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While the influence of sleep on memory has a long history, sleep’s role in the formation of false memories
is less clear. Moreover, virtually nothing is known about the development of false memories beyond
delays of about 12 h. Here, for the first time, we assess post-sleep development of true and false memo-
ries across longer delay intervals of 24 and 48 h. Although technically a false memory, remembering
information that is related to the theme, or gist, of an experience can be considered an adaptive process.
Some evidence suggests that sleep, compared to a wake period, increases both true and gist-based false
memories in the Deese-Roediger-McDermott (DRM) task, but not all studies have returned this result,
and most studies cannot rule out the possibility that sleep is merely protecting the information from
interference, as opposed to actively aiding its consolidation. Here, to equate amount of time spent awake
and asleep across groups, we assess how the positioning of sleep relative to memory encoding impacts
retention across longer delays of 24 and 48 h. Participants encoded 16 DRM lists in the morning
(WAKE 1st Groups) or evening (SLEEP 1st Groups), and were tested either 24 or 48 h later at the same
time of day. Results demonstrate that true memory is better when participants sleep soon after learning.
Sleeping first also increased false memory, but only in low performers. Importantly, and similar to pre-
vious studies, we found a negative correlation between slow-wave sleep (SWS) and false memory, sug-
gesting that SWS may be detrimental for semantic/gist processing.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Memory has long been considered to involve reconstructive
processes that fill in information that has been lost over time,
rather than simply involving a complete and unchanging crystal-
lized entity. Early examples of work that illustrate memory’s
reconstructive nature include Bartlett’s (1932) schema studies
and Brewer’s (1977) inference work, among others (see Loftus,
2005; Schacter, 1995). Roediger and McDermott revived the inves-
tigation of the reconstructive nature of memory by adapting a sim-
ple word-list memorization task earlier reported by Deese (1959).
In this research paradigm, known as the Deese-Roediger-
McDermott (DRM) task, participants study a list of semantically
related items (e.g., nurse, hospital, medicine, etc.) and often falsely
remember an unpresented, but semantically related critical ‘‘lure”
word (in this case, doctor) with the same level of confidence as
their correctly remembered studied words (Roediger &
McDermott, 1995; Seamon et al., 2002).
1.1. The effect of sleep on false memory formation is not clear

Although the effects of sleep on mnemonic processes have been
studied for over a century (Ebbinghaus, 1885; Jenkins &
Dallenbach, 1924; see Payne, 2011; Payne, Ellenbogen, Walker, &
Stickgold, 2008), it was only recently that the relationship between
sleep-related consolidation processes and false memory develop-
ment began to be assessed. While the effects of sleep on episodic
memory are mostly beneficial (see Rasch, Büchel, Gais, & Born,
2007; Diekelmann & Born, 2010 for review), the relationship
between sleep and false memory remains unclear.

Diekelmann, Landolt, Lahl, Born, and Wagner (2008) first
assessed the question of whether sleep would affect performance
on the DRM task. They compared recognition memory perfor-
mance between three groups: nocturnal sleep, nocturnal sleep
deprivation, and daytime wakefulness. Sleep deprivation, but not
nocturnal sleep, increased the rate of false memories recognized,
while leaving true memories unchanged compared to daytime
wakefulness. These findings were attributed to the idea that sleep
deprivation impairs prefrontal cortex (PFC) activity, which is cru-
cial for successful source monitoring and has been related to
decreased false memory recognition (Curran, Schacter, Johnson, &
Spinks, 2001).
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Fenn, Gallo, Margoliash, Roediger, and Nusbaum (2009) found
that a 12 h period filled with sleep, when compared to a similar
period filled with daytime wakefulness, had no effect on true
recognition memory and reduced false recognition memory when
stimuli were presented both aurally (Experiment 1) and visually
(Experiment 2). The authors argued that sleep might have bene-
fited consolidation of verbatim, item-specific details, therefore
enhancing source-monitoring processes, which in turn results in
decreased false memories. This interpretation is in line with the
activation/monitoring theory of false memory formation
(Roediger, Balota, & Watson, 2001; Roediger & McDermott, 1995,
2000), which argues that presentation of the studied words (e.g.,
nurse, hospital, etc.) triggers spreading activation of semantic net-
works, which in turn produces summative activation of the
unstudied critical word (e.g., doctor). Later, during retrieval, partic-
ipants fail to monitor the source of their memories and become
susceptible to false memories. Fenn and colleagues argued that
sleep increased source-monitoring processes, resulting in reduced
false memories. However, this reduction of false memory post-
sleep may be more easily obtained with recognition memory test-
ing, as opposed to recall memory testing, because the presentation
of a word to be recognized reactivates the sensory details of the
study words and reinstates the encoding context, which aids
source monitoring (Cabeza, Rao, Wagner, Mayer, & Schacter,
2001). Nevertheless, these results are not in agreement with those
of Diekelmann and colleagues (2008) who also used recognition
testing after a normal night of sleep, but found no effect on mem-
ory performance (compared to a wake group).

Payne and colleagues (Payne et al., 2009) who were the first to
test the impact of sleep on free recall, as opposed to recognition
memory in the DRM task, reported that sleep increased false recall
of critical words, compared to an equivalent period of daytime
wakefulness. Interestingly, a full night of sleep also benefited cor-
rect recall of studied words. These findings support the idea that
sleep may generally benefit memory performance on a task that
relies heavily on gist processing. According to the Fuzzy Trace The-
ory of false memory formation (Reyna & Brainerd, 1995; Reyna &
Kiernan, 1994), memories are composed of both verbatim traces,
which represent specific, contextual details of experience, and gist
traces, which are ‘fuzzy’ representations of the general meaning of
the information. In the DRM paradigm, it has been argued that
studied words (‘true memories’) are dependent on both verbatim
and gist traces, while critical words (‘gist-based false memories’)
are dependent solely on gist because they were never actually pre-
sented and thus are not associated with contextual details
(Brainerd & Reyna, 2002). Payne and colleagues (2009) argued that
because memory for gist is utilized when recalling both true and
false memories in the DRM task (Reyna & Brainerd, 1998), sleep
may be advantageous to memory overall in such a gist-heavy,
semantic-type task, resulting in increased true and false memory,
at least when a free recall task is used to assess memory perfor-
mance. Payne et al.’s results are also consistent with the fact that
a majority of studies reporting beneficial effects of sleep on episo-
dic memory have used recall to probe memory, whereas those
using recognition are not as consistent (see for review
Diekelmann, Wilhelm, & Born, 2009).

In addition, Payne et al. (2009) also found that an afternoon 90-
min nap, compared to a 90-min wake period, resulted in an
increase in false recall. To our knowledge, this is the only experi-
ment to date that can argue for a lack of circadian and interference
effects in the sleep and false memory literature, as participants in
the nap and wake groups are trained and tested at the same time of
day, and the nap, unlike a full night of sleep, provides only a very
brief buffer against potentially interfering content that might be
encountered during wakefulness.
In 2010, Diekelmann, Born, and Wagner repeated their original
experiment comparing a full night of sleep, a full night of sleep
deprivation, and a day spent awake. However, instead of using
recognition to test DRM performance, they used free recall, as
did Payne et al. (2009). Their results were consistent with those
of Payne et al. (2009), as the sleep group resulted in increased false
recall when compared to the wake group, although only for ‘‘low”
performers. No differences were found in true recall. Diekelmann
and colleagues defined low performers by applying a median split
to the corrected true recall scores (i.e., studied words minus intru-
sions). Comparing true memory performance between the Payne
et al. (2009) and Diekelmann, Born, and Wagner (2010) studies,
it is clear that true memory performance in the Payne et al. study
(true recall M = 29.75) was more similar to ‘‘low” (true recall
M = 23.29) performers than ‘‘high” (true recall M = 47.05) perfor-
mance of the Diekelmann et al. study. Another study by McKeon,
Pace-Schott, and Spencer (2012), in which low recall rates (lower
than Payne et al., 2009) were also reported, provides similar evi-
dence to support this idea. The concurrence of results in these
three studies strongly suggests that sleep increases false recall of
critical words in the DRM paradigm, and is also in agreement with
previous studies indicating a greater sleep benefit for weak, rather
than strong, memory traces (Drosopoulos, Schulze, Fischer, & Born,
2007; Kuriyama, Stickgold, & Walker, 2004).

1.2. A possible role of slow-wave sleep (SWS) in false memory
formation

Although humans go through the cyclic process of rapid eye
movement (REM) and non-rapid eye movement (NREM) sleep,
which includes deep, slow-wave sleep (SWS) and lighter Stages 1
and 2 throughout the night, the only sleep stage to be implicated
thus far in the formation of gist-based false memories is SWS
(e.g., Lo, Sim, & Chee, 2014; Payne et al., 2009), and this evidence
is tenuous at best. For example, in the Payne et al. (2009) study,
the authors reported a negative correlation between the recall of
studied words and SWS (both SWS duration and SWS percentage).
This is surprising given substantial research suggesting that SWS is
beneficial for declarative memory consolidation (see Gais & Born,
2004). The authors suggested that, unlike other exclusively episo-
dic (context-specific) memory tasks used in the sleep and memory
literature (e.g., word pairs), performance on the DRM task relies
largely on gist or semantic (context-independent) processing. This
idea is supported by studies that have found a positive correlation
between true and false memory performance (e.g., Kim & Cabeza,
2007; Payne et al., 2009). As stated above, according to fuzzy trace
theory, both studied and critical words rely to some extent on gist-
based, semantic processing (Reyna & Brainerd, 1998). Because epi-
sodic and semantic memory processing may rely on different neu-
ral systems (Tulving, 2002), one explanation for the negative
correlation in the Payne et al. study is that, while SWS benefits
memory for the contextually-linked details (verbatim traces) of
episodic memories, it impairs memory for context-independent
semantic/gist information that dominates a semantic memory task
like the DRM (i.e., SWS impairs the ability to see the forest for the
trees).

The idea suggested by Payne et al. (2009), that SWS might
impair semantic information processing, demands explicit testing.
If one argues that the strong, but not exclusive, semantic process-
ing recruited while consolidating the studied DRM words (true
memories) drives the negative correlation with SWS, then one
would expect a significantly greater negative correlation between
SWS and memory for the critical lures (which, as mentioned previ-
ously, are processed exclusively by semantic/gist-based process-
ing). However, false recall did not correlate with SWS (or any
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sleep stage) in the Payne study, likely due to a power issue created
by the fact that only eight total DRM wordlists were used, and thus
there were only eight possible critical words available for recall. In
the present study we doubled the number of studied lists from 8 to
16. By using more lists we increased the range of the critical-word
recall and recognition performance, improving the variability and
therefore the chance of reliably detecting a correlation between
SWS and false memory.

Additionally, there is only a single nap experiment (experiment
3, Payne et al., 2009) to date that suggests an active role of sleep in
false memory performance (i.e., sleep’s benefits on memory go
above and beyond protection from interference). In the classic
sleep vs. wake 12-h design used by most authors to date, the wake
group spends the 12-h delay filled with everyday activities that
could function as interference to the memory task. Therefore, in
the current study, we equated the time spent awake and asleep
with delays of 24 and 48 h. These longer-delay groups allowed us
to determine whether sleep has an active or merely (passive) pro-
tective effect on DRM performance by equating time spent awake
and asleep in all conditions (only the timing of sleep varied) while
simultaneously examining, for the first time, going beyond 12 h
delays to determine longer-term effects of sleep on true and false
memory performance in the DRM task.

Based on the findings discussed above (Diekelmann et al., 2010;
McKeon et al., 2012; Payne et al., 2009) we hypothesized that
sleeping shortly following encoding, when compared to having a
full day of waking activity first (�16 h before going to sleep),
would result in increased false and true memory. We expected that
this increase should be observed regardless of retention delay
between encoding and testing, because sleeping shortly after
learning has been shown to benefit memory (see Payne,
Chambers, & Kensinger, 2012; Payne, Tucker, et al., 2012). Wemea-
sured both free recall and recognition memory in order to assess
memory discriminability and bias separately (e.g., Hu, Stylos-
Allan, & Walker, 2006), and to further explore the apparent differ-
ences in recall versus recognition performance in the DRM task
across sleep-filled delays.

In line with Payne et al. (2009), we further predicted that both
true and false memory performance would be negatively corre-
lated with SWS. Furthermore, we hypothesized that the correlation
between false memory and SWS would be stronger than the one
between true memory and SWS. This expectation was developed
under the idea that the negative correlation between true recall
and SWS that Payne et al. (2009) observed was a result of the
semantic nature of the DRM task. That is, this task relies heavily
on semantic/gist traces even for the processing of studied words
and even more so for processing critical lures. Because there are
no episodic/contextual features for critical words (because they
were never presented), memory for these (false) words is thought
to depend completely on semantic/gist processing (Reyna &
Brainerd, 1998). Thus we expect a stronger negative correlation
between false memories and SWS than between true memories
and SWS.
2. Method

2.1. Participants

One hundred and thirty-four college students (78 females; age
18–28 yrs) were recruited from the University of Notre Dame to
participate in this study, and they were compensated with either
course credit or cash payment. After providing informed consent,
subjects were screened for self-reported sleep and mental health
disorders, irregular sleep habits, and use of medications that affect
the central nervous system. Participants were asked to refrain from
alcohol and caffeine for 24 h before and throughout the experi-
ment. Three participants failed to follow these instructions and
therefore were not included in the analyses. Eight participants
failed to return for the second (testing) session of the experiment,
one participant reported previous participation in a different
experiment using the DRM paradigm, and technical issues pre-
vented data analysis of five participants. Thus, final data analysis
was performed on 117 participants [69 females; mean age: 19.5
(range 18–28)].

2.2. Procedure

Participants listened to recordings of 16 DRMwordlists (Stadler,
Roediger, & McDermott, 1999) through headphones after being
instructed to pay close attention to the words because they would
be tested on them in the next session. Sixteen word lists with the
highest probability of false recall (Stadler et al., 1999) were chosen
for this experiment. Each list consisted of 12 semantically associ-
ated words, and thus a total of 192 words were presented. The first
eight lists range from a probability of false recall of 65–42%; the
second eight lists range from a probability of 61–44%. Words were
presented in an unfamiliar male voice, in descending strength of
association, at a rate of one word every 2 s. At the end of each list
there was a 12 s period of silence, a 1 s tone, 2 s of silence, and then
the start of the next list. Participants heard the lists only one time
each.

Fig. 1 shows the experimental procedure. Participants were
pseudo-randomly assigned to complete the encoding phase of
the task at 9:30 AM (WAKE 1st groups) and returned 24 h (W24
group; n = 30) or 48 h (W48 group; n = 30) later (9:30 AM) for
the retrieval tests, or at 9:30 PM (SLEEP 1st groups) and returned
24 h (S24 group; n = 29) or 48 h (S48 group; n = 28) later
(9:30 PM) for the retrieval tests. Participants were asked to avoid
napping during the retention interval, which was confirmed by a
daytime-activities questionnaire in the retrieval session.

Following the encoding session, the SLEEP 1st groups were
wired for polysomnography (PSG) recording, put to bed at approx-
imately 11:30 PM and given an 8.5 h sleep opportunity. The PSG
montage included electroencephalography (EEG; F3, F4, C3, C4,
Cz), electromyography (EMG), and electrooculography (EOG) with
each electrode referenced to the contralateral mastoid. In the
morning, the electrodes were removed and participants were
reminded of whether they needed to come back that same night
(24 h) or the following night (48 h), depending on their experimen-
tal condition. After completing the encoding phase in the morning,
the WAKE 1st groups went about their everyday activities and
returned for the retrieval tests 24 or 48 h later.

The retrieval session involved two separate tasks: a free recall
task immediately followed by a recognition task. Because we were
more interested in free recall memory (Diekelmann et al., 2010;
McKeon et al., 2012; Payne et al., 2009), free recall testing always
came first. A blank piece of paper was given to the participants
and the experimenter asked them to write any words they remem-
bered from the previously heard lists. Participants also wrote how
confident they felt about each response using a 1–4 scale (1 being
not sure at all, 4 being completely sure; Diekelmann et al., 2008).
They had 10 min to complete this test and were notified when they
had 2 min remaining. To more fully probe memory, participants
then completed a recognition test in which words were presented
visually on a computer. Each word was presented until the partic-
ipant made an old or new judgment. This was followed by a self-
paced confidence judgment that was made for each word using
the same 1–4 scale as in the recall test. The recognition test
included 96 words randomly presented in black font with a white
background. It consisted of 48 study words taken from serial posi-
tions 1, 8, and 10 in the DRM studied lists (Fenn et al., 2009;



DAY 1 DAY 2 DAY 3

9:30AM      

ENC TEST24hr WAKE 1st

48hr WAKE 1st ENC TEST

48hr SLEEP 1st ENC TEST

24hr SLEEP 1st ENC TEST

9:30PM      9:30AM      9:30PM      9:30AM      9:30PM      

Fig. 1. Experimental protocol. SLEEP 1st groups encoded (ENC) the DRMword lists in the evening and were tested 24 (S24, n = 29) or 48 h (S48, n = 28) later. WAKE 1st groups
encoded the DRMword lists in the morning and were tested 24 (W24, n = 30) or 48 h (W48, n = 30) later. The testing session (TEST) consisted of a free recall test followed by a
recognition test.
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Roediger & McDermott, 1995), the 16 critical lures, and 32 unre-
lated foils taken from eight other unpresented DRM lists.
2.3. Memory measures

For the free recall test, words were categorized as studied list
words (previously heard words; true memory), critical words
(semantically-related unpresented words; false memory), and
intrusions (other unpresented words; intrusions). For the recogni-
tion test, true rate was defined as hit rate; ‘‘old” responses given to
study words divided by the total number [48] of presented study
words (e.g., nurse, hospital). False rate was defined as false alarm
rate to critical lures (FAC); ‘‘old” responses given to related lures
(e.g., doctor) divided by the total number [16] of related lures pre-
sented. Foil rate was defined as false alarm rate to foils (FAF); ‘‘old”
responses given to unrelated foils divided by the total number [32]
of unrelated foils presented. These rawmemorymeasures were not
used for analysis. Instead we used the non-parametric signal detec-
tion measure A0 as an independent measure of discriminability [hit
rate (H) and foil rate (FAF) for true recognition, and false rate (FAC)
and foil rate (FAF) for false recognition], along with its correspond-
ing independent measure of response bias B00, to take into account
individual differences in the baseline propensity to accept both
presented (hits) and non-presented (false alarms) items (Boice &
Gardner, 1988; Donaldson, 1992; Snodgrass & Corwin, 1988). The
formulas for true recognition are: A0 = 1/2 + [(H � FAF)(1
+ H � FAF)]/[4H(1 � FAF)] when HP FAF and A0 = 1/2 + [(FAF � H)
(1 + FAF � H)]/[4FAF(1 � H)] when FAFP H. The formulas for false
recognition are: A0 = 1/2 + [(FAC � FAF)(1 + FAC � FAF)]/[4FAC
(1 � FAF)] when FACP FAF and A0 = 1/2 + [(FAF � FAC)(1
+ FAF � FAC)]/[4FAF(1 � FAC)] when FAFP FAC. The formulas for
response bias to true words (B00) are: B00 = [H(1 � H) � FAF
(1 � FAF)]/[H(1 � H) + FAF(1 � FAF)] when HP FAF and B00 = [FAF
(1 � FAF) � H(1 � H)]/[FAF(1 � FAF) + H(1 � H)] when FAF > H.
The formulas for response bias to false words (B00) are: B00 = [FAC
(1 � FAC) � FAF(1 � FAF)]/[FAC(1 � FAC) + FAF(1 � FAF)] when
FACP FAF and B00 = [FAF(1 � FAF) � FAC(1 � FAC)]/[FAF(1 � FAF)
+ FAC(1 � FAC)] when FAF > FAC. For B00 0 = neutral bias, while neg-
ative values indicate a liberal bias and positive values indicate a
conservative bias.
2.4. Statistical analyses

Mixed ANOVAs were used for most comparisons between
groups. Further, the Greenhouse-Geisser correction was used when
the sphericity assumption was violated in these mixed ANOVAs, as
measured by Mauchly’s Test. Also, appropriate change in degrees
of freedom was performed when Levene’s test for equality of vari-
ance was significant in independent t-tests (only used in true recall
analysis).
3. Results

3.1. The impact of sleeping soon after learning on free recall memory

A 2 (order: SLEEP 1st, WAKE 1st) � 2 (time: 24 h, 48 h) � 3
(memory type: true, false, intrusions) mixed ANOVA, with memory
type as a within-subjects factor and order and time as between-
subjects factors, was performed to assess performance on free
recall memory.

Main effects of order (F(1,113) = 18.25, p < 0.001, g2
p = 0.14) and

memory type (F(1,159) = 132.37, p < 001, g2
p = 0.54) were found,

while the main effect of time was not significant (F(1,113) = 0.56,
p = 0.46, g2

p < 0.01). The memory type � time interaction was not

significant (F = 1.01, p = 0.34, g2
p < 0.01). Because there were no sig-

nificant main effects or interactions with time in this or any of the
subsequent analyses, all main analyses were conducted on the
combined S24 and S48 groups (SLEEP 1st) and the W24 and W48
groups (WAKE 1st); see Table 1 for a complete breakdown of mem-
ory performance in all groups across each of the memory types
(true, false, intrusions). Importantly however, the memory type -
� order interaction was significant (F(1,159) = 4.13, p = 0.03,
g2
p = 0.04). In order to examine our a priori prediction that the

SLEEP 1st groups would have higher recall of both studied (‘true’)
words and critical lure (‘false’) words than the WAKE 1st groups,
independent t-tests were used to compare performance between
the combined SLEEP 1st andWAKE 1st groups. As predicted, partic-
ipants who slept first had significantly increased true memory, (t
(93) = 3.29, p = 0.001, Cohen’s d = 0.61), and significantly increased
false memory (t(115) = 2.62, p = 0.01, Cohen’s d = 0.49) compared
to those who remained awake first (see Fig. 2).

3.2. The impact of sleeping soon after learning on recognition memory

Results from the recognition test (measured with A0: Donaldson,
1992; Snodgrass & Corwin, 1988) support the idea that sleeping
first benefits true memory and extend our free recall findings. A
2 (order) � 2 (time) � 2 (A0 memory type: true, false) mixed
ANOVA, with ‘memory type’ as a within-subject factor, was per-
formed to investigate discriminability in the recognition test. Only
a main effect of memory type (F(1,113) = 11.86, p = 0.001,



Table 1
Memory performance descriptive statistics. Means (standard deviations).

S24 W24 S48 W48

TRUE recalla 22.58 (11.85) 15.37 (6.87) 19.50 (12.46) 14.37 (8.34)
FALSE recallb 4.27 (2.62) 3.27 (1.96) 4.11 (1.87) 3.07 (2.02)
INTRUSION recall 9.31 (7.54) 6.03 (5.24) 9.57 (8.63) 6.60 (5.09)

TRUE recognitionb 0.63 (0.09) 0.61 (0.07) 0.64 (0.06) 0.59 (0.06)
FALSE recognition 0.65 (0.12) 0.64 (0.07) 0.66 (0.08) 0.63 (0.08)
TRUE response biasa 0.00 (0.08) 0.04 (0.09) �0.02 (0.07) 0.01 (0.06)
FALSE response bias �0.05 (0.12) 0.00 (0.12) �0.07 (0.09) �0.02 (0.10)

a p < 0.05 between S24 and W24.
b p < 0.05 between S48 and W48.
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Fig. 2. Number of words recalled. (A) Recall of studied words (TRUE RECALL). (B) Recall of critical lures (FALSE RECALL). Asterisks represent p-values from individual t-tests on
the SLEEP 1st groups vs. WAKE 1st groups, collapsed across time. Error bars denote SEM. **p = 0.01. ***p = 0.001.
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g2
p = 0.10) and a main effect of order (F(1,113) = 4.48, p = 0.04,

g2
p = 0.04) were found, showing that false words were better

recognized than true words. Although no interactions were signif-
icant (all F’s < 1.17 all p’s > 0.28), a priori comparisons on the
collapsed groups showed that sleeping first resulted in signifi-
cantly higher true (t(115) = 2.73, p = 0.007, Cohen’s d = 0.51), but
not false recognition (t(115) = 1.26, p = 0.21, Cohen’s d = 0.23)
(see Fig. 3A and B).

A 2 (order) � 2 (time) � 2 (B00 memory type: true, false) mixed
ANOVA, with ‘memory type’ as a within-subject factor, was per-
formed to investigate memory bias in the recognition test. A main
effect of memory type was found (F(1,113) = 47.84, p < 0.001,
g2
p = 0.23) showing that participants were more liberal in their false

memory judgments than in their true memory judgments. There
was also a main effect of order (F(1,113) = 6.93, p = 0.01,
g2
p = 0.06), showing that sleeping soon after learning led to more

liberal responding in the recognition test (see Fig. 3C and D).
Follow-up independent t-tests on the collapsed groups showed
that sleeping first resulted in significantly lower bias for both true
(t(115) = �2.74, p = 0.007, Cohen’s d = 0.51) and false recognition (t
(115) = �2.31, p = 0.02, Cohen’s d = 0.43). No significant interac-
tions were found (all F’s < 0.41, all p’s > 0.52). Whereas sleeping
soon after learning increased memory discriminability (A0) for only
studied (true) words, it decreased bias (B00) for both studied and
non-studied, critical (false) words.
3.3. The impact of sleeping soon after learning is dependent on
memory performance

False memory performance has been shown to depend on gen-
eral memory performance (Diekelmann et al., 2010). Because
Diekelmann et al. (2010) found that sleep increased false memory
only in low performers, we divided participants into low and high
performers using a median split for true recall, resulting in four
groups: high SLEEP 1st, low SLEEP 1st, high WAKE 1st, and low
WAKE 1st performers. One-way ANOVAs revealed increased false
recall in the SLEEP 1st groups compared to the WAKE 1st groups
(F = 10.79, p < 0.001, g2 = 0.22), while no significant differences
were found for intrusions (F = 2.17, p = 0.096, g2 = 0.05). Consistent
with Diekelmann et al. (2010), planned follow-up comparisons
showed that sleeping first increased false recall only in low per-
formers (t(60) = 3.67, p = 0.001), but not in high performers (t
(53) = 1.31, p = 0.20; Fig. 4).

The fact that we observed increased false memory after sleep in
low performers not only supports previous findings (Diekelmann
et al., 2010), but also suggests that such participants rely more
heavily on non-contextual, gist-based processing to retrieve the
DRM words (i.e., both true and false). If semantic/gist processing
is recruited for overall memory performance in this task, one might
expect true and false memory performance to be positively corre-
lated in this study, as it has been in several others (e.g., Kim &
Cabeza, 2007; Payne et al., 2009). Indeed, true recall was positively
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correlated with false recall in the current study, but importantly,
this was only the case in low performers (r = 0.38, p = 0.035 for
low, r = �0.02, p = 0.94 for high). Thus, sleeping soon after learning
might increase false memory, but only in those participants who
encoded the material poorly to begin with.

3.4. The relationship between slow-wave sleep (SWS) and false
memory

Table 2 shows the descriptive statistics for PSG measures for the
SLEEP 1st groups. Of note, the S24 group obtained more minutes in
SWS and SWS% than the S48 group [t(54) = 2.73, p = 0.008 for SWS
min, t(54) = 2.57, p = 0.01]. This is considered further in the Discus-
sion (see Section 4.2). Payne and colleagues (2009) argued that
SWS, if detrimental for semantic/gist processing, should be nega-
tively correlated to false memory performance. In their study, no
such correlation was found due to lack of power, whereas in the
current study, false recognition memory was indeed negatively
correlated with SWS%, r = �0.33, p = 0.01, and SWS duration,
r = �0.33, p = 0.01, although true recognition memory was not cor-
related with either measure of SWS (SWS% r = �0.11, p = 0.44; SWS
duration r = �0.07, p = 0.60). Moreover, measures of true and false
recall memory were not significantly correlated with SWS duration
or SWS% (see Table 3).

We next explored whether the relationship between recogni-
tion memory and SWS was modulated by performance level. SLEEP
1st participants were divided into low and high performers using a
median split for true A0. False memory was negatively correlated
with SWS, but only in low performers (r = �0.54, p = 0.003 and
r = �0.49, p = 0.008 for SWS duration and percentage of total sleep
time, respectively; see Fig. 5A solid black line). Although the corre-
lations for high performers were also in the predicted negative
direction, they did not reach significance (r = �0.29, p = 0.13 and
r = �0.30, p = 0.13 for SWS duration and percent, respectively;
Fig. 5A dotted gray line). Interestingly, a similar negative correla-
tion between SWS and true recognition memory was apparent in
low, but not in high, performers (r = �0.47, p = 0.012 and
r = �0.46, p = 0.013 for SWS duration and percent, respectively;
see Fig. 5B). This is consistent with previous findings using free
recall measures for studied words (Payne et al., 2009).

It is possible that SWS is indirectly detrimental to the formation
of gist-based false memories in the DRM task by supporting the
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Table 2
PSG descriptive statistics. TRT: total recorded time, TST: total sleep time, SOL: sleep
onset latency, WASO: wake after sleep onset, S1: stage 1, S2: stage 2, SWS: slow-wave
sleep, REM: rapid eye movement, Wake: minutes spent awake, Movement: Move-
ment in minutes during REM sleep. Percentage values are related to total sleep time.
Parentheses denote SD.

S24 S48 AVG

TRT 510.85 (15.45) 510.92 (5.69) 510.89 (13.53)
TST 467.64 (29.21) 451.48 (36.85) 459.56 (33.95)
SOL 9.68 (10.43) 13.77 (18.59) 11.72 (15.08)
REM Latency 105.41 (44.26) 97.77 (33.01) 101.59 (38.92)
WASO (min) 28.53 (15.53) 37.75 (30.59) 33.14 (24.49)
% Efficiency 91.15 (4.17) 88.48 (6.95) 89.82 (5.84)
S1 (min) 45.58 (16.58) 51.12 (30.38) 46.86 (24.63)
S1% 9.2 (3.69) 11.58 (7.25) 10.39 (5.83)
S2 (min) 236.73 (30.23) 229.94 (34.20) 233.34 (32.17)
S2% 50.97 (5.80) 50.81 (5.98) 50.89 (5.84)
SWS (min) 93.08 (26.86) 75.64 (20.44) 84.36 (25.24)
SWS% 19.88 (5.17) 16.68 (4.08) 18.29 (4.89)
REM (min) 92.67 (19.58) 95.41 (27.38) 94.05 (23.63)
REM% 19.32 (4.13) 29.90 (5.02) 20.42 (4.58)
Wake (min) 38.21 (20.27) 51.51 (37.24) 44.87 (30.46)
Movement (min) 4.92 (3.42) 6.19 (3.75) 5.56 (3.61)

Table 3
Pearson correlations for SWS measures (SLEEP 1st groups combined) and memory
measures.

Pearson’s r p-value

SWS%
True recall 0.10 0.46
False recall 0.08 0.58
True recognition �0.11 0.44
False recognition �0.33 0.01

SWS minutes
True recall 0.13 0.34
False recall �0.01 0.92
True recognition �0.07 0.60
False recognition �0.33 0.01
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consolidation of contextual and sensory (i.e., episodic) details of
the DRM study words; that is, by increasing the participants’ abil-
ity to discriminate between a presented and a non-presented, crit-
ical (theme) word. Some have argued that true memory retrieval in
the DRM task recruits both verbatim and gist memory traces
(Brainerd & Reyna, 2002). If so, using the classic hit vs. foil compar-
ison may make it difficult to identify whether an experimental
manipulation influences true memory by affecting verbatim, gist,
or both types of memory traces. Therefore, in the following
exploratory analysis, we examined the impact of sleep’s position-
ing using a more detail-based measure of recognition memory, ver-
batim recognition, which provides a measure of how well
participants discriminate between presented items versus seman-
tically related material that was never presented. Conceptually,
this measure assesses contextual and/or sensory features of the
studied words (e.g., memory of the sound of a speaker’s voice dur-
ing the presentation of a specific word). For this verbatim recogni-
tion measure, we used H = hit rate and FAC = false rate (e.g., Arndt
& Reder, 2003; Curran et al., 2001) for the A0 formula (see Memory
Measures in Method section).

Interestingly, verbatim recognition was positively correlated
with SWS% and SWS duration. Once again, however, this correla-
tion was only observed in low performers (r = 0.37, p = 0.05 for
SWS%; r = 0.42, p = 0.03 for SWS duration), but not in high per-
formers (r = 0.20, p = 0.29 for SWS%; r = 0.19, p = 0.34 for SWS
duration). Together, these findings suggest that SWS is detrimental
for gist-based memory consolidation, directly, by affecting seman-
tic processing and, indirectly, by supporting contextual/detail
memory, particularly in low performers.
4. Discussion

The current study investigated how sleeping shortly after learn-
ing, compared to after a day filled with waking activity, affects the
development of true and false memories across longer delays than
those examined in previous experiments (e.g., Fenn et al., 2009;
Payne et al., 2009). Our study extends previous findings (e.g.,
Payne et al., 2009) that investigated the development of true and
false memories across a 12 h delay, filled with either a full night
of sleep or a full day of wakefulness. It could be claimed that the
enhancing effect of nocturnal sleep reported by previous studies
(McKeon et al., 2012; Payne et al., 2009) was due to a lack of out-
side interference during the period of sleep, instead of sleep-
dependent processes (Wixted, 2004). Here, however, all partici-
pants in the 24 h and 48 h conditions had equivalent amounts of
sleep and waking interference between encoding and retrieval.
Yet sleeping soon after learning increased true memories and to
a lesser extent, gist-based false memories. Sleeping soon after
learning also resulted in a bias shift; participants were more liberal
in their recognition memory (i.e., more prone to endorse items), for
both true and false words, if they slept first. Furthermore, slow-
wave sleep (SWS duration and percent) was negatively related to
false memory, indicating a possible detrimental role of SWS on
gist/semantic processing. Importantly, false memory performance,
and its relationship with SWS, might depend on true memory per-
formance (e.g., Diekelmann et al., 2010). Only low performers
recalled more false words after sleeping first, and only in these per-
formers did we observe a negative correlation between SWS and
false memory, and between SWS and true memory (e.g., Payne
et al., 2009).

Sleep may increase both true and false memory performance in
the DRM task, as was the case in previous studies (McKeon et al.,
2012; Payne et al., 2009). However, while the strongest effect in
the Payne et al. study was the selective protection of gist-based
false memories, this does not seem to be the case in the current
study. Sleeping first, compared to being awake, resulted in a signif-
icant increase of both true and false recall, but a significant increase
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in true recognition only. A possible explanation for the lack of a sig-
nificant difference in false recognition might arise from lack of sta-
tistical power with the DRM critical words. Although we attempted
to increase power in the current study by using 16 DRM word lists
(as opposed to 8 in the Payne et al., 2009 study), which resulted in
16 possible critical words to falsely recall, this nevertheless may
have been heavily countered by the use of longer delay intervals
of 24 and 48 h (as opposed to 12 h). An inspection of the recall data
from the Payne et al. (2009) study supports this idea. The average
false recall in the 12 h-delay sleep groups in Payne et al. is approx-
imately 4 critical words (3.6 in exp. 1, and 4.0 in exp. 2), which is
quite similar to the average false recall in the current study (4.2 for
S24 and 4.1 for S48). Another factor, along with a lack of power,
could also explain the nonsignificant difference in false recognition
performance: the use of a recognition task to test memory is
thought to aid source monitoring. Cabeza and colleagues (2001)
had participants complete a recognition test in an fMRI scanner
and found that while hippocampal activity was similar for true
and false words, the parahippocampal gyrus was more activated
by true than false words. This differentiation in the parahippocam-
pal gyrus suggests reactivation of associated perceptual and con-
textual details of the studied (true) words, likely supporting
source monitoring, which has been robustly shown to decrease
false memory (e.g., Neuschatz, Benoit, & Payne, 2003). Therefore,
it is possible that a recognition test made it more difficult to
observe significant effects in false recognition performance in the
current study. Nonetheless, we observed significant differences in
false recall performance, which, interestingly, were modulated by
true memory performance, as in Diekelmann et al. (2010).

The current study seems to support the idea that weak traces
are the ones targeted by sleep, i.e., only participants that weakly
encoded the material received a benefit from sleep (Drosopoulos
et al., 2007; Kuriyama et al., 2004; but see Tucker & Fishbein,
2008 for opposite findings). For example, Drosopoulos and col-
leagues showed that individuals who learned word-pair lists to a
lower criterion received a greater sleep-dependent benefit than
those who learned the lists to a higher criterion. Similarly, in the
current study, only low performers had increased false recall after
sleep. It is possible that our participants, particularly low perform-
ers, relied more heavily on gist/semantic processing, due to a
sleep-dependent benefit in gist extraction. This is supported by
the fact that only in low performers did we observe a positive cor-
relation between true and false memory performance, consistent
with several previous studies (e.g., Kim & Cabeza, 2007; Payne
et al., 2009), suggesting shared mechanisms for true and false
memory formation.

We had predicted a negative correlation between false memory
performance and SWS. Similar to what Payne and colleagues
(2009) found, we also predicted a negative correlation between
true memories and SWS. Most likely because their study was sta-
tistically underpowered, Payne and colleagues did not find a corre-
lation between SWS and false memories. With only eight DRM
word lists, there was not enough variability to detect a significant
correlation. In the current study, by doubling the number of DRM
word lists to 16, we did observe the SWS-false memory negative
correlation that Payne et al. predicted. It should also be noted that
another recent study found a similar correlation in an older popu-
lation (Lo et al., 2014). Importantly, we found that SWS was nega-
tively correlated to false and true recognition performance, but in
low performers only.

At first, a negative correlation between SWS and true memories
seems to be in conflict with a mass of evidence suggesting a bene-
ficial effect of SWS on episodic memory (e.g., Alger, Lau, & Fishbein,
2012; Plihal & Born, 1997; see Rasch & Born, 2013 for review).
However, as Payne and colleagues (2009) argued, because of the
highly semantic nature of the DRM paradigm, and the role that
gist-processing likely plays in the retrieval of both false (critical)
and true (studied) words, this task is not as context-dependent
(and thus hippocampus-dependent, Kim & Cabeza, 2007) as other
episodic tasks used in the sleep and memory literature (e.g.,
paired-associates task, card locations in the memory game ‘con-
centration’). In turn, the DRM paradigm relies heavily on context-
independent gist-based processing for memory formation of both
the semantically related studied (true) words in the DRM lists
and the unpresented, yet highly related (false) critical lures
(Brainerd & Reyna, 2002). Our data provide further support for
the idea that semantic/gist processing may be negatively affected
by SWS, particularly in low performers.

Another possible explanation for the detrimental role of SWS on
false memory formation may be that SWS strengthens the avail-
able (albeit few) contextual details associated with the DRM words
that were actually studied (i.e., memory for the sound of the voice
speaking a given studied word, memory for its serial position in a
given DRM list). In this way, SWS may be indirectly detrimental to
false memory formation by benefiting the sensory/contextual
traces during consolidation, possibly by reactivating and reinforc-
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ing the individual traces of the studied words (and their features).
This idea is supported by the fact that, in low performers only, we
found a positive correlation between SWS and our measure of ver-
batim recognition, i.e., a measure that provides a stricter estimate
of participants’ ability to discriminate between item-specific,
detail-oriented memories for study words (e.g., Curran et al.,
2001) and highly similar critical lure words. Detailed, contextually
specific memories may be reactivated in the hippocampus during
SWS, which would in turn lead to facilitated consolidation of these
item-specific features, and perhaps also impede the consolidation
(and/or retrieval) of gist traces. Thus, our findings suggest that
low performers may rely more on gist/semantic processing after
sleep overall, and that SWS may be detrimental for gist extraction
in the DRM task by hindering gist traces and reinforcing contex-
tual/verbatim details of the study words.

We had predicted that the negative correlation between false
memory and SWS would be stronger than the one between true
memory and SWS. This hypothesis was developed under the idea
that the previously reported (Payne et al., 2009) true recall-SWS
negative correlation was mainly due to the semantic nature of
the entire DRM task (i.e., semantic gist plays a role in both true
and false memory formation in the DRM task). False memory, as
opposed to true memory, in this task relies completely on semantic
processing and therefore, a false memory-SWS negative correlation
should be significantly stronger than a true memory-SWS correla-
tion. In the current study the correlation between false recognition
and SWS% (r = �0.49) was indeed stronger, albeit not significantly
so, than the correlation between true recognition and SWS%
(r = �0.46 in low performers; see solid lines in Fig. 5). A plausible
explanation for this is that, although the current study was suc-
cessful at increasing the statistical power to capture this correla-
tion (by doubling the encoded DRM lists from 8 to 16), some
power might have been lost by increasing the time delay between
encoding and testing (from 12 h to 24/48 h), and even more word
lists may have been necessary to detect the predicted finding.

4.1. Sleeping soon after learning results in a shift towards liberal bias

Most sleep and declarative memory studies that use recognition
to probe memory do not separate discriminability from bias.
Merely a handful of studies have measured memory in terms of
both discrimination and bias, only to find that sleep can increase
(Hu et al., 2006; Sterpenich et al., 2007), decrease (Atienza &
Cantero, 2008) or have no effect on bias (Baran, Pace-Schott,
Ericson, & Spencer, 2012; Sterpenich et al., 2009; Wagner,
Kashyap, Diekelmann, & Born, 2007). For example, Hu et al.
(2006) found that sleep increased recognition bias (i.e., shifted par-
ticipants to a conservative bias) of both neutral and emotional
(negative) stimuli. The authors argue that, although there is no
neural mechanism formally stated for bias, the high levels of
acetylcholine (ACh) during REM sleep might drive this effect. It is
also of note that diseases (e.g., Alzheimer’s disease) that exhibit
low levels of cortical ACh are associated with abnormally liberal
(low) recognition bias (Fuld, Katzman, Davies, & Terry, 1982),
which suggests that the process of memory bias can be neuro-
chemically mediated (Hu et al., 2006). During REM sleep, ACh con-
centrations in the hippocampus reach levels similar to those
during waking (Hasselmo, 1999). Hu et al. (2006) suggested that
this ACh elevation during sleep is responsible for the conservative
bias shift. It is important to note that in the Hu et al. study, sleep
increased bias more so for emotional than neutral stimuli, another
reason to argue the importance of REM sleep in this process, since
this stage is known to be selectively important for emotional mem-
ory consolidation (see Diekelmann & Born, 2010). Nonetheless, the
authors did not report a correlation (or lack of) between REM sleep
and their bias measure.
If high levels of ACh during REM sleep shift bias to a more con-
servative behavior, especially for arousing stimuli, then we might
speculate that the low(est) levels of ACh during SWS may shift bias
to the liberal side of the spectrum, particularly in the case where
no arousing stimuli are present as in the current study. Nonethe-
less, in the present study no correlations between SWS and bias
measures were found (nor between SWS and foil rate, or total
recall of words). More importantly, the negative correlation
between SWS and false recognition found here suggests that a
more liberal bias would result in better memory performance for
critical words. However, response bias and discriminability are
independent from each other, therefore, it is possible to affect bias
without affecting discriminability (Green & Swets, 1966), which is
what our findings report; sleep did not increase false recognition,
but it did decrease false memory bias.

4.2. Limitations and future directions

The current study is not without limitations. This study was a
follow-up to Payne et al. (2009), where only recall memory was
tested. Our recall test was always followed by a recognition test,
which has been shown to increase recognition rates (e.g.,
Roediger & McDermott, 1995). Thus, recognition rates may be
inflated in the current study and future experiments should coun-
terbalance the order of the retrieval tests, or exclusively test recog-
nition memory to clarify the recognition memory findings. This
might also explain why we did not detect significant differences
in the recognition test; previous free recall could have increased
recognition performance to (functional) ceiling levels, resulting in
nonsignificant differences between the groups.

In the current study, we observed some differences in memory
across the delay intervals (see Table 1). That is, increased true
recall was significantly increased only in the S24 group whereas
false recall was significantly increased only in the S48 group
(although note that all effects were in the predicted direction).
Non-sleep studies (e.g., Seamon et al., 2002) have found that mem-
ory for studied words decreases at a faster rate than memory for
critical words. This could explain why our 48 h between-group
comparison (S48 vs. W48) for true recall, albeit in the predicted
direction, did not reach significance. Additionally, even with our
large sample size, the effect sizes of the presented recall results
can be considered medium-sized, particularly for false memory
(Cohen’s d = 0.49). This may help explain the dissociation for false
memory in the current study, and in the field at large.

Additionally, the SLEEP 1st groups had significantly different
amounts of SWS during the first post-encoding night. This differ-
ence, albeit coincidental and unrelated to experimental manipula-
tion, may help explain the differences presented in Table 1. It is
possible that the decreased amount of SWS (which we suggest is
detrimental for gist processing) obtained by the S48 group in that
first post-encoding night might have resulted in increased false
memory two days after during retrieval. Nonetheless, this is unli-
kely because in both groups, the non-significant patterns were
again in the predicted direction. That is, true recall was higher in
the S48 group, compared to the W48 group, and false recall was
higher in the S24 group, compared to the W24 group (see Table 1
and Fig. 2). It is also possible that this difference in SWS may, in
part, explain the lack of significant interactions with delay inter-
vals (i.e., our ‘time’ variable). However, a more likely explanation
for this lack of interaction is simply that our difference of 24 h
between the groups was not long enough to detect significant
effects of delay.

Furthermore, due to time and resource constraints, only the first
night was recorded with PSG in this study, and only the SLEEP 1st
conditions. To better understand the role of sleep in true and false
memory performance across longer delays, all nights should be
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recorded with PSG to address long-term changes in the relation-
ship between sleep and true and false memories. Nonetheless,
we argue that our study targets the most important time period
(i.e., the first night) post-encoding, during which sleep-
dependent consolidation processing has been found to have its
greatest impact (e.g., Fischer, Hallschmid, Elsner, & Born, 2002;
Gais, Lucas, & Born, 2006; Payne, Chambers, et al., 2012; Payne,
Tucker, et al., 2012; Stickgold, James, & Hobson, 2000).

Diekelmann et al. (2010) argued that a possible explanation for
their different patterns depending on memory performance was
that high and low performers had inherently different mnemonic
strategies (e.g., high performers could have encoded words more
literally, which might prevent formation of the gist of the DRM
wordlists, therefore decreasing false recall). Another possibility is
that low performers were paying less attention to the words at
encoding. Additional goals of future research should be to measure
attention and to assess mnemonic strategies used throughout the
study to account for the variables as possible explanations for dif-
ferences in high and low performers.

In the current study, participants had similar absolute levels of
interference during the retention interval (e.g., both 24 h-delay
groups had �16 h of interference before retrieval, only the timing
of sleep was different). Although this can be considered as evi-
dence supporting an active role of sleep in memory consolidation,
it may alternatively support an ‘‘opportunistic” view of sleep
(Mednick, Cai, Shuman, Anagnostaras, & Wixted, 2011), such that
sleep is useful for memory consolidation by providing protection
from interference during a critical time window that is close to
the encoding event.

5. Conclusion

The objective of this study was to investigate the role of sleep in
the formation and long-term consolidation of true and false mem-
ories in the DRM paradigm. Sleeping soon after learning resulted in
enhanced true memory and, to a lesser extent, false memory. Fur-
ther, SWS was detrimental to false memory and, in low performers,
to true memory formation. Due to the nature of the task (i.e., lists
of semantically related words), in the DRM, gist/semantic process-
ing is arguably more recruited than sensory/contextual processing.
The current findings suggest that SWS negatively affects semantic/
gist processing, particularly in low performers. Most sleep and
memory research focuses in retrieval after a 12 h period of time
filled with sleep or wake activity. Some argue that sleep passively
shields memory processing from interference (Wixted, 2004). In
the current study, all participants slept, but only those that slept
soon after learning had higher memory for both studied and
non-studied, critical words, supporting an active role of sleep in
the formation of true and false memories.
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