed, with white noise being played throughout the night.

EEG recording and preprocessing
Sleep EEGwas recorded using a 64-channel EEG cap connected to an eego amplifier (ANT neuro), with electrodes arranged accord-

ing to the International 10-20 system. F3/F4, C3/C4, P3/P4, and O1/O2 were selected for online sleep monitoring, with the electrode

CPz as the online reference. One EOG channel was placed below the left eye tomonitor eyemovements. Two additional bipolar EMG

electrodes were placed on the chin to record EMG. On-line EEG data were bandpass filtered from 0.5 Hz to 40 Hz for monitoring

purposes, with a 500 Hz sampling rate.

We used MNE-Python for offline EEG pre-processing.69 First, EEG data were down-sampled to 200 Hz. Second, raw EEG data

were filtered with a bandpass of 0.5–40 Hz. Third, bad channels were visually identified andmarked. Fourth, data were re-referenced

to the average of all non-marked electrodes after removing the M1 and M2. Fifth, for trials in the updating blocks, continuous EEG

data were segmented into short (-1.5 s to 5.5 s) and long (-15 s to 15 s) epochs relative to the onset of the spoken word. We used the

short (-1.5 s to 5.5 s) 7000 ms epochs in stimulus-locked event-related potentials (ERPs) and time-frequency analyses; and the long

(-15 s to 15 s) 30 s epochs in stimulus-locked sleep event detection analyses on a trial basis. For trials in the non-updating blocks,

continuous EEG data were segmented into (-1.5 s to 3.5 s) 5 s epochs relative to the onset of memory cues. Lastly, artifacts were

visually inspected and deleted, followed by bad channel interpolation.

Behavioral analysis
For behavioral data, we focused on affective changes from pre- to post-sleep affective responses. Specifically, for the affective judg-

ment task, we calculated the neutral response ratio (0–1: 0 means all responses were negative; 1 means all responses were neutral).

We next subtracted the pre-sleep from the post-sleep neutral response ratio, with this affective change score ranging from -1 to 1. A

positive affective change score would indicate more neutral (or fewer negative) judgments from pre- to post-sleep, whereas a nega-

tive affective change score would indicate fewer neutral (or more negative) judgments from pre- to post-sleep. A zero affective

change score would indicate no changes of affective response from pre- to post-sleep. For the affective rating task, we similarly

calculated affective rating changes by subtracting pre-sleep baseline valence/arousal ratings from post-sleep ratings. A higher

valence/arousal change score would indicate more positive/arousal changes from pre- to post-sleep.

We also measured memory changes from pre- to post-sleep cued recall tasks. Memory change scores were calculated by sub-

tracting pre-sleep baseline memory scores from post-sleep memory scores, with higher change scores indicating larger memory

retention.

ERPs and time-frequency analyses
For ERPs, artifact-free short epochs were averaged and baseline corrected (updating trial: -1 s to 0 s; non-updating trial: -1 s to 0 s).

For time-frequency analysis, a continuous wavelet transformation with variance cycles (three cycles at 1 Hz in length, increasing lin-

early with frequency to 15 cycles at 30 Hz) was implemented on updating trial epochs (-1.5 s to 5.5 s) and non-updating trial epochs

(-1.5 s to 3.5 s) to obtain power for the frequency range from 1 Hz to 30 Hz, in steps of 0.5 Hz and 5 ms. Epochs were cropped to

eliminate edge artifacts (updating trial: -1 s to 5 s; non-updating trial: -1 s to 3 s) after time-frequency transformation. Subsequently,

averaged spectral power was normalized (Z-scored) using a (-1 s to -0.2 s) baseline for the updating trial and for the non-updating
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trial, separately. The time-frequency analysis aimed to identify the brain’s response to auditory stimuli during sleep. Based on the

overall auditory-stimulus-induced EEG response against zero, we next analyzed the EEG responses to positive and neutral words.

We reported time-frequency and ERP results from the updating trials to investigate the neural mechanisms of affective updating.

Results are reported in the main text and in Figures S1 and S3.

For non-updating blocks that only involved memory cues, we first ran a two-tailed cluster-based permutation test within 1000

randomization across time points and frequency bands at nine interested channels (F1/2, Fz, FC1/2, FCz, C1/2, Cz). Three positive

clusters were identified across the delta(1-4Hz), theta(5-9Hz), sigma(12-16Hz), and beta(16-30Hz) bands (pclusters< 0.005). Power

values within each band in the identified cluster were extracted from positive paired, neutral paired, and non-paired cues, and

were then submitted to positive vs. neutral vs. non-updating ANOVA separately. However, we did not find differences between these

conditions (ps > 0.200, Figure S5).

Arousal analyses
Because our stimuli-induced time-frequency significant cluster including two parts of alpha activity (earlier alpha within delta-theta-

alpha cluster, later alpha within alpha-sigma-beta cluster), we examined arousal-related brain activity to rule out the possibility that

the results were partially driven by conscious perception of stimuli or different levels of (micro)arousals between the two updating

conditions. According to a recent study that examined arousal during TMR,70 we quantified cueing-related arousal by measuring

the absolute EEG power spectral difference between pre-updating words (-2-0s) and post-updating words (0-2s). An arousal index

was calculated based on the mean of abs(1-postword power/preword power) in steps of 0.5Hz from 0.5Hz to 20Hz. We calculated

the power using morlet wavelet time-frequency transformation (tfr_morlet, Python-MNE 1.2, 3 cycles in length at 0.5 Hz, increasing

linearly with frequency to 10 cycles at 20 Hz), without baseline normalization. An advantage of this calculation is that ‘‘These

parameters were chosen to cover the range of frequencies in which arousal-related activity appears, while providing sufficient fre-

quency and time resolution to compute the sleep disruption index’’ (direct quotation,70 page 5). Using this method to quantify arousal,

we did not find significant differences of arousal between the positive and neutral words (t(29) = -1.67, p = 0.105), i.e., arousal did not

differ between conditions.

Sleep staging analysis
We conducted sleep stage scoring based on a machine learning algorithm Yet Another Spindle Algorithm (YASA,71 which was

checked by an experienced sleep researcher. EEG data were first re-referenced to FPz per YASA recommendations. The C4 (or

C3 if C4 was marked as a bad channel), EOG, and EMG channels were used to feed the algorithm. Before statistics on sleep staging

could be calculated, artifacts had to be identified. Table S1 provides information on sleep stages.

Slow oscillations and spindle detection
We extracted slow oscillations (SOs) and sleep spindles implemented in YASA.71 SOs were detected at Fz based on previous

research.72,73 EEG data were first bandpass filtered (0.5–2 Hz) using an FIR filter with a transition band of 0.2 Hz. Second, after

zero-crossings were detected, events were selected based on duration (0.5 s to 2 s) and amplitude (75 percentile) criteria. Individual

SOs were detected on each trial from the (-15 s to 15 s) 30 s long epochs, with the detection results retained in the (-1.5 s to 5.5 s) 7 s

epochs.

Fast spindles were detected at Cz16 using the root mean square (RMS). EEGs were first down-sampled to 100 Hz, followed by

bandpass filtered between 12 Hz and 16 Hz. Second, the RMS was calculated at every sample point with a sliding window of

0.3 s at a step of 0.1 s. Spindles thresholds were determined by the mean of RMS plus 1.5 SDs of the signals. The 10% lowest

and 10% highest values were removed before computing the SD of RMS. If a sample exceeds this threshold, it would be tagged

as a potential spindle. Next, for neighboring potential spindles, they were merged together if the between-spindles intervals were

shorter than 0.5 s. Spindle events were counted only if they met the 0.5 s to 2 s duration criterion. Spindles were detected on

each (-15 s to 15 s) 30 s long epoch, with the detection results retained in the (-1.5 s to 5.5 s) 7 s epochs. We repeated the same

spindle detection method to extract 8-12 Hz slow spindle events at Cz. Spindle probability was then calculated at each time point

of the trial according to previous research.16 Spindle results are presented in Figure S2.

Word-SO phase coupling analysis
To investigate how temporal coupling between the word onset and SO phase influences affective updating, we conducted an item-

level analysis focusing on the SO phase when playing positive updating stimuli. We divided the positive updating trials into negative-

change versus negative-stay trials based on pre- to post-sleep affective judgment changes. We defined trials as negative-change

when the affective judgments changed from pre-sleep negative to post-sleep neutral, indicating successful affective updating.

We defined trials as negative-stay when both pre- and post-sleep affective judgments were negative, i.e., no affective updating.

Participants were excluded from this analysis if they did not have negative-change trials. In the positive updating condition, 26

participants were retained. To examine whether the effect was specifically due to positive updating, we repeated this analysis

with neutral updating trials, with 25 participants retained.

We next examined the word-SO phase clustering of negative-change and negative-stay trials in positive and neutral updating con-

ditions, separately. The SOs were identified using the method described above. Given that the updating trials occurred during NREM

sleep, we used trials during which at least two SOs occurred during the (-1.5 s to 5.5 s) 7s epochs for subsequent phase analysis.
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Given that the negative-stay sub-conditions contained more trials than negative-change sub-conditions, we matched the trial

numbers by their temporal proximity. Specifically, for each negative-change trial, we retained its closest negative-stay trial to match

the number and to control the temporal distance. Next, we extracted the instantaneous phase of the onset of spoken words and

memory cues using a Hilbert transform. We examined the coupling between word/cue onset and SO phases using the Rayleigh test.

To further validate the robustness of the word-SO coupling effect, we conducted an inverted analysis. First, upon detection of SOs

in each updating trial, we assigned the trial to two sub-conditions: 1) updating words up-phase vs. down-phase and 2) memory cues

up-phase vs. down-phase, according towhether their onsets were located between themid crossing of an SO and its end (up-phase)

or between the start of an SO and its mid crossing (down-phase). We counted the number of individual updating word and memory

cues in each sub-condition and conducted a linear mixed model (LMM) to explore how the number of individual word/cues in these

conditions influenced affective updating. We first focused on the number of individual updating words delivered during up-phases,

using the formula described below:

Affective updating � 1 + updating_words_up-phase * condition + (1 + updating_words_up-phase | participant).

‘‘updating_words_up-phase’’ was a continuous variable, denoting the number of individual updating words delivered during the

SO up-phase. ‘‘condition’’ was a categorical variable (positive vs. neutral updating).

Next, we focused on the number of individual memory cue delivered during the SO up-phase. The formula was as follows:

Affective updating � 1 + memory_cue_up-phase * condition + (1 + memory_cue_up-phase | participant).

‘‘memory_cue_up-phase’’ was a continuous variable, denoting the number of individual memory cues delivered at the SO up-

phase.

QUANTIFICATION AND STATISTICAL ANALYSIS

Jamovi was used to test the statistical significance. For behavioral data, repeated ANOVA was conducted on affect updating and

memory changes to test the difference of positive, neutral, and non-updating condition. For ERPs analysis, we used a cluster-based

two-tailed, one-sample spatial-temporal permutation test (Python-MNE 1.1, ‘‘spatio_temporal_cluster_1samp_test’’) with randomi-

zation of 1000 and a statistical threshold of 0.05 against zero. For time-frequency analysis, we used a cluster-based two-tailed, one-

sample permutation test (Python-MNE 1.1, ‘‘permutation_cluster_1samp_test’’) with 1000 randomizations and a statistical threshold

of 0.05 against zero.

For extracted EEG power analysis, repeated measure ANOVAs were conducted on the power data within each band to test the

effect of updating word and position. Post-hoc analyses and multiple comparison were FDR corrected. An alpha level of 0.05

was used for statistical significance across manuscript. For effect size, given our within-subject designs, we reported both hG
2 and

hp
2 accompanying repeated measure analysis of variances (ANOVAs, Lakens74). Reporting hp

2 allows direct comparisons between

effect sizes from previous similar research in TMR and sleep learning. For paired sample t-test, we reported Cohen’s dz as effect

sizes.74 Pearson correlation was used to quantify the relationship between the EEG power difference and behavioral outcomes.

Partial correlation was used to further control the possible confounding factors. We used the conservative mean ± 2.5 median

absolute deviation (MAD) to detect outliers.75

For phase analysis, the Rayleigh Z test was used to test the uniformity of phase distribution in each updating condition. Specifically,

the Rayleigh test examines non-uniformity of event distributions, with a significant result indicating that the events are preferably clus-

tered toward certain phase angles and thus followed a non-uniform distribution. In addition, in lmm analysis, we used Satterthwaite’s

method (‘‘ANOVA’’ function in the package ‘‘lmerTest’’76) to test significance levels for fixed and random effects. Post-hoc analyses

were conducted using the ‘‘emtrends’’ functions in the package ‘‘emmeans’’ to test interaction effects.
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