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Sleep-dependent reductions in reality-monitoring
errors arise from more conservative decision criteria
Carmen E. Westerberg, Christopher A. Hawkins, and Lauren Rendon
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Reality-monitoring errors occur when internally generated thoughts are remembered as external occurrences. We hypoth-
esized that sleep-dependent memory consolidation could reduce them by strengthening connections between items and
their contexts during an afternoon nap. Participants viewed words and imagined their referents. Pictures of the referents
also accompanied half of the words. After a 2-h break filled with sleep (n= 31) or wakefulness (n= 32), participants indicated
if they previously viewed a picture of each word. Nap participants made fewer reality-monitoring errors than wake partic-
ipants by adopting more stringent response criteria, suggesting that sleep reduces reality-monitoring errors primarily by
influencing post-retrieval decision processes.

New memories are strengthened and stabilized for long-term stor-
age through consolidation, which optimally progresses during
sleep (Diekelmann and Born 2010). Sleep-dependent gains have
been observed for both procedural and declarative memories,
and are thought to involve the redistribution of memories from
temporary to long-term storage sites (Diekelmann and Born
2010). Sleep is thought to aid in the redistribution of declarative
memories fromhippocampal to neocortical sites through the slow-
oscillatory activity present during slow-wave sleep (SWS), as the
synchronized neuronal firing promotes crosstalk between different
brain areas (Crunelli andHughes 2010). Stage-2 sleep spindles have
also been implicated in promoting regional information exchange
(Siapas and Wilson 1998).

A common division in declarative memory concerns item
memory and source memory (Johnson et al. 1993). Item memory
is memory for an individual item at the focus of attention, and
source memory refers to memory for the contextual details associ-
ated with an item (background, spatial location, color, etc.).
Theoretically, sleep may be especially relevant for source-memory
consolidation, as the hippocampus is necessary to connect items
and their contexts duringmemory acquisition, but is not always re-
quired to support item memories (Eichenbaum et al. 2007).
Supporting this assertion, van der Helm et al. (2011) found that
sleep improves memory for the learning context of a word list
but has no effect on memories for the words themselves.
Furthermore, paradigms which require participants to indicate
the spatial location in which an object was learned typically
show sleep-related benefits, whereas item memories seldom show
benefits from sleep (Diekelmann et al. 2009).

Errors of source memory are common (Johnson et al. 1993).
One type, known as reality-monitoring errors, occur when individ-
uals mistake a memory as externally generated when it was really
internally generated (Johnson and Raye 1981). For example, re-
membering that you paid your bills when, in reality, you only
imagined paying them. The impact of sleep on reality-monitoring
errors is unclear, with evidence primarily coming from the Deese–
Roediger–McDermott (DRM) paradigm (Deese 1959; Roediger and
McDermott 1995). In this paradigm, participants typically exhibit
false memories for critical words (e.g., sweet) that represent the
“themes” of encoded word lists (e.g., sour, candy, sugar, etc.), but

were never actually studied. One explanation for the high level
of false memories in DRM experiments is that as each list word is
presented, activation spreads to related words. Because critical
words are highly related to each presentedword, they accrue a large
amount of spreading activation. At test, the internal spreading ac-
tivation received by critical words is confused with activation from
actual presentation, leading to false memories for critical words
(Roediger and McDermott 1995; Roediger et al. 2001).

Fenn et al. (2009) demonstrated that in the DRM paradigm,
participants exhibited fewer false memories following sleep com-
pared with wakefulness, and attributed this result to improved
reality-monitoring following sleep. However, Payne et al. (2009)
found increased false memories for critical words after sleep,
whereas Diekelmann et al. (2008, 2010) found no effect of sleep
on falsememories. These different results could be due to differenc-
es in sleep architecture across samples, the use of recall versus rec-
ognition tests, or other factors specific to the DRM paradigm. In
particular, there is a high degree of semantic similarity across the
studied words, which could result in the strengthening of the
gist of word lists relative to item-specific information during con-
solidation (Stickgold and Walker 2013). Thus, the effects of sleep-
dependent consolidation on reality-monitoring errors not involv-
ing highly related stimuli may differ from those observed with the
DRM paradigm.

With regard to sleep architecture, some DRM experiments
have found an association between SWS and increased false mem-
ories, but this is typically attributed to processing the semantic sim-
ilarity shared by list words (Diekelmann et al. 2008, 2010; Payne
et al. 2009; Pardilla-Delgado and Payne 2017). Using unrelated
word lists, van der Helm et al. (2011) found that memory for
list-learning context was associated with stage-2 sleep time and
fast (13–15 Hz) spindle activity. Therefore, these aspects of sleep
might be most relevant for reducing reality-monitoring errors
when semantic similarity is not a factor.

The goal of the current experiment was to investigate the
impact of sleep on reality-monitoring errors using a procedure
wherein high levels of semantic similarity across stimuli do not
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complicate interpretations. Using a reality-monitoring paradigm
(Gonsalves and Paller 2000), participants viewed 250 words one
at a time for 1000 msec each and were asked to imagine the object
that corresponded to each word (Figure 1). For half of the words, a
picture of the object described by thewordwas shown immediately
after for 500msec (picture trials). For the other half, a blank rectan-
gle appeared on the screen for 500 msec (imagine-only trials).
Immediately after, participants completed a page of basic math
problems to clear their short-term memories. Later, participants
completed a recognition test wherein 375 spoken words were pre-
sented one at a time through speakers at a rate of one word every 2
sec. In particular, 125 of the words were from picture trials during
encoding, 125 were from imagine-only trials, and 125 were new
words, randomly intermixed. For each test word, participants
were instructed to indicate either “yes,” they saw a picture of the
word earlier in the experiment (pressed “1” key), or ‘no,’ they did
not (pressed “2” key). The words used for picture, imagine-only,
and new test trials were matched in frequency and concreteness
and counterbalanced across participants. Pictures were 266 × 281
pixel color images depicting a typical referent of each word against
a white background.

Participants aged 18–29 years with no preexisting sleep disor-
ders were randomly assigned to one of two groups. Participants in
the wake group (n = 32) studied the words, completed the math
problems, and were instructed not to sleep and to return to the lab-
oratory 2 h later. Participants in the nap group (n = 32; 15 others ex-
cluded for failure to sleep) were first prepped for polysomnography
(PSG) and then studied the words, completed the math problems,
and given 90min to nap in a bed in a dark, quiet room. PSG includ-
ed electroencephalography recorded from electrodes at seven stan-
dard sites (C3, C4, Fpz, F3, F4, O1, O2), each referenced to the
mastoid average. Electrocardiography, electromyography, and
electrooculography were also obtained through electrodes placed
on the chest, chin, and near the eyes. Data were recorded and am-

plified with a 250 Hz sampling rate and band-pass filtered between
0.25 and 100 Hz. After waking, they were given 30min to clean up
and recover from any sleep inertia. One nap participant was ex-
cluded from analyses for poor memory (>2.5 SD below the mean
percent correct score on the recognition test). PSG data from the re-
maining 31 participants were scored using standard sleep-staging
criteria (Table 1). Artifacts were rejected from PSG data based on vi-
sual inspection, and fast (13–15 Hz) spindles were identified for C3
and C4 electrodes and slow (11–13 Hz) spindles were identified for
Fpz, F3, and F4 electrodes, using an automated algorithm in
PRANA (PhiTools; duration: 0.5–3.0 sec, amplitude fluctuations
>2.5 SD above mean amplitude). Electrodes selected for spindle
analyses were based on known topographical differences between
the two spindle types (Schabus et al. 2007). Density was computed
as the average number of spindles per minute during stage-2 sleep
(Table 2).

Prior to studying the objects, all participants completed the
Karolinska Sleep Log (Akerstedt et al. 1994) to get estimates of sleep
from the night preceding the experiment. No differences in sleep
time [t(61) = 1.3, P = 0.2], sleep latency [t(61) = 1.6, P = 0.1], or num-
ber of awakenings [t(61) = 1.0, P = 0.3] were present across groups.
Participants in the nap group also completed the Pittsburgh
SleepQuality Index (Buysse et al. 1989) to assess sleep qualitywith-
in the past month. On average, participants had good (score <5)
sleep quality (mean = 3.5, SD = 1.3). Immediately before the recog-
nition test, all participants completed the positive and negative af-
fectivity scale (PANAS) (Watson et al. 1988). Two participants (one
nap, one wake) failed to properly follow instructions for complet-
ing it and were excluded from analyses of PANAS data. No group
differences in positive [t(59) = 0.1, P = 0.9] or negative affect [t(59)
= 1.7, P = 0.09] were observed.

For the recognition test, “yes” responses to imagine-only
wordswere considered reality-monitoring error hits, “yes” respons-
es to picture words were considered picture recognition hits, and
“yes” responses to new words were considered false alarms. These
values were used to calculate Pr and Br, measures of recognition
sensitivity and response bias, respectively, for reality-monitoring
errors and picture recognition (Snodgrass and Corwin 1988).
Sensitivity reflects the ability to discriminate between old and
new items. Thus, if sleep-dependent consolidation strengthened
connections between items and their contexts, nap participants
would be less likely than wake participants to mistake a picture
they imagined for one they actually viewed, and this would be re-
flected in Pr. Response bias reflects the general tendency to give
“yes” responses. Br values < 0.5 reflect a conservative bias and
>0.5 reflect a liberal bias (more likely to respond “yes”). If sleep in-
fluenced post-retrieval decision processes, nap participants would
bemore or less likely to endorse all words as having been accompa-
nied by a picture during study compared with the wake group, and
Br would differ between groups.

To test these possibilities, a 2 × 2 ANOVAwas conducted on Pr
with group (wake, nap) and item type (reality-monitoring errors,
picture recognition) as independent variables. There was no
main effect of group, F(1,61) = 0.6, P = 0.5 and no group × item
type interaction, F(1,61) = 2.6, P = 0.1, indicating that sleep did not
influence sensitivity. As expected, Pr was significantly higher for
picture recognition than for reality-monitoring errors, F(1,61) =
327.1, P = 3.4 × 10−26, Cohen’s d = 3.0.

Another 2 × 2 ANOVA examined the effects of group and item
type on Br. Although an afternoon nap did not influence sensitiv-
ity, it did affect bias (Figure 2). The nap group was more conserva-
tive in giving “yes” responses (0.09) than the wake group (0.15),
F(1,61) = 6.7, P = 0.01, d = 0.7, and there was no item type × group
interaction, F(1,61) = 3.1, P = 0.08, indicating that the nap group
engaged inmore conservative responding for both picture recogni-
tion and reality-monitoring errors. All participants were moreFigure 1. Experimental procedure.
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conservative in giving “yes” responses for reality-monitoring errors
compared with picture recognition, F(1,61) = 97.2, P = 3.0 × 10−14, d
= 0.5.

To determine whether the more conservative bias in the nap
groupwas systematically related to specific aspects of sleep, Brmea-
sures (reality-monitoring error, picture recognition) were sepa-
rately correlated with total sleep time, stage-2 sleep time, SWS
time, and stage-2 spindle density, as thesemeasures have previous-
ly been associated with changes in memory (van der Helm et al.
2011; Pardilla-Delgado and Payne 2017). No significant relation-
ships were observed (see Table 3 for correlation coefficients and p
values for each comparison). Although sleep did not significantly
affect Pr, certain aspects of sleep may still be systematically related
to sensitivity. Pearson’s correlations revealed that picture recogni-
tion Pr was not related to any sleep measures, and reality-
monitoring error Pr was not associated with total sleep time, SWS
time, or fast-spindle density (Table 3). However, reality-monitoring
Pr was negatively correlated with stage-2 sleep time (r =−0.35, P =
0.05) and with stage-2 slow-spindle density at Fpz (r =−0.38, P =
0.04), indicating that as stage-2 time and slow-spindle activity in-
creases, reality-monitoring error sensitivity decreases.

The current results indicate that an afternoon nap reduces
reality-monitoring errors primarily through the adoption of a
more conservative response bias following sleep. The only other
studies to examine the influence of sleep on reality-monitoring
errors used the DRM paradigm and the results were mixed
(Diekelmann et al. 2008; Fenn et al. 2009; Payne et al. 2009;
Pardilla-Delgado and Payne 2017). The present experiment pro-
vides a more straightforward test than DRM experiments, as stud-
ied items did not share high semantic similarity, which may
influence sleep-dependent memory processes in idiosyncratic
ways (Stickgold and Walker 2013).

The more conservative response bias in the nap group sug-
gests that after sleep, participants are less likely to endorse all test
items as having been accompanied by a picture during study. To
date, the influence of sleep on response bias has received little at-
tention and results have been mixed, with some reports of more
liberal (Pardilla-Delgado and Payne 2017) and some of more con-
servative (Hu et al. 2006) responding after sleep. Hu et al. (2006)
observed a more conservative bias after sleep for neutral and emo-
tional picture memories, and suggested that high levels of hippo-
campal acetylcholine during rapid eye movement (REM) sleep
could underlie the conservative shift. This explanation cannot ac-
count for the current findings, as many nap participants did not
achieve any REM sleep (17 of 31). Another possibility is that the

conservative shift could be a consequence of sleep-dependent
changes in memory strength. Hirshman (1995) demonstrated
that the perceived mean memory strength of studied items is a
powerful cue for criterion placement at test initiation, and weak
mean memory strength results in a more liberal bias than strong.
Here, it is possible that sleep-dependent consolidation strength-
ened memories for studied items, which led to the assessment of
stronger mean memory strength at test initiation and thus a
more conservative criterion placement in the nap group compared
with the wake group.

If memories were strengthened during sleep, however, chang-
es in sensitivity may also be expected. Although sensitivity chang-
es were not observed, it is possible that an afternoon nap caused
subtle changes in memory strength that were enough to influence
criterion placement but not sensitivity. In the nap versus the wake
group, sensitivity was numerically lower for reality-monitoring er-
rors (0.06 versus 0.08, respectively) and numerically higher for pic-
ture recognition (0.46 versus 0.41, respectively); the expected
pattern if connections between items and their contexts were
strengthened during sleep. Furthermore, Hu et al. (2006) also did
not find sensitivity differences despite a more conservative bias af-
ter sleep compared withwake, although they did observe increased

Table 1. Average time (min) until sleep onset (latency), and average time (min) spent in each sleep stage and awake after sleep onset for
participants in the nap group (standard error in parentheses)

Latency Stage 1 Stage 2 SWS REMa Wake TST

15.3 (1.9) 12.3 (1.3) 34.4 (1.8) 12.4 (2.1) 16.6 (2.6) 11.2 (1.7) 66.6 (2.1)

aOnly includes participants who achieved REM sleep (n = 14).
SWS, slow-wave sleep; REM, rapid eye movement; TST, total sleep time.

Table 2. Average fast (13–15 Hz) and slow (11–13 Hz) spindle
densities (number/min) at individual electrodes during stage-2 sleep
(standard error in parentheses)

C3 C4 Fpz F3 F4

Fast spindle
density

3.6 (0.3) 3.5 (0.3)

Slow spindle
density

3.2 (0.3) 3.0 (0.3) 2.9 (0.3) Figure 2. (A) Recognition sensitivity (Pr) and (B) response bias (Br), for
reality-monitoring errors and picture recognition for the nap and wake
groups. Bars indicate standard error of the mean.
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confidence inmemories following sleep. Finally, in the nap group,
as time spent in stage-2 sleep increased and as slow-spindle density
increased, reality-monitoring error sensitivity decreased. These
findings are consistent with results indicating that stage 2 and
spindle activity during this stage are associated with context mem-
ory (van der Helm et al. 2011). Stage 2 and associated spindle activ-
ity may strengthen item-context bindings, which would reduce
reality-monitoring errors. It is possible that if participants spent
more time in stage 2, through a longer nap or overnight sleep, sen-
sitivity differences may emerge. Of note is that fast and slow spin-
dles appear to play complementary roles in memory consolidation
(Mölle et al. 2011). Van der Helm et al. (2011) implicated fast spin-
dles, whereas here, slow spindles were implicated. Methodological
differences may have influenced the relevance of fast versus slow
spindles across studies, and future research is necessary to test
this possibility.

These results suggest that sleep reduces reality-monitoring er-
rors through the adoption of more conservative response criteria
following sleep. Clearly, sleep impacted post-retrieval decision pro-
cesses, and it is possible that these decision processes were influ-
enced by subtle changes in memory strength resulting from
sleep-dependent consolidation. To date, few experiments have ex-
amined the influence of sleep on response bias. Future experiments
aimed at understanding how sleepmay influence post-retrieval de-
cisions will ultimately provide a more comprehensive account of
how reality-monitoring and othermemory errors evolve over time.
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Table 3. Pearson’s correlation coefficients (r) and associated P values for correlations between memory (Pr and Br) measures and sleep
measures

Reality-monitoring
Pr

Picture
recognition Pr

Reality-monitoring
Br

Picture recognition
Br

r P r P r P r P

Total sleep time (min) −0.26 0.16 −0.07 0.71 0.13 0.50 0.12 0.53
Stage 2 (min) −0.35 0.05* 0.15 0.44 −0.13 0.50 −0.19 0.31
Slow-wave sleep (min) 0.06 0.77 −0.17 0.35 0.11 0.57 0.06 0.75
C3 fast spindles (number/min) −0.24 0.19 −0.14 0.45 −0.10 0.59 −0.11 0.54
C4 fast spindles (number/min) −0.14 0.44 −0.16 0.39 0.01 0.94 0.01 0.97
Fpz slow spindles (number/min) −0.38 0.04* −0.29 0.12 −0.11 0.56 −0.17 0.35
F3 slow spindles (number/min) −0.20 0.29 −0.29 0.12 0.06 0.74 0.00 0.99
F4 slow spindles (number/min) −0.20 0.27 −0.33 0.07 0.08 0.69 0.01 0.97

*P value≤ 0.05.
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