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Memory reactivation during sleep can shape newmemories into a long-term form. Reactivation of memories can be induced

via the delivery of auditory cues during sleep. Although this targeted memory reactivation (TMR) approach can strengthen

newly acquired memories, research has tended to focus on single associative memories. It is less clear how TMR affects re-

tention for overlapping associative memories. This is critical, given that repeated retrieval of overlapping associations

during wake can lead to forgetting, a phenomenon known as retrieval-induced forgetting (RIF). We asked whether a

similar pattern of forgetting occurs when TMR is used to cue reactivation of overlapping pairwise associations during

sleep. Participants learned overlapping pairs—learned separately, interleaved with other unrelated pairs. During sleep,

we cued a subset of overlapping pairs using TMR. While TMR increased retention for the first encoded pairs, memory de-

creased for the second encoded pairs. This pattern of retention was only present for pairs not tested prior to sleep. The

results suggest that TMR can lead to forgetting, an effect similar to RIF during wake. However, this effect did not

extend to memories that had been strengthened via retrieval prior to sleep. We therefore provide evidence for a reactiva-

tion-induced forgetting effect during sleep.

Stabilizingmemories following learning is a critical function of sys-
tem consolidation (Dudai et al. 2015). Theories of system consoli-
dation have proposed that memory reinstatement during sleep
constitutes one mechanism for transforming a newly acquired
memory into a relatively stable, long-term form (Marr 1971;
McClelland et al. 1995). This proposal is supported by rodent stud-
ies showing that patterns of neural activity, associated with infor-
mation acquired during wake, are spontaneously reinstated during
sleep (Wilson and McNaughton 1994), with reactivation predict-
ing later retention (Dupret et al. 2010). Similarly, neuroimaging re-
sults in humans have shown that memory reactivation during
non-rapid eye movement (NREM) sleep predicts later memory per-
formance (Peigneux et al. 2004; Deuker et al. 2013).

Recently, studies have used a technique called targeted memo-
ry reactivation (TMR) to assess the role of memory reactivation dur-
ing sleep. An early demonstration of this technique was reported by
Rudoy et al. (2009), who used auditory stimuli to selectively increase
retention for memories associated with the same sound during
learning. In this study, participants learned a series of object–loca-
tion pairs, with each pair presented alongside a characteristic sound
(e.g., if the object was a “dog,” then the object would be presented
alongside the sound of a dog barking). Rudoy et al. (2009) showed
that presenting these same sounds to participants during NREM
sleep improved retention relative to pairs associated with sounds
not presented during sleep. This TMR effect has since been replicat-
ed using both naturalistic sounds (Van Dongen et al. 2012; Vargas
et al. 2019) and spoken words (Cairney et al. 2017, 2018).

It has been proposed that memory reactivation during NREM
sleep—or slow wave sleep (SWS) more specifically—helps

strengthen the association between overlapping memories (Lewis
and Durrant 2011). This proposal is motivated by evidence show-
ing that participants are able to gain insight into logical problems
(Wagner et al. 2004) and infer the relationship between objects em-
bedded in a hierarchical structure (Ellenbogen et al. 2007) and
overlapping pairs (Lau et al. 2010) following sleep. However, prior
studies using TMR to assess the effect of memory reactivation have
tended to focus on single pairs and, as such, have not been able to
assess this prediction.

More recently, studies assessing the effect of TMR have begun
to yield results in contrast to the proposal that reactivation during
NREM sleep strengthens overlapping memories, with TMR differ-
entially affectingmemory for overlappingpairs depending on their
relative encoding strength (Oyarzún et al. 2017) or which associa-
tionwas pairedwith high or low future reward (Antony et al. 2018).
Notably, Oyarzún et al. (2017) used TMR to demonstrate that
memory reactivation during NREM sleep can lead to differences
in whether overlapping pairs are retained or forgotten. In this
study, the encoding of two overlapping object–location pairs was
manipulated such that the encoding of the pairs followed either
immediately after each other or after a 3-h delay. The investigators
reasoned that if memory strength decreases with time, then in-
creasing the interval between encoding should lead to retroactive
interference, such that the most recently encoded pair should be
more readily retrieved. This was not assumed to be the case when
the two pairs were encoded in short succession of each other.
Consistent with this, Oyarzún et al. (2017) showed that presenting
participants with auditory cues (previously presented during the
encoding of the second pairs) during NREM sleep decreased
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memory for the first encoded pairs. However, this was only true
when the encoding of the pairs was separated by a delay.When en-
coding followed immediately after each other, TMR instead result-
ed in an increase in memory for the first encoded pairs.

This study by Oyarzún et al. (2017) was the first to demon-
strate that TMR can result in strengthening or weakening depend-
ing on a pair’s strength relative to an overlapping pair. Critically
though, this study only assessed memory for the first encoded
pairs, not both the first and second encoded pairs. As such, we can-
not know whether TMR leads to a different effect for each of the
overlapping pairs or whether it results in a more general effect
where memory for both pairs increases or decreases depending
on the interval between encoding. Furthermore, the encoding of
overlapping pairs with short intervals is susceptible to proactive in-
terference (PI). For instance, Richter et al. (2016) provided evidence
for PI occurringwhenparticipants learned two overlapping pairs in
short succession of each other, with greater performance for the
first relative to second encoded pairs. Thus, it is not only the rela-
tive strength of the first encoded pairs that is reduced when over-
lapping pairs are encoded at long delays. Rather, the strength of
the second encoded pair is similarly diminished when encoding
occurs at short intervals. In the current study, we only presented
pairs at short intervals and so assume that memory strength will
be greater for the first encoded than the second encoded pairs.

Interestingly, Schechtman et al. (2021a) found that sets of
semantically related item–location pairings (e.g., six different cats
in different locations) can be reactivated via TMR as effectively as
single item–location pairs, suggesting that multiple overlapping
memories can be reactivated in parallel without any differential ef-
fect in accuracy. However, what is critical in this study is that item–

location pairs were learned to criterion, specifically to minimize
differences in memory strength and within-set interactions.
Similarly, Vargas et al. (2019) showed that overlapping item–loca-
tion pairings associated with sound cues presented during sleep
were remembered better than those associated with sounds not
presented. However, item–location pairs were again learned to cri-
terion prior to sleep in this study. We propose that when overlap-
ping pairs differ inmemory strength, it is possible that presenting a
sound cue (associated with the overlapping pairs) during sleep re-
sults in greater reactivation of whichever pair is most strongly rep-
resented in memory. This point is critical given evidence showing
that selective retrievals of a target association during wake can lead
to forgetting of the nonretrieved, overlapping pair. For instance,
Anderson et al. (1994) demonstrated that after encoding catego-
ry–exemplar associations (e.g., “fruit: apple” vs. “fruit: pear”), re-
peated retrievals of selected associations decreased memory for
exemplars not probed during retrieval, a phenomenon known as
retrieval-induced forgetting (RIF). Wimber et al. (2015) more re-
cently used fMRI to demonstrate that selective retrievals can lead
to suppression of neural representations of overlapping, nonre-
trieved pairs, with the level of suppression predicting forgetting.

Based on the assumption that reactivation during sleep is sen-
sitive to differences in memory strength, we reasoned that the in-
creases in retention for first encoded pairs reported in Oyarzún
et al. (2017)—when overlapping pairs were learned in short succes-
sion of each other—may reflect a RIF-like process (akin to those
seen during wake) that also results in decreases in memory for sec-
ond encoded pairs. This is because past research has shown that PI
occurs when overlapping pairs are learned at short intervals
(Richter et al. 2016), and presenting sound cues during sleep
may, under these conditions, bemore prone to initiate reactivation
of the first/strongly encoded pairs and in turn decrease retention
for the second/weakly encoded pairs.

To test this prediction, we had participants learn a series of ob-
ject–location–person triplets, consisting of two pairs (e.g., “David
Beckham–bicycle” and “castle–bicycle”) that shared an overlap-

ping item (“bicycle”) (see Fig. 1). Critically, pairs from the same
triplet were learned separately, such that the encoding of one
pair from a given triplet was interleaved with the encoding of pairs
from other triplets. Separating the encoding of pairs from the same
triplet allowed us to manipulate the relative strength of the pairs
depending on the encoding order (as a function of PI). To mini-
mize any attempt to integrate across pairs from the same triplet,
as this is known to diminish PI (Richter et al. 2016) and to act as
a boundary condition for RIF (Anderson and McCulloch 1999),
participants were not made aware of the overlapping nature of
the pairs. We have previously shown that overlapping pairs under
these encoding conditions do not show signs of integration, either
immediately after encoding (Horner and Burgess 2014) or after a
delay (Joensen et al. 2020).

During encoding, each pair from the same triplet was present-
ed alongside a triplet-specific spoken word. For instance, if partici-
pants studied the pairs “David Beckham–bicycle” and “castle–
bicycle,” the word “bicycle” was presented auditorily alongside
both word pair presentations. We then presented a subset of these
spokenwords to participants during overnight NREM sleep (specif-
ically SWS) to assess the effect of TMR on retention for the first and
second encoded pairs.

Alongside our prediction that TMRmay facilitate retention for
the first/strongly encoded pairs while decreasing retention for the
second/weakly encoded pairs, we were also interested in the effect
of retrieval prior to sleep (and TMR). Retrieval practice is known to
promote long-term memory retention (Roediger and Karpicke
2006), and one proposal holds that this is because retrieval results
in a high degree of memory strengthening. This increase in mem-
ory strength allows retrieved memories to remain above retrieval
thresholds for prolonged periods of time (Kornell et al. 2011).
Drawing from this proposal, Bäuml et al. (2014) suggested that if
retrieved items are strengthened to such a high degree in the ab-
sence of sleep, then any further sleep-induced consolidation pro-
cesses will only have, at best, a small effect on later memory
performance. Antony et al. (2017) more recently proposed that re-
trieval itself may act as a rapid consolidation event. Although this
account focuses on repeated retrievals rather than testing itself, it
similarly suggests that sleep-mediated consolidation effects may
be less visible for memories tested prior to sleep.

If true, these proposals suggest that testing prior to sleep may
reduce any TMR-induced memory effects seen following sleep. To
test this, half of the learned pairs were tested prior to sleep (and
TMR). Our experimental design therefore allowed us to assess (1)
the effect of TMR on retention for first/strongly versus second/
weakly encoded overlapping pairs and (2) the effect of testing prior
to sleep in a factorial design. Using this design, we found evidence
for increased retention for strongly encoded pairs in the TMR rela-
tive to the non-TMR (NTMR) condition and decreased retention
for weakly encoded pairs in the TMR relative to the NTMR condi-
tion. However, this pattern of increased and decreased retention
was only present in pairs not tested prior to sleep, suggesting
that testing diminished the TMR-induced modulation of memory.

Results

Behavior

Integration of overlapping pairs

Independence, or the absence of integration among overlapping
pairs, is a boundary condition for PI (Richter et al. 2016) and RIF
(Anderson and McCulloch 1999). We have shown previously
that overlapping pairs encoded under conditions similar to those
used here do not show evidence of integration (Horner and
Burgess 2014; Joensen et al. 2020). To demonstrate that this also
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extends to the current paradigm, we computed a retrieval depend-
ency measure that has previously been used to infer the presence
(or absence) of integration (Horner and Burgess 2013). Retrieval
dependency estimates the statistical relationship between retrieval
successes of pairs from the sameobject–location–person triplet. For
example, if a participant is cued with “bicycle” and correctly re-
trieves “David Beckham,” is the participant then more likely to re-
trieve “castle” when cued with “bicycle” on a separate retrieval
trial? The retrieval dependency measure is zero when no depend-
ency is present and greater than zero when there is dependency be-
tween retrievals within triplets.

Mean retrieval dependency and standard deviations at imme-
diate (T1) and delayed (T2) tests (separately for the TMR andNTMR
conditions) are presented in Table 1. First, we asked whether there
was evidence for dependency across all pairs. A one-sample t-test
comparing retrieval dependency (across all pairs) versus zero
showed no evidence for dependency (t(28) = 1.41, P=0.17, d=
0.26). Next, to assess whether dependency differed (and/or
changed) as a function of session or TMR status, we performed a
2×2 (T1 vs. T2×TMR×NTMR) ANOVA on dependency. For this
analysis, we only included estimates of dependency at T2 for pairs

that were not previously tested at T1. The ANOVA revealed a signif-
icant effect of TMR (F(1,28) = 5.79, P=0.23, ηp

2 = 0.17), with less
dependency (collapsed across T1 and T2) in the TMR relative to
theNTMR (t(28) = 2.41, P=0.02, d=0.45) condition.However, there
was no evidence for a main effect of session (F(1,28) = 0.34, P=0.56,
ηp
2 = 0.01) or interaction between session and overnight TMR (F(1,28)

= 0.07, P=0.79, ηp
2 = 0.03), suggesting that dependency did not

decrease or increase following sleep.
We also assessed whether dependency at T2 differed depend-

ing on whether the pairs had previously been tested at T1. To do
this, we performed at 2 ×2 (tested vs. not tested ×TMR vs. NTMR)
ANOVA on dependency at T2. This ANOVA revealed no significant
effects (Fs < 0.19, Ps > 0.66), but we note a trend for a significant ef-
fect of TMR (F(1,28) = 3.57, P=0.07, ηp

2 = 0.11).
As such, we show that overlapping pairs encoded under the

current conditions do not show signs of integration, either imme-
diately after encoding or after a period of sleep (and TMR).
Interestingly, we did see an effect of TMR, suggesting that depend-
ency (collapsed across pairs at T1 andnot-tested pairs at T2)was sig-
nificantly lower for pairs in the TMR compared with the NTMR
condition. To examine whether this difference was driven by the
presence of dependency in the NTMR condition, we assessed
whether there was evidence for dependency in the TMR or
NTMR condition (collapsed across pairs at T1 and not-tested pairs
at T2). One-sample t-tests comparing dependency versus zero re-
vealed no evidence of dependency for pairs in theNTMRcondition
(t(28) = 0.55, P=0.59, d= 0.10), but we saw evidence for antidepend-
ency for pairs in the TMR condition (t(28) = 2.78, P=0.01, d=0.52).
We tentatively suggest that this can be taken to imply that pairs in
the TMR condition interfere with each other at retrieval, such that
the successful retrieval of one pair decreases the likelihood of suc-
cessfully retrieving the other pair from the same triplet. Although

A B

C D

Figure 1. (A) Triplets. Three-item triplet with example encoding order (nos. 1 and 2). (B) Encoding. Participants learned two word pairs from 60 triplets
(120 pairs in total). Each pair remained on screen for 6 sec and was preceded by a 500-msec fixation and followed by a 500-msec blank screen. The spoken
object word was presented alongside the word pair, 1 sec after the trial onset, and 1 sec before the trial offset. The encoding phase was split into two blocks
of 60 trials, with one pair from each triplet presented during each block. (C) Test. Participants were presented with a single cue and required to retrieve one
of the other items from the same triplet from among five foils (items of the same type from other triplets; e.g., if the target word was “castle,” then the five
foils would be other randomly selected locations from other triplets) within 6 sec. Each test trial was preceded by a 500-msec fixation and followed by a
500-msec blank screen. (D) TMR/sleep. Spoken words associated with half of the learned triplets were repeatedly presented via a speaker at 5-sec intervals
(±300-msec random jitter). TMR began once participants entered SWS and was paused if participants showed signs of arousal/awakening or moved into a
different sleep stage.

Table 1. Mean dependency and standard deviations (in
parentheses) at T1 and T2 (for pairs tested and not tested
previously at T1) in the TMR and NTMR conditions

Condition T1

T2

Not tested at T1 Tested at T1

TMR −0.03 (0.07) −0.03 (0.08) −0.02 (0.06)
NTMR −0.01 (0.06) 0.00 (0.09) 0.00 (0.64)
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wewere only able to measure dependency at retrieval, it is possible
that this potential interference emerges at encoding or in the inter-
val between encoding and retrieval, rather than retrieval per se.

Memory for first vs. second encoded pairs

Next, we asked whether the first encoded pairs were remembered
better than the second encoded pairs (regardless of TMR), consis-
tent with the presence of PI. Note that as each pair was tested in
both directions (e.g., [1] cue: “David Beckham,” target: “bicycle”
and [2] cue: “bicycle,” target: “David Beckham”), memory perfor-
mance is equal to the average performance over the two retrieval
trials (i.e., the proportion of correct retrievals across the two trials)
for the first and second encoded pairs, respectively. Table 2 pre-
sents mean proportion correct and standard deviations for the first
and second encoded pairs, separately for the TMR and NTMR con-
dition, at T1 and T2.

Table 2 suggests overall greater memory performance for the
first relative to the second encoded pairs. Consistent with this,
paired sample t-tests confirmed that memory performance was sig-
nificantly greater for the first relative to the second encoded pairs at
both T1 (collapsed across the TMR and NTMR conditions; t(28) =
5.91, P<0.001, d=1.10) and T2 (collapsed across the TMR and
NTMR and across the tested and not-tested conditions; t(28) =
5.07, P<0.001, d=0.94).

Memory for first vs. second encoded pairs following TMR

We next asked whether this difference between the first and sec-
ond encoded pairs was modulated by overnight TMR. To assess
this, we performed a 2×2× 2 (T1 vs. T2×first vs. second encoded
pair × TMR vs. NTMR) ANOVA on memory performance. For this
analysis, we only included performance at T2 for pairs that were
not tested previously at T1. The ANOVA revealed a significant
three-way interaction between session, encoding order, and TMR
(F(1,28) = 5.11, P=0.03, ηp

2 = 0.16). Main effects of encoding order
(F(1,28) = 35.93, P<0.001, ηp

2 = 0.56), session (F(1,28) = 16.79, P<
0.001, ηp

2 = 0.38), lower-order interactions between TMR and ses-
sion (F(1,28) = 12.43, P< 0.01, ηp

2 = 0.31), and TMR and encoding
(F(1,28) = 7.44, P=0.01, ηp

2 = 0.21) were also present.
To interrogate the three-way interaction further, we per-

formed 2×2 (first vs. second encoded pair × TMR vs. NTMR)
ANOVAs separately for T1 and T2. At T2, the ANOVA revealed a sig-
nificant two-way interaction between TMR and encoding order
(F(1,28) = 10.90, P<0.01, ηp

2 = 0.28), with pairwise comparisons re-
vealing that while retention for the first encoded pairs was signifi-
cantly greater in the TMR relative to the NTMR condition (t(28) =
2.13, P=0.04, d= 0.40), memory for the second encoded pairs
was significantly lower in the TMR compared with the NTMR con-
dition (t(28) = 3.53, P<0.01, d=0.66) (see Fig. 2).We therefore show
that TMR can support memory for the first/strongly encoded pairs
and decreasememory performance for the second/weakly encoded
pair (relative to the NTMR condition). This latter finding suggests
that TMR can be used to induce forgetting under specific experi-
mental conditions (Schechtman et al. 2020, 2021b).

Importantly, a 2 ×2 ANOVA at T1 revealed no interaction be-
tween encoding order and TMR (F(1,28) = 0.21, P= 0.65, ηp

2 < 0.01),
demonstrating that the TMR effect for first and second encoded
pairs was not seen prior to sleep. However, the ANOVA at T1 re-
vealed a main effect of TMR on memory performance (F(1,26) =
75.18, P<0.001, ηp

2 = 0.73), withmemory for pairs in the TMR con-
dition, irrespective of encoding order, being greater than in the
NTMR condition prior to sleep. This is because triplets tested at
T1 were assigned to the TMR and NTMR conditions by
rank-ordering performance in a descending (and interleaved) order
(i.e., first, third…N−1 vs. second, fourth…N), and this procedure
was not counterbalanced across participants (caused by an error
during data collection). This means that the triplet with the high-
est level of accuracy was consistently assigned to the TMR condi-
tion, and reversely, the triplet with the lowest level of accuracy
was consistently assigned to the NTMR condition. Note that the
triplets not tested at T1 were assigned to the TMR and NTMR con-
ditions in a randomizedmanner, and as such it is unlikely that the
TMR effect seen at T2 (for not-tested pairs) is driven by differences
in performance at T1.

However, for completeness, we report two separate ANCOVAs
comparing differences in memory performance between first and
second encoded pairs at T2 as a function of TMR, where we con-
trolled formemory differences at T1. Consistent with the results re-
ported above, the ANCOVA revealed a significant effect of TMR for
the second encoded pairs (F(1,55) = 9.74 P<0.01, ηp

2 = 0.15), with
lower memory performance for pairs in the TMR relative to the
NTMR condition. However, the ANCOVA revealed no effect of
TMR for first encoded pairs at T2 (F(1,55) = 0.30, P=0.59, ηp

2 < 0.01).
Thus, we show that TMR during overnight SWS is associated

with decreases in memory performance for the second encoded
pairs relative to pairs in the NTMR condition, even when control-
ling for any differences at T1. In contrast, after controlling for dif-
ferences in performance at T1, we did not find evidence to show
that TMR supports memory performance for the first encoded
pairs. Interestingly, research on RIF has consistently shown that re-
peated retrieval is associated with decreases in memory perfor-
mance for the nonretrieved pair, while increases in performance
for the target memory are less consistently seen (Anderson et al.
1994; Wimber et al. 2015). These findings are broadly consistent
with the TMR effects observed here. We return to these findings
in the Discussion.

Testing effect on memory following TMR

Next, we assessedwhether the effect of TMR at T2 differed between
triplets tested and not tested at T1. To do this, we conducted a 2× 2
×2 (tested vs. not tested ×first vs. second encoded pair × TMR vs.
NTMR) ANOVA for memory performance at T2. This analysis in-
cludes both triplets not tested at T1 and triplets tested at T1 (where
we saw that memory was greater for triplets in the TMR relative to
the NTMR condition prior to sleep). As such, for tested triplets, we
removed the lowest-performing triplet in the NTMR condition and
the triplet closest to mean performance in the TMR condition to

Table 2. Mean proportion correct and standard deviations (in parentheses) at T1 and T2 (for pairs tested and not tested previously at T1)
for first and second encoded pairs in the TMR and NTMR conditions

Condition

T1 T2

Not tested at T1 Tested at T1

First encoded Second encoded First encoded Second encoded First encoded Second encoded

TMR 0.70 (0.21) 0.54 (0.21) 0.64 (0.21) 0.44 (0.23) 0.69 (0.25) 0.58 (0.26)
NTMR 0.66 (0.21) 0.52 (0.21) 0.59 (0.23) 0.52 (0.21) 0.69 (0.24) 0.59 (0.25)
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equate performance between the TMR and NTMR conditions at T1
(t(28) = 0.38, P=0.71, d=0.07). Accordingly, for this analysis, the
number of triplets per condition was (1) 14 tested triplets in the
TMR condition, (2) 14 tested triplets in the NTMR condition, (3)
15 not-tested triplets in the TMR condition, and (4) 15 not-tested
triplets in the NTMR condition. Note that the critical three-way in-
teraction between session, encoding order, and TMR from the pre-
vious subsection remains significant following the removal of
these pairs (F(1,28) = 4.79, P=0.04, ηp

2 = 0.15).
The 2×2×2 ANOVA revealed a significant three-way interac-

tion between prior testing, TMR, and encoding order (F(1,28) = 6.11,
P=0.02, ηp

2 = 0.18). In contrast to triplets not tested prior to sleep
(see analyses above in “Memory for First vs. Second Encoded
Pairs Following TMR”), for tested triplets, we saw no evidence for
TMR differentially affecting memory for first and second encoded
pairs at T2 (F(1,28) = 0.02, P=0.86, ηp

2 < 0.01) (see Fig. 2).
Paired-sample t-tests confirmed that memory did not differ be-
tween the TMR and NTMR conditions for either the first (t(28) =
0.74, P=0.47, d=0.14) or second (t(28) = 0.32, P=0.75, d=0.06) en-
coded pairs when these pairs had been tested prior to sleep. The
ANOVA also revealed a main effect of encoding order (F(1,28) =
27.11, P<0.001, ηp

2 = 0.49) and prior testing (F(1,28) = 47.11, P<
0.001, ηp

2 = 0.63), with greater memory for triplets tested prior to
sleep.

Thus, we see evidence that the effect of overnight TMR ap-
pears to be distinct for pairs not tested prior to sleep. To illustrate
this further, we repeated the initial 2 × 2×2 (T1 vs. T2×first vs. sec-
ond encoded pair × TMR vs. NTMR) ANOVA (see analyses above in
“Memory for First vs. Second Encoded Pairs Following TMR”), but
for T2 we now only included tested triplets (as compared with not-
tested triplets above in “Memory for First vs. Second Encoded Pairs
Following TMR”). This ANOVA again revealed a significant effect of
encoding order (F(1,28) = 29.62, P<0.001, ηp

2 = 0.51). However, con-
sistent with the observation that the TMR effect does not extend to
tested pairs, we saw no evidence for a three-way interaction be-
tween session, TMR, and encoding order (F(1,28) = 0.45, P=0.51,
ηp
2 = 0.02). Note that for this ANOVAwe removed triplets to equate

performance at T1, but the ANOVA also
failed to showevidence for a three-way in-
teraction in the absence of doing this
(F(1,28) = 0.03, P=0.87, ηp

2 < 0.01).
Interestingly, the ANOVA did reveal

a significant interaction between session
and encoding order (F(1,28) = 6.04, P<
0.01, ηp

2 = 0.18). While performance for
the first encoded pairs did not differ be-
tween T1 and T2 (t(28) = 0.09, P=0.93, d
=0.02), testing at T1 was associated with
an increase in memory for the second en-
coded pairs between T1 and T2 (t(28) =
2.54, P= 0.01, d=0.47). This suggests
that testing prior to sleep primarily con-
tributed to strengthening the second/
weakly encoded pairs, and this might be
why the TMR-induced effect for not-
tested triplets was not seen for tested trip-
lets. We return to these findings in the
Discussion.

EEG
During the TMR period, participants were
presented with sounds associated with
triplets not tested and tested at T1, as
well as control sounds that they had not
encountered during learning. In addition

to monitoring participants’ sleep, we also recorded EEG signals
from eight scalp electrodes during this period. Here, we wanted
to assess changes in neural oscillationswhen participants were pre-
sented with sounds associated with triplets learned at encoding as
well as control sounds. Note that the current experiment was de-
signed to maximize a behavioral effect, and as such the analyses
of neural oscillations are exploratory and we do not present any
predictions about time or frequency ranges that may reflect under-
lying consolidation processes.

A Monte-Carlo cluster analysis on time–frequency power
comparing sound presentations associated with not-tested triplets,
tested triplets, and control sounds revealed a cluster at 3–12 Hz be-
tween 600 and 1100 msec following sound onset where the three
conditions differed significantly (F=6.25, P<0.001, ηp

2 = 0.13)
(see Fig. 3). Pairwise comparisons of power averaged over 3–12
Hz from 600 to 1100 msec revealed that oscillatory power was
greater when participants were presented with sounds associated
with triplets not tested (t(28) = 4.72, P<0.001, d=0.88) and tested
at T1 (t(28) = 3.63, P<0.01, d= 0.68) relative to control sounds.
Although these findings are broadly consistent with evidence
showing that TMR is associated with increases in theta power for
experimental versus control sounds (Schreiner et al. 2015;
Schreiner and Rasch 2015) as well as sound cues associated with re-
membered versus forgottenmemories (Lehmann et al. 2016; Göldi
et al. 2019), we also saw evidence for differences in alpha power (8–
12 Hz). Although numerical differences (both positive and nega-
tive) in this frequency range have previously been reported
(Schreiner et al. 2015; Cairney et al. 2018), these differences were
not statistically significant, as is the case in the present study.

Activity in the theta band has also been associated with
TMR-induced changes in memory (Schreiner and Rasch 2015;
Schreiner et al. 2015; Oyarzún et al. 2017). Given that we saw a
TMR effect for not-tested triplets but not for tested triplets, it is pos-
sible that power at 3–12 Hzmay differ between the presentation of
sound cues associated with not-tested and tested triplets. Despite
this possibility, there was no difference in power from 600 to
1100 msec between 3 and 12 Hz when comparing sound

Figure 2. Mean proportion correct at T2 (for pairs not tested previously at T1 and tested previously at
T1) for first and second encoded pairs in the TMR (filled) and NTMR (unfilled) conditions. Lines in boxes
represent mean performance in each condition. Bottom and top edges of boxes indicate the 25th and
75th percentiles, respectively. Whiskers represent the minimum and maximum data points. Note that
for pairs tested previously at T1, proportion correct reflects memory performance after triplets were
removed to equate performance at T1. (*) P<0.05.
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presentations associated with tested and not-tested triplets (t(28) =
0.68, P=0.51, d= 0.13). This was also the case if we constrained
this comparison to a conventional theta frequency range between
3 and 7 Hz in the same timewindow (t(28) = 0.46, P=0.65, d=0.09).
Theta power during TMR was therefore similar for not-tested and
tested triplets despite the clear behavioral difference between these
conditions.

Discussion

We show that TMR can lead to both increases and decreases in re-
tention for overlapping pairs, depending on their encoding order.
After participants learned overlapping pairs prior to sleep, we saw
that retention for the first encoded pairs increased in the TMR rel-
ative to the NTMR condition (but see below), while memory per-
formance for the second encoded pairs decreased as a function of
overnight TMR. We therefore present novel evidence for both in-
creased and decreased retention (i.e., forgetting) for overlapping
pairs when presented with a common sound cue during SWS.
We tentatively refer to this as reactivation-induced forgetting
and suggest that TMR may be useful for inducing forgetting,
even for memories that have not been intentionally “tagged” for
forgetting prior to sleep (Schechtman et al. 2020) or those paired
with a forgetting tone (Simon et al. 2018).

Prior to sleep,memory performance for the first encoded pairs
was greater than that for the second encodedpairs. If greater perfor-
mance relates to greater associative strength, then it is possible that
TMR induces greater reactivation of the first/strongly encoded

pairs. We also saw evidence for antidependency for pairs in the
TMR condition (collapsed across pairs at T1 and not-tested pairs
at T2). The presence of antidependency in the TMR condition
may increase the likelihood of greater reactivation for the first/
strongly encoded relative to the second/weakly encoded pairs.
However, if antidependency is a marker of interference between
overlapping pairs, the current results cannot distinguish between
whether interference is driving the RIF-like effect caused by TMR
or whether TMR is potentially increasing interference. Further
work is needed to assess these possibilities, but we note that direct
competition is not a prerequisite for RIF. As such, we believe that it
is likely that differences in associative strength, irrespective of any
evidence for antidependency, may increase the possibility of great-
er reactivation for the strong relative to the weakly encoded pairs.
This may in turn support retention for the first encoded pairs and
decreasememory for the second encodedpairs, in amanner similar
to RIF effects seen during wake. Here, we saw evidence for de-
creasedmemory performance for the second encoded pairs follow-
ing TMR. While we also saw evidence for better retention for the
first encoded pairs in the TMR relative to the NTMR condition,
this effectwas not seenwhenwe controlled for differences inmem-
ory prior to sleep. However, it is possible that anymemory benefits
become more apparent over time, as the effects of TMR do not al-
ways arise immediately following sleep (Cairney et al. 2018;
Rakowska et al. 2021).

Although forgetting seems disadvantageous, RIF is thought to
serve an adaptive purpose that resolves interference between over-
lapping memories and mitigates further forgetting due to interfer-
ence (Anderson 2003). In this context, our results may reflect a

A

B C

Figure 3. (A) Time–frequency power spectrogram following presentations of sounds associated with triplets not tested at T1 (left), triplets tested at T1
(middle), and control sounds (right). (B) Time–frequency power spectrogram following presentations of sounds associatedwith triplets not tested at T1 (left)
and triplets tested at T1 (right) relative to control sounds. (C) Mean power at 3–12 Hz between 600 and 1100 msec (dashed boxes in A) following pre-
sentations of sounds associated with triplets not tested (blue) and tested (orange) at T1 relative to control sounds. Lines in boxes represent mean power in
each condition. Bottom and top edges of boxes indicate the 25th and 75th percentiles, respectively. Whiskers represent minimum and maximum data
points.
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similarly adaptive process where TMR minimizes interference by
weakening overlapping memories based on their relative strength
(or behavioral relevance more generally). As such, memory reacti-
vation during sleep may weaken noisy or irrelevant information
to avoid our memory system becoming oversaturated or unreliable
(Tononi and Cirelli 2006; Poe 2017).

RIF has typically been associated with a top-down, inhibitory
mechanism (Anderson 2003;Wimber et al. 2008) where it is the in-
hibitory process engaged to overcome interference that produces
forgetting, rather than interference itself (Anderson 2003).
Consistent with this, Wimber et al. (2015) showed that suppres-
sion of neural representations of the overlapping but nonretrieved
pairs during selective retrievalswas predicted by activity in prefron-
tal regions associated with inhibitory control. Furthermore, Kuhl
et al. (2008) demonstrated that activity in these regions decreases
as overlapping pairs are forgotten but is re-engaged when a previ-
ously selected against memory is required to be retrieved.
Critically, the evidence presented here, alongside those previously
reported by Oyarzún et al. (2017), suggests that forgetting follow-
ing repeated memory reactivation can also occur during sleep.
Thus, the proposed inhibitory mechanism is relatively automatic
and can be induced when the brain is in a different state (i.e.,
SWS) from wake.

Interestingly, Oyarzún et al. (2017) demonstrated that their
TMR-induced memory effect was eliminated when sound cues
were presented to awake participants. As such, it is possible that
the effects reported in the current experiment are sleep-specific
and perhaps relate to proposed differences in sleep and wake re-
trieval states (Hasselmo and Giocomo 2006). Instead, for a similar
effect to be observed during wake, it is likely that participants
would need to be instructed to repeatedly retrieve the first encoded
pairs, but not the second encoded pairs, akin to RIF paradigms.

Computational accounts (Norman et al. 2006, 2007) have
suggested that RIF is due to differences in activation at retrieval,
such that forgetting occurswhen levels of activation differ between
a target and nontarget memory. According to these accounts, pairs
that are only moderately reactivated will tend to be weakened,
whereas those that are strongly activated will be strengthened. In
this sense, forgetting can occur without an explicit inhibitory pro-
cess. This proposalmay account for ourfindings under the assump-
tion that TMR is more likely to lead to lower levels of activation for
the second/weakly encoded pairs relative to the first/strongly en-
coded pairs. Manipulating the delay between encoding (as in
Oyarzún et al. 2017) and testing (as in the current study) both
pairs, alongside multivariate measures that assess reactivation dur-
ing TMR (Belal et al. 2018; Cairney et al. 2018; Schreiner et al. 2018,
2021; Schechtman et al. 2022) could provide evidence for this
prediction.

Here we assume that the decrease in memory for the second
encoded pairs in the TMR relative to the NTMR condition is due
to the weakening of these pairs. However, given that both the first
and second encoded pairs are associated with a common item (and
sound), decreases in performance could be accounted for by a pro-
cess in which an increase in memory for the first encoded pair
blocks retrieval for the second encoded pair. This blocking account
(McGeoch 1942) assumes that the likelihood of retrieving an asso-
ciate is determined by an item’s relative strength to a cue. Hence,
when one pair’s relative strength is increased, the probability of re-
trieving an overlapping pair will decrease. As such, the strength-
ened pair will block the participants’ ability to retrieve any
overlapping pair. Although we saw that TMR supports retention
for the first encoded pairs, this effect did not persist when control-
ling for differences in memory (for unrelated pairs) prior to sleep.
In contrast, the TMR-induced decrease in memory for the second
encoded pairs persisted, even when controlling for any difference
in presleep performance. Prior work has also shown that weaken-

ing of the nonretrieved pairs can be seen in the absence of any fa-
cilitation for target pairs (Anderson et al. 2000;Wimber et al. 2015)
and, critically, that RIF is cue-independent, such that forgetting ex-
tends to items related to, but not directly associated with, the re-
trieval cue (Anderson and Spellman 1995). As such, decreases in
memory performance for the second encoded pairs are more likely
to be accounted for by a mechanism where these pairs are weak-
ened as a function of overnight TMR. Finding a similar decrease
in performance for the second encoded pairs in the TMR relative
to the NTMR condition using independent probes at test—as in
the RIF literature (Anderson and Spellman 1995; Hulbert et al.
2012)—would provide stronger evidence for this conclusion.

The TMReffectwas only seen for pairs that were not tested pri-
or to sleep. Although it is not entirely clear why this effect does not
extend to tested pairs, one proposal holds that testing increases the
strength of a memory to such an extent that it stays above retrieval
thresholds over prolonged intervals (Kornell et al. 2011). Drawing
from this, Bäuml et al. (2014) showed that sleep supports retention
for memories subject to restudy, but not those tested prior to sleep
(see also Ashton et al. 2022), suggesting that increases in memory
strength afforded by testingmaymitigate the role of sleep inmem-
ory consolidation. Thismay account forwhy someprevious studies
have only reported TMR-induced facilitations for pairs retrieved
with low accuracy prior to sleep (Creery et al. 2015; Cairney et al.
2016). In the current case, we saw no TMR-induced strengthening
or weakening of the second/weakly encoded pairs when thesewere
tested prior to sleep. It is possible that prior testing in this instance
increased memory strength such that even comparatively weak
pairs became insensitive to any TMR-induced consolidation ef-
fects. Importantly, most past work assessing the effect of TMR
has tended to focus on memories tested before sleep. Our results
suggest that the effects reported in prior work may be reduced by
prior testing.

Interestingly, when we compared memory for the second en-
coded pairs across T1 and T2, we saw that performance increased
across testing sessions when these pairs had been tested prior to
sleep. This is in contrast to not-tested pairs, where memory was
lower at T2 relative to T1, irrespective of encoding order or TMR sta-
tus. Although we still saw that memory was greater for the first rel-
ative to the second encoded pairs at T2, this finding suggests that
testing prior to sleepmay play a greater role in supportingmemory
for the second/weakly encoded pairs relative to the first/strongly
encoded pairs. While there is evidence to show that testing can
minimize PI (Szpunar et al. 2008; Nunen and Weinstein 2012),
this is typically in reference to reducing the buildup of interference
during encoding and not in the interval between encoding and re-
trieval, as in the current case. As such, we can only speculate what
the mechanism underlying the increase in memory performance
is, but it is interesting that this increase was only seen for the sec-
ond encoded pairs—the same pairs wherewe saw that performance
decreased following TMR when triplets were not tested before
sleep. This may account for why we failed to see evidence for a
TMR effect for pairs tested prior to sleep.

Evidence for increased theta activity following the presenta-
tion of sound cues during sleep has led to the proposal that activity
in this frequency bandmay play an important role in sleep-related
consolidation. Notably, it has been suggested that increased theta
activity during sleep may signal memory reinstatement (Schreiner
and Rasch 2015; Göldi et al. 2019). Results from our EEG time–fre-
quency analysis showed that the presentation of sound cues relat-
ed to pairs learned prior to sleep was associated with increased
oscillatory power across the theta and alpha bands. This is in line
with suggestions that activity in the theta band may be associated
with the reactivation ofmemories acquired duringwake (Schreiner
and Rasch 2015; Göldi et al. 2019). However, we should emphasize
that because the same object sounds were used as control sounds
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across all participants, it is possible that undue perceptual differ-
encesmay contribute to the EEGdifference between sound cues as-
sociated with the learned triplets and control sounds.

Although activity in the theta band has also been associated
with TMR-induced changes in memory, we found no evidence
for a difference in oscillatory power between sound presentations
associated with triplets not tested (where we saw a TMR-induced
memory effect) and tested before sleep. However, it should be not-
ed that the current experiment was not specifically designed to test
for such effects. Previous work (Schreiner and Rasch 2015;
Schreiner et al. 2015) assessing the relationship between changes
inmemory following TMR and activity in the theta band has tend-
ed to contrast sound presentations related to information that par-
ticipants either did not retrieve prior to sleep but did following
sleep (i.e., gains) or remembered both before and after sleep (i.e.,
hits) with information that they recalled before but not following
sleep (i.e., losses). Herewe are unable to perform this analysis—first
because pairs in the condition where we saw a TMR effect were not
tested prior to sleep, and second because we cannot clearly delin-
eate between sound presentations associated with triplets that
are retained or forgotten. Specifically, for those triplets that showed
an effect of TMR, TMR was associated with both an increase in re-
tention for the first encoded pairs and a decrease in retention for
the second encoded pairs. As such, any oscillatory activity that fol-
lows TMRwill not be uniquely predictive of retentionor forgetting.
Instead, we assessed whether oscillatory activity differed between
tripletswhere TMR-induced changes inmemoryoccurred (i.e., not-
tested triplets) as compared with triplets where TMR did not pro-
duce any differences in memory (i.e., tested triplets). This contrast
did not reveal any significant differences in oscillatory activity fol-
lowing sound presentation. Nevertheless, our findings add to an
extending literature demonstrating that TMR during sleep is asso-
ciated with an increase in theta activity, and that this increase in
theta power may be related to memory reinstatement (Schreiner
and Rasch 2015; Göldi et al. 2019).

In summary, we provide novel evidence for a TMR-induced ef-
fect during SWS that is akin to RIF effects seen duringwake.We also
show that the effect of TMR appears to extend only to memories
not tested prior to sleep. The idea that selective retrieval during
wake can lead to forgetting is well documented, and we suggest
that a similar mechanism may be active during sleep in instances
where overlapping memories differ in their relative strength.

Materials and Methods

Participants
Thirty-nine participants were recruited to take part in the experi-
ment. Participants were recruited from the University of York stu-
dent population and took part in exchange for course credit or
monetary compensation. Written informed consent was obtained
from all participants. Participants were informed that they were
taking part in a memory/sleep experiment but were not made
aware that TMR would be taking place during sleep. The experi-
ment was approved by the Research Ethics Committee of the
Department of Psychology of the University of York.

Seven participants who underwent less than two full rounds
of TMR (i.e., each spoken word was presented less than twice dur-
ing sleep) were excluded from the analyses. Note that prior studies
assessing the effect of TMR (primarily during a nap session) on
memory retention (Rudoy et al. 2009; Oyarzún et al. 2017;
Cairney et al. 2018; Schechtman et al. 2021a) have typically used
a less stringent exclusion criteria (i.e., less than one full round of
TMR). However, as we were specifically interested in the effect of
repeated memory reactivation during sleep, we opted for a more
conservative criterion. This is why we chose to focus on overnight
sleep rather than a nap session, as this would afford usmore oppor-
tunities to administer TMR.

A further two participants were excluded due to themwaking
up and becoming aware that sound cueswere being presented. This
was assessed during debrief. In one instance, the participant was
able to recall specific words being presented, and in the other
case the participant reported being aware that sounds were being
presented but could not remember the specific words. Last, one
participant was excluded due to below-chance performance
(<16.7%) during the presleep test session (T1). Therefore, a total
of 29 participants (17 male and 12 female; M±SD age=20.97 yr
± 4.02 yr) was included in the analyses.

We estimated an effect size of d=0.40 for detecting a TMR
memory effect from previous published work (Van Dongen et al.
2012; Creery et al. 2015; Schreiner and Rasch 2015; Cairney et al.
2016, 2018; Ashton et al. 2018; Göldi et al. 2019; Vargas et al.
2019). Cohen’s d was calculated from reported t-statistics divided
by the square root of the sample size (Lakens 2013). Using
G*Power (Faul et al. 2009) with α=0.05, n=29, and d=0.40, we es-
timated that we could detect a significant effect of TMR, if one is
present, at power = 0.55. Note though that eight out of the 10 stud-
ies used in this estimation have assessed TMR effects across a nap
session lasting ∼90 min rather than overnight sleep (as in the cur-
rent study). It is possible that this can underestimate the power of a
TMR effect, as the limited duration of a nap session will constrain
the number of times sound cues can be presented. Furthermore,
the average sample size of the studies used to estimate the effect
size was 21 (range=12–30) as compared with 29 in the current
study.

Materials
The word stimuli consisted of 60 locations (e.g., “castle”), 60 fa-
mous people (e.g., “David Beckham”), and 60 common objects
(e.g., “bicycle”). From these, 60 randomized location–person–ob-
ject triplets were created for each participant.

The auditory stimuli consisted of 66 spoken words. These cor-
responded to the 60 object words used in the main word stimulus
set (e.g., “bicycle”), in addition to six novel object words that were
used as control sounds during the TMR phase. These six object
words were independent of the main word stimulus set and were
used as the control sounds across all participants. Spoken object
words, rather than object sounds, were used to ensure greater con-
gruency between the two stimulus sets. All the spoken words (M±
SDduration=0.66 sec ± 0.15 sec) were recorded in the same, female
voice and adjusted for perceived loudness using Adobe Audition
(ver 3).

Procedure
The experiment consisted of a single encoding phase, a single over-
night sleep phase, and two test phases. Session 1 took place at ap-
proximately 9:30 p.m. (M=9:36 p.m., range = 8:13 p.m.–10:18 p.
m.) and consisted of a single encoding phase and a test phase
(T1). Session 2 took place the following morning at approximately
7:30 a.m. (M=7:27 a.m., range =7:04 a.m.–7:54 a.m.) and consist-
ed of a single test phase (T2).

The Pittsburgh Sleep Quality Index (Buysse et al. 1989) was
administered prior to the encoding phase. This was done to assess
for any difficulties in sleep up to 1 mo prior to the experiment.
Sleep quality ratings indicated that participants had no current his-
tory of sleep difficulties (M±SD=4.55±1.80).

Encoding

During encoding, participants were presented with specific word
pairs from each of the 60 randomly generated triplets.
Participants learned one pair per trial. All pairs were presented on
a computer screen as words, with one item to the left and one to
the right of fixation. The left/right assignment was randomly cho-
sen on each trial. The pairs remained on screen for 6 sec. To encour-
age stronger and more elaborative encoding, participants were
instructed to imagine the items interacting as vividly as possible
for the full 6 sec. Each trial was preceded by a 500-msec fixation
and followed by a 500-msec blank screen.
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The encoding phase consisted of two blocks of 60 trials with
one pair from each triplet presented during each block, making a
total of 120 encoding trials. A break of 20 sec followed every 30 en-
coding trials.Within each block, the order of presentationwas ran-
domized. The encoding order for the triplets across the two blocks
was location–object, person–object, or person–object and loca-
tion–object. This orderwas pseudorandomized for each participant
such that the encoding order for 30 randomly chosen triplets was
location–object and person–object, and for the other 30 triplets
was person–object and location–object. Note that the objectwas al-
ways the common overlapping item. We did not manipulate
whether objects, locations, or peoplewere the common item across
triplets, given evidence that integration can occur when multiple
objects are associated with a single location but not vice versa
(Radvansky and Zacks 1991). The use of objects as the common
item therefore decreased the probability of integration, increasing
the likelihood of seeing a difference in memory between the first
and second encoded pairs.

On each encoding trial, the spoken object wordwas presented
twice via headphones. For instance, if a participant was presented
with the pair “David Beckham–bicycle,” the spoken object word
“bicycle”would be presented alongside this presentation 1 sec after
the trial onset and 1 sec before the trial offset. The spoken words
were presented twice to increase participants’ opportunity to asso-
ciate the spokenwordwith theword pairs.We chose to present the
spoken word at the onset and offset of each trial to ensure that par-
ticipants had an opportunity to imagine the two items of each pair
interacting in the absence of the spoken word.

Test

During the test phases (T1 and T2), participants performed a six-
alternative forced-choice task. On each trial, a cue and six possible
targets were presented simultaneously on screen. The cue was pre-
sented in the middle of the screen with six possible targets—one
target and five foils from the same category as the target (e.g., if
the target was “bicycle,” the five foils would be other randomly se-
lected objects from other triplets)—presented in two rows of three
below the cue. The position of the correct target item was random-
ly selected on each trial. Participants had 6 sec to respond with a
key press. Missing responses (i.e., responses that fell outside the
6-sec response window) were treated as incorrect responses (M±
SD percentage of missing responses = 6.35±5.40). Participants re-
ceived no feedback on their memory performance.

Each triplet was testedwith one of the cue–target pairs in both
directions. These were presented across four blocks with a single
pair from each triplet tested in each block. For T1, 30 out of the
60 possible triplets were tested, making a total of 120 trials. For
T2, all 60 triplets were tested, making a total of 240 trials. A break
of 20 sec would follow every 30 trials. Each trial was preceded by
a 500-msec fixation and followed by a 500-msec blank screen.

TMR setup

The 30 triplets tested at T1 were rank-ordered by performance in
descending order. Of these, 15 triplets were assigned in an inter-
leaved manner (from most to least accurate in steps of two; i.e.,
first, third…N−1) to the TMR condition, and the remaining 15
triplets were assigned to the NTMR condition. Of the 30 triplets
not tested at T1, 15 triplets were randomly allocated to the TMR
andNTMR conditions, respectively. The spoken object words asso-
ciated with triplets assigned to the TMR condition were presented
auditorily in a random order to participants during the sleep peri-
od. An additional six control object words, which participants had
not encountered during encoding, were presented in an inter-
mixed manner with the main auditory stimuli.

Sleep period

The sleep period began at approximately 11:00 p.m. and lasted ∼8
h (M±SD=7h 55min ±21min). Participantswere left to sleep in a
laboratory bedroom while their brain activity was monitored with
polysomnography (PSG). An Embla N7000 PSG system with

RemLogic software (ver 3.4) was used to monitor participants’
sleep. EEG scalp electrodes were attached according to the interna-
tional 10–20 system at eight locations—frontal (F3 and F4), central
(C3 and C4), parietal (P3 and P4), and occipital (O1 andO2)—with
each referenced to electrodes on the contralateral mastoid (A1 and
A2). A ground electrode was attached to the forehead. Left and
right electro-oculography electrodes were also attached, in addi-
tion to electromyography electrodes at the bilateral mentalis and
submentalis. All electrodes had an impedance of <10 kΩ and
were unfiltered and digitally sampled at 200 Hz.

During sleep, the spoken words were presented via a speaker
(mounted∼1.5m above the bed) that was connected to an amplifier
in a separate control room. TMR was initiated when participants
were in NREM sleep stage N3 (i.e., SWS), as identified online by
the experimenter. We focused on SWS because it has been shown
that this period of sleep provides a window for selectively strength-
eningmemories via TMR (Rudoy et al. 2009; Fuentemilla et al. 2013;
Cairney et al. 2017). The spoken words were presented in a random-
ized order at a sound intensity of ∼40 dB.

The presentation order was blocked such that all spoken
words (including control sounds) were presented before any of
the same words were presented again. This means that sounds (as-
sociated with both tested and not-tested triplets, as well as control
sounds) were presented once during each block of TMR such that,
across full rounds of TMR, eachwordwas presented the same num-
ber of times (i.e., if the participants underwent three rounds of
TMR, then each spoken word in the tested, not-tested, and control
conditions was presented three times).

To avoid any auditory interference that may occur when
sound cues are presented in rapid succession of each other
(Schreiner et al. 2015), each sound presentation was separated by
a 5-sec interval (±300-msec random jitter). TMR was continued
for as long as participants were in SWS between sleep onset and ap-
proximately 4:00 a.m. (M±SDnumber of full rounds of TMR=7.34
±5.20). TMR was immediately paused if participants showed signs
of arousal/awakening or moved into a different stage of sleep.

Retrieval dependency
To estimate dependency, two 2×2 contingency tables were gener-
ated for each participant. These tables reflect the proportion of
joint retrieval and nonretrieval between the person and location
(e.g., “David Beckham” and “castle”) when cued by the common
object (e.g., “bicycle”) and retrievals of the common object (e.g.,
“bicycle”) when cued by the person and location (e.g., “David
Beckham” and “castle”) from the same triplet. The contingency ta-
bles were generated separately for the data and what we refer to as
the independent model. The independent model assumes that
pairs from a given triplet are retrieved independently of one anoth-
er (e.g., if a participant is cued with “bicycle” and retrieves “David
Beckham” successfully, then this does not predict the participant’s
ability to retrieve “castle” when cued with “bicycle” on a later re-
trieval trial). As such, the independent model serves as the lower
bound that we can compare with the proportion of joint retrieval
and nonretrieval in the observed data. As the proportion of joint re-
trieval and nonretrieval scales with accuracy, only comparisons be-
tween the data and independent model provide a meaningful
estimate of dependency.

The contingency table for the independent model (Table 3)
shows the predicted proportion of triplets that fall in the four cells,

Table 3. Contingency table for the independent model for
correct and incorrect retrievals, over N triplets, for items B (e.g.,
“David Beckham”) and C (e.g., “castle”) when cued by A (e.g.,
“bicycle”)

Retrieval of item C

Retrieval of item B

Correct (PAB) Incorrect (1− PAB)

Correct (PAC) SN
i =1PABiPACi SN

i =1(1− PABi ) PACi

Incorrect (1− PAC) S
N
i =1PABi (1− PACi ) S

N
i =1(1− PABi )(1− PACi )
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given a participant’s overall level of performance, if retrievals of
within-triplet pairs are assumed to be independent. For a given par-
ticipant, the proportion of correct retrievals of, for instance, item B
(e.g., “David Beckham”) when cued byA (e.g., “bicycle”) is denoted
by PAB (i.e., mean performance for B when cued by A across all trip-
lets). For the independent model, when cued by A, the probability
of (1) correctly retrieving both B andC (e.g., “castle”) across all trip-
lets is equal to PABPAC, (2) correctly retrieving B but not C is equal to
PAB(1−PAC), (3) correctly retrieving C but not B is equal to (1−PAB)
PAC, and (4) incorrectly retrieving both B and C is equal to (1−PAB)
(1−PAC). We calculated the difference between joint retrievals and
joint nonretrievals in the data and independent model for each
participant and condition, averaged across the two contingency ta-
bles.We refer to this differencemeasure as “retrieval dependency,”
where a value of zero denotes no evidence of retrieval dependency
and values greater than zero denote evidence for retrieval
dependency.

EEG analysis
For the EEG analysis, we first sleep-scored the continuous EEG data
in accordance with the criteria of the American Academy of Sleep
Medicine (Iber et al. 2007). See Table 4 for mean durations and
standard deviations in minutes of sleep and percentages of sleep
stages N1, N2, N3, and REM.

Next, we removed all channels that did not maintain an im-
pedance of <10 kΩ throughout the TMR period (M±SD number
of channels removed=1.10±1.37). As signal quality in occipital
channels (O1 andO2) exceeded our impedance threshold in sever-
al participants, we omitted occipital channels for all participants
from the analysis. We then segmented the continuous EEG data
into epochs from −1000 to 3500 msec around the sound onset,
and the data were high-pass-filtered at 0.1 Hz, notch-filtered at
48–52 Hz, and baseline-corrected with the first 500 msec immedi-
ately prior to the onset of the sound cue. Last, all epochs that did
not continuously display N3/SWS throughout the entire epoch
window were removed, the remaining epochs were manually
screened, and those containing arousal and movement artifacts
were additionally removed (M±SD percentage of excluded epochs
was 5.71± 11.61 for not-tested triplets, 6.24 ±12.45 for tested trip-
lets, and 5.58±10.93for control sounds). There was no difference
in the proportion of removed epochs across conditions (F(2,84) =
0.03, P=0.97, ηp

2 < 0.01).
Next, estimates of oscillatory power were obtained by con-

volving the EEG signal from each trial and channel with a five-
cycle Morlet wavelet (Torrence and Compo 1998). Power values
were obtained from 35 logarithmically spaced frequencies in the
3- to 30-Hz range. Power values between−1000 and−500msec pri-
or to and 3000 and 3500msec after the sound onset were discarded
after convolution (to avoid edge effects), and values between −500
and 3000msecwere z-transformed to give ameasure of normalized
power in each frequency and time step. Because we removed chan-
nels that exceeded our impedance threshold individually for each
participant, oscillatory power was first averaged across all channels
for each participant and then analyzed using aMonte-Carlo cluster
permutation approach (number of permutations=2000) (Maris
and Oostenveld 2007) to detect clusters in time and frequency
space where sound presentations associated with not-tested trip-
lets, tested triplets, and control sounds differed. Clusters that pro-
duced a P-value of <0.05 were considered significant. For these
clusters, F-values reflect the mean F-statistic within the cluster,
and ηp

2 was used as the measure of the effect size (Lakens 2013).
Note that as we averaged the signal across channels for each partic-
ipant, the cluster permutation approach is not constrained by
whether any effect is present in (a minimum of) two or more adja-

cent channels. Hence, the permutation approach only corrects for
comparisons in time and frequency space.

Data availability
All data and analyses are available on the Open Science Framework
(https://osf.io/q2sfv).

Acknowledgments
A.J.H. is funded by the Economic and Social Research Council
(ESRC; ES/R007454/1). M.G.G. is funded by the ESRC (ES/
N009924/1 and ES/T008571/1). S.A.C. is funded by the Medical
Research Council (MR/P020208/1). For the purposes of open ac-
cess, the authors have applied a creative commons attribution
(CC-BY) license to any author acceptedmanuscript version arising.

References
Anderson MC. 2003. Rethinking interference theory: executive control and

the mechanisms of forgetting. J Mem Lang 49: 415–445. doi:10.1016/j
.jml.2003.08.006

Anderson MC, McCulloch KC. 1999. Integration as a general boundary
condition on retrieval-induced forgetting. J Exp Psychol Learn Mem Cogn
25: 608–629. doi:10.1037/0278-7393.25.3.608

Anderson MC, Spellman BA. 1995. On the status of inhibitory mechanisms
in cognition: memory retrieval as amodel case. Psychol Rev 102: 68–100.
doi:10.1037/0033-295X.102.1.68

AndersonMC, Bjork RA, Bjork EL. 1994. Remembering can cause forgetting:
retrieval dynamics in long-term memory. J Exp Psychol Learn Mem Cogn
20: 1063–1087. doi:10.1037/0278-7393.20.5.1063

Anderson MC, Bjork EL, Bjork RA. 2000. Retrieval-induced forgetting:
evidence for a recall-specific mechanism. Psychon Bull Rev 7: 522–530.
doi:10.3758/BF03214366

Antony JW, Ferreira CS, Norman KA, Wimber M. 2017. Retrieval as a fast
route to memory consolidation. Trends Cogn Sci 21: 573–576. doi:10
.1016/j.tics.2017.05.001

Antony JW, Cheng LY, Brooks PP, Paller KA, Norman KA. 2018. Competitive
learningmodulates memory consolidation during sleep.Neurobiol Learn
Mem 115: 216–230. doi:10.1016/j.nlm.2018.08.007

Ashton JE, Cairney SA, Gaskell MG. 2018. No effect of targeted memory
reactivation during slow-wave sleep on emotional recognition memory.
J Sleep Res 27: 129–137. doi:10.1111/jsr.12542

Ashton JE, Staresina BP, Cairney SA. 2022. Sleep bolsters schematically
incongruent memories. PLos One 17: e0269439. doi:10.1371/journal
.pone.0269439

Bäuml KHT, Holterman C, Abel M. 2014. Sleep can reduce the testing effect:
it enhances recall of restudied items but can leave recall of retrieved
items unaffected. J Exp Psychol Learn Mem Cogn 40: 1568–1581. doi:10
.1037/xlm0000025

Belal S, Cousins J, El-Deredy W, Parkes L, Schneider J, Tsujimura H,
Zoumpoulaki A, PerapochM, Santamaria L, Lewis P. 2018. Identification
of memory reactivation during sleep by EEG classification. Neuroimage
176: 203–214. doi:10.1016/j.neuroimage.2018.04.029

Buysse DJ, Reynolds CF, Monk TH, Berman SR, Kupfer DJ. 1989. The
Pittsburgh sleep quality index: a new instrument for psychiatric practice
and research. Psychiatry Res 28: 193–213. doi:10.1016/0165-1781(89)
90047-4

Cairney SA, Lindsay S, Sobczak JM, Paller KA, Gaskell MG. 2016. The
benefits of targeted memory reactivation for consolidation in sleep are
contingent on memory accuracy and direct cue-memory associations.
Sleep 39: 1139–1150. doi:10.5665/sleep.5772

Cairney SA, Sobczak JM, Lindsay S, GaskellMG. 2017.Mechanisms ofmemory
retrieval in slow-wave sleep. Sleep 40: 1–12. doi:10.1093/sleep/zsx114

Cairney SA, Guttesen AÁV, El Marj N, Staresina BP. 2018. Memory
consolidation is linked to spindle-mediated information processing
during sleep. Curr Biol 28: 948–954. doi:10.1016/j.cub.2018.01.087

Creery JD, Oudiette D, Antony JW, Paller KA. 2015. Targeted memory
reactivation during sleep depends on prior learning. Sleep 38: 755–763.
doi:10.5665/sleep.4670

Table 4. Mean duration and standard deviations (in parentheses) of total sleep time in minutes, and N1, N2, N3, and REM in percentages of
total sleep time

Total sleep (min) REM (%) N1 (%) N2 (%) N3 (%)

413.08 (39.36) 17.68 (4.36) 9.48 (5.17) 49.41 (6.99) 23.08 (7.02)

Inducing forgetting during sleep

www.learnmem.org 410 Learning & Memory

https://osf.io/q2sfv
https://osf.io/q2sfv
https://osf.io/q2sfv
https://osf.io/q2sfv


Deuker L, Olligs J, Fell J, Kranz TA, Mormann F, Montag C, Reuter M,
Elger CE, Axmacher N. 2013. Memory consolidation by replay of
stimulus-specific neural activity. J Neurosci 33: 19373–19383. doi:10
.1523/JNEUROSCI.0414-13.2013

Dudai Y, Karni A, Born J. 2015. The consolidation and transformation of
memory. Neuron 88: 20–32. doi:10.1016/j.neuron.2015.09.004

Dupret D, O’Neill J, Pleydell-Bouverie B, Csicsvari J. 2010. The
reorganization and reactivation of hippocampal maps predict spatial
memory performance.Nat Neurosci 13: 995–1002. doi:10.1038/nn.2599

Ellenbogen JM, Hu PT, Payne JD, Titone D, Walker MP. 2007. Human
relational memory requires time and sleep. Proc Natl Acad Sci USA 104:
7723–7728. doi:10.1073/pnas.0700094104

Faul F, Erdfelder E, Buchner A, Lang A-G. 2009. Statistical power analyses
using G*Power 3.1: tests for correlation and regression analyses. Behav
Res Methods 41: 1149–1160. doi:10.3758/BRM.41.4.1149

Fuentemilla L, Miró J, Ripollés P, Vilà-Balló A, Juncadella M, Castañer S,
Salord N, Monasterio C, Falip M, Rodríguez-Fornells A. 2013.
Hippocampus-dependent strengthening of targeted memories via
reactivation during sleep in humans. Curr Biol 23: 1769–1775. doi:10
.1016/j.cub.2013.07.006

Göldi M, van Poppel EAM, Rasch B, Schreiner T. 2019. Increased neuronal
signatures of targeted memory reactivation during slow-wave up states.
Sci Rep 9: 2715. doi:10.1038/s41598-019-39178-2

Hasselmo ME, Giocomo LM. 2006. Cholinergic modulation of cortical
function. J Mol Neurosci 30: 133–136. doi:10.1385/JMN:30:1:133

Horner AJ, Burgess N. 2013. The associative structure of memory for
multi-element events. J Exp Psychol Gen 142: 1370–1383. doi:10.1037/
a0033626

Horner AJ, Burgess N. 2014. Pattern completion in multielement event
engrams. Curr Biol 24: 988–992. doi:10.1016/j.cub.2014.03.012

Hulbert JC, Shivde G, Anderson MC. 2012. Evidence against associative
blocking as a cause of cue-independent retrieval-induced forgetting. Exp
Psychol 59: 11–21. doi:10.1027/1618-3169/a000120

Iber C, Ancoli-Israel S, Chesson A, Quan SF. 2007. The AASM manual for the
scoring of sleep and associated events: rules, terminology and technical
specification. American Academy of Sleep Medicine, Westchester, IL.

Joensen BH, Gaskell MG, Horner AJ. 2020. United we fall: all-or-none
forgetting of complex episodic events. J Exp Psychol Gen 149: 230–248.
doi:10.1037/xge0000648

Kornell N, Bjork RA, Garcia MA. 2011. Why tests appear to prevent
forgetting: a distribution-based bifurcation model. J Mem Lang 65: 85–
97. doi:10.1016/j.jml.2011.04.002

Kuhl BA, Kahn I, Dudukovic NM, Wagner AD. 2008. Overcoming
suppression in order to remember: contributions from anterior cingulate
and ventrolateral prefrontal cortex. Cogn Affect Behav Neurosci 8: 211–
221. doi:10.3758/CABN.8.2.211

Lakens D. 2013. Calculating and reporting effect sizes to facilitate
cumulative science: a practical primer for t-tests and ANOVAs. Front
Psychol 17: 3–10. doi:10.3389/fpsyg.2013.00863

Lau H, Tucker MA, Fishbein W. 2010. Daytime napping: effects on human
direct associative and relational memory. Neurobiol Learn Mem 93: 554–
560. doi:10.1016/j.nlm.2010.02.003

Lehmann M, Schreiner T, Seifritz E, Rasch B. 2016. Emotional arousal
modulates oscillatory correlates of targeted memory reactivation during
NREM, but not REM sleep. Sci Rep 6: 39229. doi:10.1038/srep39229

Lewis PA, Durrant SJ. 2011. Overlapping memory replay during sleep builds
cognitive schemata. Trends Cogn Sci 15: 343–351. doi:10.1016/j.tics
.2011.06.004

Maris E, Oostenveld R. 2007. Nonparametric statistical testing of EEG-and
MEG-data. J Neurosci Methods 164: 177–190. doi:10.1016/j.jneumeth
.2007.03.024

Marr D. 1971. Simple memory: a theory for archicortex. Philos Trans R Soc
Lond B Biol Sci 262: 23–81. doi:10.1007/978-1-4684-6775-8_5

McClelland JL, McNaughton BL, O’Reilly RC. 1995. Why there are
complementary learning systems in the hippocampus and neocortex:
insights from the successes and failures of connectionist models of
learning and memory. Psychol Rev 102: 419–457. doi:10.1037/
0033-295X.102.3.419

McGeoch JA. 1942. The psychology of human learning. Longmans, New York.
Norman KA, Newman E, Detre G, Polyn S. 2006. How inhibitory oscillations

can train neural networks and punish competitors. Neural Comput 18:
1577–1610. doi:10.1162/neco.2006.18.7.1577

Norman KA, Newman EL, Detre G. 2007. A neural network model of
retrieval-induced forgetting. Psychol Rev 114: 887–953. doi:10.1037/
0033-295X.114.4.887

Nunen L, Weinstein Y. 2012. Testing improves true recall and protects
against the build-up of proactive interference without increasing false
recall. Memory 20: 138–154. doi:10.1080/09658211.2011.648198

Oyarzún JP, Morís J, Luque D, de Diego-Balaguer R, Fuentemilla L. 2017.
Targeted memory reactivation during sleep adaptively promotes the
strengthening or weakening of overlapping memories. J Neurosci 37:
7748–7758. doi:10.1523/JNEUROSCI.3537-16.2017

Peigneux P, Laureys S, Fuchs S, Collette F, Perrin F, Reggers J, Phillips C,
Degueldre C, Del Fiore G, Aerts J, et al. 2004. Are spatial memories
strengthened in the human hippocampus during slow wave sleep?
Neuron 44: 535–545. doi:10.1016/j.neuron.2004.10.007

Poe GR. 2017. Sleep is for forgetting. J Neurosci 37: 464–473. doi:10.1523/
JNEUROSCI.0820-16.2017

Radvansky GA, Zacks RT. 1991. Mental models and the fan effect. J Exp
Psychol Learn Mem Cogn 17: 940–953. doi:10.1037/0278-7393.17.5.940

Rakowska M, Abdellahi MEA, Bagrowska P, Navarrete M, Lewis PA. 2021.
Long term effects of cueing procedural memory reactivation during
NREM sleep. Neuroimage 244: 118573. doi:10.1016/j.neuroimage.2021
.118573

Richter FR, Chanales AJH, Kuhl BA. 2016. Predicting the integration of
overlapping memories by decoding mnemonic processing states during
learning. Neuroimage 124: 323–335. doi:10.1016/j.neuroimage.2015.08
.051

Roediger HL, Karpicke JD. 2006. The power of testing memory: basic
research and implications for educational practice. Perspect Psychol Sci 1:
181–210. doi:10.1111/j.1745-6916.2006.00012.x

Rudoy JD, Voss JL,Westerberg CE, Paller KA. 2009. Strengthening individual
memories by reactivating them during sleep. Science 326: 1079. doi:10
.1126/science.1179013

Schechtman E, Witkowski S, Lampe A, Wilson BJ, Paller KA. 2020. Targeted
memory reactivation during sleep boosts intentional forgetting of
spatial locations. Sci Rep 10: 1–9. doi:10.1038/s41598-019-56847-4

Schechtman E, Antony JW, Lampe A, Wilson BJ, Norman KA, Paller KA.
2021a. Multiple memories can be simultaneously reactivated during
sleep as effectively as a single memory. Commun Biol 4: 1–13. doi:10
.1038/s42003-020-01512-0

Schechtman E, Lampe A, Wilson BJ, Kwon E, Anderson MC, Paller KA.
2021b. Sleep reactivation did not boost suppression-induced forgetting.
Sci Rep 11: 1383. doi:10.1038/s41598-020-80671-w

Schechtman E, Heilberg J, Paller KA. 2022. Made together, replayed
together: context reinstatement during sleep guides memory
consolidation. bioRxiv doi:10.1101/2022.03.28.486140

Schreiner T, Rasch B. 2015. Boosting vocabulary learning by verbal cueing
during sleep. Cereb Cortex 25: 4169–4179. doi:10.1093/cercor/bhu139

Schreiner T, LehmannM, Rasch B. 2015. Auditory feedback blocks memory
benefits of cueing during sleep. Nat Commun 6: 8729. doi:10.1038/
ncomms9729

Schreiner T, Doeller CF, Jensen O, Rasch B, Staudigl T. 2018. Theta
phase-coordinated memory reactivation reoccurs in a slow-oscillatory
rhythm during NREM sleep. Cell Rep 25: 296–301. doi:10.1016/j.celrep
.2018.09.037

Schreiner T, Petzka M, Staudigl T, Staresina BP. 2021. Endogenous memory
reactivation during sleep in humans is clocked by slow
oscillation-spindle complexes. Nat Commun 12: 1–10. doi:10.1038/
s41467-021-23520-2

Simon KCNS, Gómez RL, Nadel L. 2018. Losing memories during sleep after
targeted memory reactivation. Neurobiol Learn Mem 151: 10–17. doi:10
.1016/j.nlm.2018.03.003

Szpunar KK, McDermott KB, Roediger HL. 2008. Testing during study
insulates against the buildup of proactive interference. J Exp Psychol
Learn Mem Cogn 34: 1392–1399. doi:10.1037/a0013082

Tononi G, Cirelli C. 2006. Sleep function and synaptic homeostasis. Sleep
Med Rev 10: 49–62. doi:10.1016/j.smrv.2005.05.002

Torrence C, Compo GP. 1998. A practical guide to wavelet analysis. Bull Am
Meteorol Soc 79: 61–78. doi:10.1175/1520-0477(1998)079<0061:
APGTWA>2.0.CO;2

Van Dongen EV, Takashima A, Barth M, Zapp J, Schad LR, Paller KA,
Fernández G. 2012. Memory stabilization with targeted reactivation
during human slow-wave sleep. Proc Natl Acad Sci 109: 10575–10580.
doi:10.1073/pnas.1201072109

Vargas IM, Schechtman E, Paller KA. 2019. Targeted memory reactivation
during sleep to strengthen memory for arbitrary pairings.
Neuropsychologia 124: 144–150. doi:10.1016/j.neuropsychologia.2018
.12.017

Wagner U, Gais S, Haider H, Verleger R, Born J. 2004. Sleep inspires insight.
Nature 427: 352–355. doi:10.1038/nature02223

WilsonMA, McNaughton BL. 1994. Reactivation of hippocampal ensemble
memories during sleep. Science 265: 676–679. doi:10.1126/science
.8036517

Wimber M, Rutschmann RM, Greenlee MW, Bäuml KH. 2008. Retrieval
from episodic memory: neural mechanisms of interference resolution. J
Cogn Neurosci 21: 538–549. doi:10.1162/jocn.2009.21043

WimberM, Alink A, Charest I, KriegeskorteN, AndersonMC. 2015. Retrieval
induces adaptive forgetting of competing memories via cortical pattern
suppression. Nat Neurosci 18: 582–589.

Received March 25, 2022; accepted in revised form August 26, 2022.

Inducing forgetting during sleep

www.learnmem.org 411 Learning & Memory


