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INTRODUCTION

| Erin J. Wamsley

Abstract

The stream of human consciousness persists during sleep, albeit in altered form.
Disconnected from external input, the mind and brain remain active, at times creating
the bizarre sequences of thought and imagery that comprise “dreaming.” Yet despite
substantial effort toward understanding this unique state of consciousness, no relia-
ble neurophysiological indicator of dreaming has been discovered. Here, we identi-
fied electroencephalographic (EEG) correlates of dreaming using a within-subjects
design to characterize the EEG preceding awakenings from sleep onset, REM (rapid
eye movement) sleep, and N2 (NREM Stage 2) sleep from which participants were
asked to report their mental experience. During the transition into sleep, compared to
periods during which participants reported thinking, emergence of dream imagery
was associated with increased absolute power below 7 Hz. During later N2, dream-
ing conversely occurred during periods of decreased relative power below 1 Hz, ac-
companied by an increase in relative power above 4 Hz. No EEG predictors of
dreaming were identified during REM. These observations suggest an inverted-U
relationship between dreaming and the prevalence of low-frequency EEG rhythms,
such that dreaming first emerges in concert with EEG slowing during the sleep-wake
transition, but then disappears as high-amplitude slow oscillations come to dominate

the recording during later N2 sleep.
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non-rapid eye movement (NREM) sleep throughout the
night.

Dre:aming1 is a unique state of consciousness intermittently
present during sleep, during which perceptual imagery is
generated in the absence of sensory input. Although modern
neuroscience is increasingly endeavoring to describe the
mechanisms of sleep consciousness, surprisingly, a reliable
biomarker of dream experience has yet to be identified.
Here, we examine electroencephalogram (EEG) predictors
of dream recall from both rapid eye movement (REM) and

'Because complex mental experiences can be recalled from any stage of
sleep, in this paper we use the term dreaming to refer to any mental experi-
ence recalled from polysomnographically defined sleep, regardless of sleep
stage.

The discovery of REM in the 1950s was originally hailed
as a discovery of the brain basis of dreaming (Aserinsky &
Kleitman, 1953). However, it was subsequently found that
complex and vivid dreams are also common during NREM
sleep, despite the presence of high-amplitude slow waves
classically thought to signify a state of neural “inactivity”
(Antrobus, 1983; Foulkes, 1962; Wamsley, Hirota, Tucker,
Smith, & Antrobus, 2007). As REM-specific neurophys-
iology now appears insufficient to explain dreaming, more
recent investigations have focused on candidate neural mech-
anisms common to both REM and NREM sleep.
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Within-stage variability in NREM neurophysiology of-
fers a particularly promising avenue for identifying EEG
correlates of dreaming, with recent data contradicting the
simplistic notion of NREM as a static state of “inactivity.”
Positron emissions tomography (PET) studies, for example,
reveal that selected brain regions remain relatively active
during NREM sleep (Nofzinger et al., 2002; Peigneux et al.,
2004). NREM sleep regional cerebral blood flow (rCBF) is
also highly variable across the night—in a number of corti-
cal and subcortical regions, rCBF is inversely related to slow
wave activity (power < 4 Hz), with increased rCBF seen
during “lighter” epochs of NREM sleep containing less slow
wave activity (Dang-Vu et al., 2005; Hofle et al., 1997). The
NREM sleep EEG is itself highly variable across the night,
with periods of N2 proximal to slow wave sleep containing
large amounts of high-amplitude, slow wave activity, and ep-
ochs of “lighter” N2 proximal to waking or REM dominated
by a higher-frequency theta EEG pattern.

Several recent studies have indeed reported within-stage
EEG predictors of dream recall in both REM and NREM sleep.
However, this literature has been highly inconsistent. The recall
of dreaming during NREM, for example, has variously been
associated with decreased alpha activity (Esposito, Nielsen, &
Paquette, 2004; Marzano et al., 2011), increased alpha activ-
ity (Takeuchi, Ogilvie, Murphy, & Ferrelli, 2003), decreased
spindle-frequency power (Chellappa, Miinch, Knoblauch, &
Cajochen, 2012), increased sleep spindling (Nielsen et al.,
2016), and decreased delta power (Chellappa et al., 2012;
Esposito et al., 2004; Scarpelli et al., 2017; Siclari et al., 2017).
There is also wide variability in the claimed localization of
these effects—for example, the association between dreaming
and delta power has variously been reported to be expressed
primarily over frontal regions (bilateral (Esposito et al., 2004)),
left frontal and temporo-parietal cortex (Scarpelli et al., 2017),
or posterior parietal/occipital cortex (Siclari et al., 2017)).

Methodological limitations and inconsistencies may ex-
plain this cross-study variability. First, several prior inves-
tigations have utilized between-subjects designs in which
participants who recall dreams are compared to those who do
not (Eichenlaub, Bertrand, Morlet, & Ruby, 2014; Marzano
et al., 2011). This method is subject to substantial individual
difference confounds, as participants with high dream recall
(a stable trait) are known to differ from those with low dream
recall on a number of dimensions, including personality traits
(Hartmann, 1989; Hill, Diemer, & Heaton, 1997; Schredl,
Niirnberg, & Weiler, 1996), and neurobiological traits
(Eichenlaub, Nicolas, et al., 2014; Ruby et al., 2013). Studies
have also varied substantially in their method of determining
whether a participant dreamed, with some coding detailed
open-ended subjective reports (Esposito et al., 2004), and
others simply asking participants to report whether or “how
much” they dreamed (Chellappa et al., 2012; Marzano et al.,
2011; Scarpelli, Marzano, et al., 2015; Takeuchi et al., 2003).

Given our laboratory’s interest in the memory function of
sleep (Brokaw et al., 2016; Wamsley, 2014), of particular in-
terest to us have been recent reports that dream recall during
NREM and REM sleep may be associated with EEG features
similar to those predicting successful memory encoding in
the awake state (Marzano et al., 2011; Scarpelli, Marzano, et
al., 2015). In a 2011 paper using a between-subjects design,
Marzano et al. reported that dream recall during REM sleep
was associated with increased frontal theta power, and during
NREM sleep was associated with reduced right temporal
alpha power (Marzano et al., 2011). These observations argu-
ably mirror EEG correlates of successful episodic encoding
during wakefulness (Marzano et al., 2011).

In the current study, our goals were twofold. First, we
aimed to investigate EEG correlates of dreaming during
sleep onset, N2 and REM sleep in 5 a priori frequency bands
using a “gold standard” experimental approach—a repeated-
measures design in which each participant is awakened from
PSG-defined sleep to provide open-ended verbal reports on
their mental experience. Given the prior results of Marzano
et al. (2011), we had a special interest in the alpha and theta
bands. Second, we aimed to assess whether prior reports of
EEG differences between participants who do and do not
recall a dream may be attributed to individual differences
by exploring whether we could replicate the interesting be-
tween-subjects effects reported by Marzano et al. (2011) in a
within-subjects design, while also conducting the same anal-
yses in a between-subjects fashion for comparative purposes.

2 | METHOD

2.1 |

N =40 participants age 18 to 23 successfully completed
the study (mean age 20.5 +/— 1.3 SD; 70% male; Table 1).
Participants were recruited through advertisement on campus,

Participants

TABLE 1 Participant demographics and sleep architecture
(N =40)
Mean +SD

Age (yrs) 20.5 1.3
Sex (% male) 70% (28)
Dream Recall Frequency 24 0.8
TST (min) 460.1 36.1
N1 (min) 32.1 10.2
N2 (min) 230.7 47.7
N3 (min) 103.5 24.5
REM 89.3 21.8

Note. Means + SD; Habitual dream recall was measured on a 5-point self-report
scale ranging from recalling dreams “less than once a year” to “every day.”
TST = total sleep time, N1 = stage 1 sleep, N2 = stage 2 sleep, N3 = stage 3/
slow wave sleep, REM = rapid eye movement sleep.
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and respondents were excluded from enrolling if they had
a history of sleep or mental disorders, were currently using
medications known to interfere with sleep, or had little or no
prior experience playing 3D-style video games (due to the
goals of the larger study of which this research was a part).
Participants were asked to maintain a regular sleep sched-
ule for three consecutive nights prior to the experimental
night (confirmed by sleep log), to refrain from recreational
drugs or alcohol for 24 hrs prior to their appointment, and
not to drink caffeine after 10:00 a.m. on the day of the study.
Participants received monetary compensation at the conclu-
sion of the study. The study was approved by the IRB com-
mittee at Furman University in Greenville, South Carolina.

22 |

Participants signed informed consent prior to filling out a
demographics form, Epworth sleepiness scale (Johns, 1991),
and a 3-day retrospective sleep log. High-density electrode
caps (Brain Products, Munich, Germany) were used to record
EEG throughout the night (58 EEG electrodes placed follow-
ing the international 10-10 system). During recording, EEG
signals were referenced to the contralateral mastoid to aid
online sleep staging. Additionally, muscle tone was moni-
tored using electromyography (EMG; bipolar chin leads)
and eye movement was monitored using electrooculography
(EOG:; left and right outer canthus). All data were recorded
at 400 Hz using a Grass-Telefactor AURA amplifier with a
high-pass filter at 0.1 Hz. After applying the electrodes, par-
ticipants were randomly assigned to either train on a virtual
maze navigation task (Wamsley, Tucker, Payne, Benavides,
& Stickgold, 2010; Wamsley, Tucker, Payne, & Stickgold,
2010) or complete a control task (the psychomotor vigilance
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task (PVT) (Dinges & Powell, 1985)). In both groups, par-
ticipants also underwent a 7-min eyes-closed baseline EEG
recording both before and after task performance. These
training procedures were a part of a larger study investigat-
ing memory reactivation following a spatial learning task and
its effect on memory consolidation. The experimental group
was trained on the maze navigation task prior to sleep and
was tested on the same task the next morning, while the con-
trol group was trained on the PVT prior to sleep and per-
formed maze navigation task the next morning. Results of
this behavioral testing are not discussed here but will be re-
ported in a subsequent paper. The two tasks did not substan-
tially influence dream content as only one mentation report
was judged by raters to be task-related. Dream recall rates
were comparable between groups—participants completing
the maze task recalled dreams from 78.8% of awakenings, as
compared to 79.2% of awakenings among participants com-
pleting the control task.

Prior to sleep, participants were given instructions on
how to provide open-ended mentation reports throughout
the night. Specifically, they were asked to verbally describe
“everything that was going through your mind just before 1
called” whenever they heard the prompt “please report now.”
Participants were instructed to provide as much detail as pos-
sible on their experience, regardless of whether they consid-
ered it to be a “dream” or not, and were instructed that if
they cannot remember their experience or were not having an
experience, they should state this instead.

Figure 1 illustrates the timeline for dream report collection
during the night. Participants lay down to begin a 9-hr sleep
opportunity at approximately 11:00 p.m. After participants
entered sleep, indicated by online PSG (polysomnographic)
monitoring, they were awoken periodically to provide verbal
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FIGURE 1

Dream report collection. While spending the night in the sleep laboratory, participants were awakened up to 13 times to report

on their current subjective experience. Up to 10 awakenings were made from the sleep onset phase, within the first hour of the night. Additional

awakenings from REM and N2 sleep were conducted later in the night. To avoid time-of-night confounds, order of REM/N2 awakenings was

counterbalanced across subjects. A final subjective report was collected upon morning awakening, regardless of sleep stage



ZHANG ano WAMSLEY

MIPSYI:HOPHYSIOI.OEY K.

reports on their mental experience. Following our prior work,
we maximized the number of report samples per participant
by conducting a large number of awakenings during the sleep
onset period (during which dream recall is high and partici-
pants are able to fall back to sleep quickly) combined with a
smaller number of awakenings later in the night (Wamsley,
Perry, Djonlagic, Reaven, & Stickgold, 2010). This method
has the advantage of yielding a high number of data points
per participant without exposing participant to substantial
sleep deprivation. Up to 10 “sleep onset” dream reports were
obtained during the first hour of the night, collected after 30,
60, or 90 seconds of elapsed sleep (order of latency coun-
terbalanced across participants). As a result, sleep onset re-
ports occurred during a mix of NREM stages—61% of sleep
onset reports were obtained from N1, 38% from N2, and 2%
from N3. Then, at least one hour after the last sleep onset
awakening, one N2 sleep report (following at least 10 min
of PSG-defined N2) and one REM sleep dream report (fol-
lowing at least 5 min of PSG-defined REM) were collected,
also in counterbalanced order. N2 and REM report awak-
enings were separated by at least 30 min. Participants were
then allowed to sleep uninterrupted until being awoken at ap-
proximately 8:00 a.m. the next day to provide a final dream
report, regardless of sleep stage. These morning reports were
also classified as either “REM” or “N2” reports according
to the last sleep stage present prior to awakening, and ana-
lyzed along with other REM and N2 reports. As described
below, 3 of these morning reports were excluded, either be-
cause the participant was in slow wave sleep rather than N2
prior to awakening, or because EEG data prior to awakening
were unusable. Although systematic awakenings from slow
wave sleep would be of theoretical interest, concerns regard-
ing the possible introduction of sleep deprivation and the low
rate of dream recall reported during this stage in previous
studies precluded conducting a larger number of nocturnal
awakenings (Foulkes, 1962). At each report time point, par-
ticipants were first awoken by calling their name, and then
heard a standardized prompt “Please report now.” Verbal re-
ports were digitally recorded and transcribed for subsequent
analysis.

2.3 | Dream report coding

In this study, we define a “dream” as any mental experience
recalled from sleep. Within this broad category, we further
discriminated between dream reports that contained percep-
tual imagery, and those that contained thought in the absence
of any perceptual imagery. A total of 428 reports were coded
for the presence of thought and imagery by 2 independent
judges, who were blind to sleep stage and experimental con-
dition. For each report, judges assessed first whether the
report contained a description of any mental content, and if
so, whether or not that mental content contained perceptual

imagery. Reports that contained no mental content (e.g., “/
can’t remember” or “There was nothing”) are referred to as
“No Content” reports. Reports containing perceptual imagery
are referred to as “Imagery” reports. Reports with content but
without any perceptual imagery are referred to as “Thought”
reports. Interrater agreement for whether the report contained
content was 97.4% and for whether or not the report con-
tained imagery was 90.9%. Disagreements were resolved by
a third judge, who was also blind to sleep stage and experi-
mental condition.

24 | EEG analysis

PSG data were scored for sleep stage following the standard-
ized criteria established by the American Academy for Sleep
Medicine (AASM) (Iber, Ancoli-Israel, Chesson, & Quan,
2007). Awakenings that did not meet the target sleep stage
criteria described above were excluded from further analy-
sis. Quantitative EEG analyses focused on characterizing
the spatial-frequency content of the EEG prior to awaken-
ings that yielded No Content, Imagery, and Thought reports
and were carried out using BrainVision Analyzer 2 (Brain
Products), and the EEGLab toolbox for MatLab (Delorme et
al., 2011). Artifacts were rejected via a combination of vis-
ual inspection/removal of artifact-laden trials, and rejection
of artifactual independent components. Noisy EEG chan-
nels were removed and, where possible, interpolated using
spherical splines. For each participant, all usable electrodes
were included for analysis (mean usable number of elec-
trodes = 56.3 +/— 2.0 SD).

We then examined the power spectrum preceding the
moment of each report awakening, calculating mean power
spectral density (pVZ/Hz) in five a priori frequency bands:
slow oscillation (all frequencies < 1 Hz remaining after the
aforementioned 0.1 Hz high pass filtering), delta (1-4 Hz),
theta (4-7 Hz), alpha (8-12 Hz), and beta (13-35 Hz). For
each participant, peak alpha frequency was defined as the
frequency at which power was maximal within the 8§—-12 Hz
range, for the average spectra across all electrodes.

Sleep onset awakenings were analyzed separately from
later night N2 awakenings due to well-described quantitative
and qualitative differences between sleep onset and later night
NREM dreaming (Foulkes & Vogel, 1965; Vogel, 1991). For
30/60/90 s sleep onset awakenings, the time frame analyzed
consisted of all artifact-free sleep preceding the awakening.
For later-night awakenings, the time frame analyzed con-
sisted of all artifact-free time during the 2 min preceding
awakening. Power spectra were calculated using fast Fourier
transform (FFT), utilizing all artifact-free 4-sec segments,
with 50% segment overlap (Hanning window).

For each participant, all observations in one dream re-
call category (No Content/Thought/Imagery) were aver-
aged, with participant averages used as the unit of analysis
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for subsequent statistical comparisons. For spectral power,
we calculated both absolute and relative power (absolute
power/total power in the 0—100 Hz range). To reduce the in-
fluence of extreme values, for each electrode and frequency
band, power data were converted to z-scores and data points
with values > 2 SD from the mean were excluded from anal-
ysis. Of 82,895 spectral analysis data points, 3,815 (4.6%)
were rejected as extreme (> 2 SD from mean). As rejected
points were widely distributed across participants, electrodes,
times, and frequency bands, this data cleaning did not result
in the exclusion of any participant or electrode in its en-
tirety. The resulting power values were then log-transformed
(log10(x + 1-min(x))) to normalize the distributions.

In this paper, we report both absolute and relative power
measures for all comparisons. The reasons for this are two-
fold. First, the prior literature connecting EEG spectral power
to cognitive processes in sleep (and in wake) has been incon-
sistent in the power metrics that have been reported, which
creates an impediment to drawing conclusions across stud-
ies. By reporting results for both absolute and relative power,
we ensure that our findings can more easily be compared to
those of others or included in future meta-analyses. Second,
it remains unknown whether absolute or relative power is the
most cognitively relevant metric in studies of dream recall,
and thus in our view it is not possible to a priori select one of
these metrics as the definitively appropriate measure.

2.5 |

Hierarchical linear models were used to compare spectral
power across No Content, Thought, and Imagery reports.
Recall category was a repeated factor, grouped by subject.
To test for the overall effect of recall category (No Content/
Thought/Imagery) on the EEG power spectrum, hierarchical
linear models were first conducted on the mean slow oscil-
lation, delta, theta, alpha, and beta power averaged across all
electrode sites.

Excluding Thought reports from analyses of N2 and
REM sleep awakenings (which were exceedingly infrequent
outside of sleep onset—see Results), there were a total of
seven analyzed report types per participant: Sleep Onset—
No Content, Sleep Onset—Thought, Sleep Onset—Imagery,

Statistical analysis

TABLE 2 Dream reports by sleep

IPSYI:HIJPHYSIIJI.OEY K | som

N2—No Content, N2—Imagery, REM—No Content, and
REM—Imagery. Participants contributed an average of 3.6
+/— 0.7 SD of these seven possible report types. The num-
bers of reports contributed in each recall category are further
summarized in Table 2. In these analyses, the restricted maxi-
mum likelihood method is used to estimate model parameters
in the presence of missing data, enabling participants with
missing observations for one or more of these seven report
types to still contribute to the model, in contrast to the list-
wise deletion approach typically employed in repeated mea-
sures analysis of variance.

We report #-tests comparing model estimated marginal
means across recall categories. Type I error was controlled
using the Benjamini-Hochberg method of controlling false
discovery rate (Benjamini & Hochberg, 1995; Thissen,
Steinberg, & Kuang, 2002), an adaptive method that results
in an adjusted critical p-value that differs for each set of com-
parisons conducted. These comparisons were carried out sep-
arately for sleep onset, N2, and REM awakenings, with the
above-described hierarchical linear model approach followed
by false discovery rate correction applied in each state.

To assess the topography of these effects, we additionally
ran pairwise comparisons of the estimated marginal means
separately for each recording site. Type I error was again con-
trolled using the Benjamini-Hochberg method of controlling
false discovery rate. Here, adjusted p-values were set sepa-
rately for sleep onset, N2, and REM analyses, and separately
for absolute versus relative power analyses. Topographic
plots using interpolation by spherical splines were generated
to display mean differences between recall categories, flag-
ging electrodes at which the comparisons remained signifi-
cant after correction for multiple comparisons.

2.6 | Between-subjects comparison of
participants who recall versus do not recall a
dream upon morning awakening

We hypothesize that prior reports of EEG differences be-
tween participants who recall versus do not recall a dream
in the morning may be attributed in part to individual differ-
ences. Thus, we also conducted a separate between-subjects
analysis of morning dream recall, following the approach

state Reports elicited No Content Thought Imagery
Sleep Onset 312 43 (13.8%) 20 (6.4%) 249 (79.8%)
NREM 32 (47.8%) 2" (3.0%) 33 (49.3%)
REM 14 (28.6%) 2" (4.1%) 33 (67.3%)
Total 428 89 (20.8%) 24 (5.6%) 315 (73.6%)

Note. Total number and (%) of reports collected in each category.
“The low number of Thought reports elicited from REM and NREM prohibited meaningful analysis of EEG
correlates of this category of experience.
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of Marzano et al. (2011), for comparison to the outcome of
our primary analyses. Replicating the analyses described in
Marzano et al. (2011), we classified each participant as either
a “recaller” or “non-recaller” based solely on their morning-
collected dream report. Following Marzano et al., the power
spectrum of the 5 min of EEG just prior to morning awaken-
ing was then examined as a predictor of whether a dream
would be subsequently recalled, and only “Imagery” reports
were classified as a successful recall of a dream. Each partici-
pant was classified as having awoken from REM or N2 sleep
in the morning, based on the last sleep stage scored prior
to awakening. The number of participants awakening from
REM sleep (n = 10) was insufficient for further analysis. In
participants awakening from N2, the last 5 min of artifact-
free sleep prior to awakening were extracted and passed to
EEGLab (Delorme et al., 2011) for further analysis. The total
number of participants included in this analysis was n =27
(one participant who awoke from SWS was excluded, an-
other participant was excluded because a morning report was
not successfully collected, and a third was excluded because
they were the sole person with a Thought report from morn-
ing N2). The power spectrum preceding Imagery reports was
then compared to the spectrum preceding No Content reports
using permutation tests. Again, correction for multiple com-
parisons was applied by controlling the false discovery rate
(Delorme et al., 2011).

3 | RESULTS

3.1 | Dream report characteristics

Overall, N = 428 experimental awakenings were conducted,
339 (79.2%) of which yielded a report of thought or imagery.
On average, each participant contributed 10.8 +/— 2.9 SD
reports. Table 2 describes the incidence of Thought, Imagery,
and No Content reports across state. Because Thought re-
ports were exceedingly rare outside of sleep onset, N2 and
REM analyses were restricted to comparing Imagery and No
Content reports.

At sleep onset, the duration of sleep prior to awakening
did not impact dream recall (86.4% recall at 30 s, 85.6% re-
call at 60 s, and 86.7% recall at 90 s; X2 = 0.06, p =0.97)
or the presence of imagery (89.9% of content-filled reports
contained imagery at 30 s, 94.4% at 60 s, and 92.3% at 90 s;
x> =125, p =0.56).

3.2 | Dream imagery at sleep onset is
accompanied by an increase in absolute power
below 7 Hz

Absolute power was significantly greater preceding Imagery,
as compared to Thought reports in the slow oscillation
(tyo=3.42, p=0.003), delta (t,, =2.91, p=0.008), and

theta (t;9 = 2.95, p = 0.008) frequencies (comparison of es-
timated marginal mean power across all electrode sites, ad-
justed significance threshold of p < 0.0083; see Figure 2a).
This comparison did not survive false discovery rate correc-
tion in the alpha band (¢,; =2.47, p = 0.02). After correc-
tion for multiple comparisons, increased power preceding
Imagery versus Thought reports remained statistically sig-
nificant at the majority of individual electrodes for the slow
oscillation, delta, and theta bands (Figure 2c).

Absolute power was also significantly lower preceding
Thought, as compared to No Content reports in the slow os-
cillation (#y, = 3.11, p = 0.005) and theta bands (t,, = 3.08,
p = 0.005; comparisons of estimated marginal mean power
across all electrodes with adjusted significance threshold
of p < 0.0083; see Figure 2a). Power reductions preceding
Thought versus No Content reports did not survive false dis-
covery rate correction in the alpha (¢,; = 2.49, p = 0.02), delta
(tyy = 2.66, p =0.013), or beta bands (t,3 = 2.18, p = 0.04).
Following correction for multiple comparisons, Thought
reports were associated with lower absolute power than No
Content reports at the majority of individual electrodes in the
slow oscillation and theta bands. No electrode-level compar-
isons survived correction for multiple comparisons in other
frequency bands (Figure 2d).

In contrast, No Content and Imagery reports did not dif-
fer in mean absolute power across electrodes, or in absolute
power at any individual electrode (Figure 2e).

For relative power, no effects remained statistically signif-
icant following correction for multiple comparisons, with the
adjusted significance threshold set to p < 0.0083.

In visually examining the power spectra of sleep onset re-
ports illustrated in Figure 2b, we noted that the peak alpha
frequency was numerically slower preceding Imagery and No
Content reports, relative to Thought reports. Further explor-
ing this effect, we found that it did not reach statistical signif-
icance. Preceding Thought reports, the mean alpha peak was
at 10.5 Hz + 0.4 SEM, in comparison to 9.5 Hz + 0.3 SEM
preceding Imagery (t;3 =191, p=0.07 vs. Thought) and
9.4 Hz + 0.4 SEM preceding No Content reports (t,3 = 1.93,
p = 0.07 vs. Thought).

3.3 | Dreaming during N2 sleep is associated
with decreased low-frequency power

During N2 sleep, Imagery was associated with a decrease
in <1 Hz relative power (t5, = 3.46, p = 0.001) and concom-
itantly increased faster oscillations in the theta (737 = 3.06,
p = 0.004), alpha (74, = 2.63, p = 0.012), and beta (¢4 = 3.09,
p = 0.004) bands (Figure 3a). After correction for multiple
comparisons, these effects remained significant at the major-
ity of individual electrodes for slow oscillation, theta, alpha,
and beta frequencies (Figure 3c). No effects were observed
for absolute power.
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FIGURE 2 Dream imagery at sleep onset is accompanied by an increase in absolute power. (a) Relative to Thought reports, both Imagery

and No Content reports were preceded by an increase in absolute power prior to awakening. Mean + SEM absolute power (log(z—qule)). * =

statistically significant for the mean across all electrodes. (b) Power spectrum for No Content, Thought, and Imagery reports, averaged across

electrodes. Shaded error bars +/—SEM. (c—e) Topographic plots of the estimated marginal mean difference in spectral power between conditions,

derived from linear mixed models testing the effect of recall condition on power. * = statistically significant at this electrode following Benjamini-

Hochberg correction for multiple comparisons. Values between electrodes were interpolated using spherical splines. (¢) Imagery—Thought: The

increase in absolute power preceding /magery relative to Thought reports reached statistical significance at the majority of electrodes in the slow

oscillation, delta, and theta bands. (d) Thought—No Content: Absolute power was also greater preceding No Content reports, relative to Thought

reports, reaching statistical significance at the majority of electrodes in the slow oscillation and theta bands. (e) Imagery—No Content: The power

spectrum preceding Imagery versus No Content reports did not differ significantly at any electrode. Slow oscillation = <1 Hz, delta = 1-4 Hz,

theta = 4-7 Hz, alpha = 8-12 Hz, beta = 13-35 Hz

During REM sleep, Imagery and No Content reports did
not differ significantly for any frequency band, for either ab-
solute or relative power, across all electrodes or at any indi-
vidual electrode (Figure 3b and d).

Because the power spectrum during NREM sleep is highly
variable across the night (Kryger, Roth, & Dement, 2016),
we asked whether time of night or proximity to REM sleep

might explain the inverse association between N2 dream re-
call and <1 Hz power, with the “lighter” N2 sleep that occurs
closer to REM or later in the night accounting for dreaming in
this stage. However, recall of dream imagery was not related
to time of night (time since sleep onset = 194 min + 24 SEM
for Imagery reports vs. 190 min + 14 SEM for No Content
reports; p =0.87) or to proximity to REM sleep (mean



8of 13 Zal ZHANG anp WAMSLEY
PSYCHOPHYSIOLOGY sprﬁ
(a) Hlmagery M No Content (b) H Imagery No Content
*

_ 050 z . 929

o 0.45 * o :

2= 040 $ = 040 I ] I

€F 035 &z 0% ] .
vy 030 o > 030

2 > 2 025

2< 025 z< o

<3 020 ®3 020

< & 0.15 2w 015

s 2 010 S 2 o010

e ™ 005 &~ 005

= 0.00 e 0.00

<1Hz 1-4Hz 4-7Hz 8-12Hz  13-35Hz <1Hz 1-4Hz 4-7Hz  8-12Hz 13-35Hz
Slow (<1Hz) Delta (1-4Hz) Theta (4-7Hz) Alpha (8-12Hz) Beta (13-35Hz)

NREM Sleep
Imagery — No Content
Mean Difference

REM Sleep
Imagery — No Content
Mean Difference

FIGURE 3 N2 sleep dream recall is accompanied by a shift toward higher-frequency power. (a) Recall of Imagery from N2 sleep was
associated with relatively decreased slow oscillation (<1 Hz) power, and increased faster oscillations in the theta, alpha, and beta bands.

Means + SEM relative power (log(z—qu/Hz)/total power 0-100 Hz). * = statistically significant for the mean across all electrodes. (b) During
REM sleep, Imagery and No Content reports did not differ significantly in any frequency band. Means + SEM relative power (log(z—qu/HZ)/total
power 0-100 Hz). (c—d) Topographic plots of the estimated marginal mean difference in spectral power between conditions, derived from linear
mixed models testing the effect of recall condition on power. * = statistically significant at this electrode following Benjamini-Hochberg correction
for multiple comparisons. Values between electrodes were interpolated using spherical splines. (¢) N2 Imagery—No Content: Both the decrease in
slow oscillation power and increase in > 4 Hz power associated with recall of /magery remained statistically significant at the majority of electrodes

following correction for multiple comparisons. (d) REM Imagery—No Content: Following correction for multiple comparisons, the power

spectrum preceding Imagery versus No Content reports from REM sleep did not differ significantly at any electrode. Slow oscillation = <1 Hz,

delta = 1-4 Hz, theta = 4-7 Hz, alpha = 8-12 Hz, beta = 13-35 Hz

distance from REM = 27 min + 7 SEM for Imagery reports
vs. 30 min + 7 SEM for No Content reports; p = 0.79).

3.4 | Between-subjects analysis of
“recallers” versus ‘“non-recallers”

Finally, following Marzano et al. (2011), we conducted a be-
tween-subjects comparison of those who did versus did not
recall a dream upon awakening from N2 sleep in the morning
(see Methods). N = 27 participants were included in this anal-
ysis (not including n = 10 additional participants who awoke
from REM sleep, and n = 3 excluded for other reasons; see
Method). Contrary to Marzano et al.’s report of decreased
right temporal alpha power in participants recalling a dream
from NREM, the only effect to survive correction for multi-
ple comparisons was a spatially diffuse decrease in relative
beta power in “recallers” (n = 17), relative to “non-recallers”
(n = 10; Figure 4). However, because of a strong a priori

hypothesis regarding alpha power based on Marzano et al.’s
(2011) study, we also ran uncorrected comparisons in this
frequency band. Contrary to Marzano et al.’s observations,
uncorrected for multiple comparisons, “recallers” showed in-
creased relative power in the alpha band, particularly in right
frontal regions, relative to “non-recallers” (Figure 4). There
were no effects for absolute power.

4 | DISCUSSION

We report that dreaming during NREM sleep is associated
with global changes in the frequency content of the EEG.
During N2, dreaming was associated with reduced <1 Hz
activity and concomitantly increased power above 4 Hz.
Although differing in the specific frequency bands identi-
fied, this observation is broadly consistent with prior re-
ports that dreaming is predicted by reduced low-frequency
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FIGURE 4 Relative Power of Preawakening EEG in “Recallers”
(n = 17) and “Non-Recallers” (n = 10). Relative power spectrum
during the 5 min prior to awakening in “recallers” and “non-

recallers,” averaged across all electrodes. Shaded error bars +/— SEM.
Topographic insets represent permutation test p-values comparing
alpha and beta power prior to awakening. After correction for multiple
comparisons, frontal beta power (13-35 Hz) remained significantly
lower in “recallers,” as compared to participants who did not recall
dream imagery upon awakening. Uncorrected for multiple comparisons
(see Method), frontal alpha power was significantly higher prior to
morning awakening in participants who recalled a dream. Values
between electrodes were interpolated using spherical splines. Slow
oscillation = <1 Hz, delta = 1-4 Hz, theta = 4-7 Hz, alpha = 8-12 Hz,
beta = 13-35 Hz

power in the delta range (Esposito et al., 2004; Scarpelli et
al., 2017; Siclari et al., 2017). As low-frequency power is
inversely related to regional cerebral blood flow during sleep
(Dang-Vu et al., 2005; Hofle et al., 1997), our observations
support the long-standing hypothesis that dreaming outside
of REM sleep occurs during periods of relatively heightened
cortical “activation” (Antrobus, 1991; Scarpelli et al., 2017;
Wamsley et al., 2007).

We additionally report the novel observation that at sleep
onset, the association of dreaming with low-frequency power
is in the opposite direction—dream imagery was associated
with increased power in the slow-oscillation, delta, and theta
bands, relative to wake-like thoughts. However, at sleep
onset, imagery and no-content reports were associated with a
similar spectral profile. Below, we speculate that no-content
reports at sleep onset could signify a failure to recall dream
imagery, rather than a lack of conscious experience. Contrary
to our expectations, we failed to identify any EEG predictors
of dreaming within REM sleep.

Together, these observations suggest that the dreaming
state is supported by intermediate levels of low-frequency
EEG power. We illustrate this possibility in a hypothetical
model of the relationship between dreaming and low-fre-
quency EEG power in Figure 5. At the onset of sleep, the tran-
sition from wake-like thought to dream imagery is associated

Ipsvcuupﬂvsmwlsv K

>
>
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<+—— Prevalence of Dream Imagery ——

Low

>
»
N2 N3/SWS

<+——  Prevalence of Low-Frequency EEG Rhythms ———»

| Wake | N1 | REM |

Low High

FIGURE 5 Hypothesized relationship between low-frequency
EEG and dreaming. Our observations are consistent with the
hypothesis that dreaming is associated with the intermediate levels of
low-frequency EEG power which characterize N1, REM, and light N2
sleep. In this model, “low-frequency” is defined in relative terms—
during wakefulness, when alpha (8—12 Hz) and beta (13-35 Hz)
rhythms predominate, theta (4—7 Hz) activity is relatively slow, yet
during N2 sleep, theta is a relatively “fast” frequency in comparison
to the delta (1-4 Hz) and slow oscillations (1 Hz) that dominate slow
wave sleep

with the global EEG slowing that characterizes sleep onset.
Yet later in the night, dreaming outside of REM sleep occurs
during periods of relatively reduced low-frequency power, and
conscious experience disappears as low-frequency oscillations
in the slow (<1 Hz) and delta (1-4 Hz) bands come dominate
the EEG. Thus, as illustrated in Figure 5, we proposed that
dreaming may have an inverted U-shaped relationship with
the prevalence of low-frequency EEG oscillations.

There is sufficient reason to believe that excessively high-
amplitude, low-frequency EEG in the slow (<1 Hz) and delta
(1-4 Hz) ranges is incompatible with conscious experience.
Scalp-recorded EEG rhythms in these frequency bands re-
sult from hypersynchronous underlying neuronal activity in
which the postsynaptic membrane potentials of millions of
cortical neurons oscillate in synchrony. The <1 Hz cortical
slow oscillation also powerfully modulates neuronal spiking,
shifting the cortex between alternating hyperpolarized “down
states,” characterized by neuronal silence, and “up states”
during which firing rates approach waking levels (Steriade,
2006; Steriade, Timofeev, & Grenier, 2001). It has long been
proposed that these highly “synchronized” EEG patterns sig-
nify loss of consciousness during the deepest epochs of slow
wave sleep (Hobson, Pace-Schott, & Stickgold, 2000), and
indeed, similar patterns of neuronal activity are implicated
in the loss of consciousness under anesthesia (Purdon et al.,
2013; Supp, Siegel, Hipp, & Engel, 2011).

Yet precisely why low-frequency, synchronized EEG
rhythms coincide with loss of consciousness remains
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obscure. One recent theory attributes loss of consciousness
during such states to reduced information-integration ca-
pacity resulting from the “bistable” neuronal firing patterns
occurring during low-frequency dominated EEG (Nieminen
et al., 2016; Tononi, 2004). Another long-standing hypothe-
sis holds that dreaming requires a minimal level of cortical
“activation” (Antrobus, 1991; Wamsley et al., 2007), which
is only intermittently achieved during NREM, signified by
the presence of faster-frequency EEG rhythms. This latter
conjecture is supported by the fact that rCBF in a number of
brain regions is indeed increased during periods of NREM
with relatively decreased slow wave activity (Dang-Vu et al.,
2005; Hofle et al., 1997).

Although excessive low-frequency activity may be in-
compatible with conscious experience, at the same time,
sleep states known to have the highest dream recall (includ-
ing REM, N1, and light N2) certainly contain more low-fre-
quency power than wakefulness. This is consistent with the
current observation that the emergence of imagery at sleep
onset was associated with increased, rather than decreased
low-frequency power. It may be that a moderate increase in
slow oscillation and/or delta activity is necessary for dream-
ing to emerge. For example, in wake, delta activity has been
proposed to support functional cortical deafferentation, in-
hibiting the processing of external sensory information in
favor of attention to internally generated activity (Harmony,
2013; Harmony et al., 1996). In support of this notion, in-
creased delta- and theta-frequency oscillations are also asso-
ciated with mind wandering during waking tasks (Braboszcz
& Delorme, 2011). In a similar fashion, low-frequency oscil-
lations in the delta and theta ranges could function to inhibit
external sensory processing at sleep onset, as mentation be-
comes increasingly hallucinatory and disconnected from the
external environment (Foulkes & Vogel, 1965).

An alternative interpretation of our sleep onset observa-
tions could be that the association of Thought reports with
relatively higher-frequency “wake-like” EEG indicates that
these experiences occurred during a state of wakefulness.
However, several factors argue against this interpretation.
First, all sleep onset awakenings occurred during epochs
of PSG-defined sleep; while the analyzed data might con-
tain brief (seconds-long) periods of “wake-like” EEG, par-
ticipants were not awake as currently defined by the AASM
(Iber et al., 2007). Second, research dating back decades has
established that brain state cannot be inferred on the basis
of subjective report data—not only are thought-like reports
common in sleep, but bizarre imagery is conversely common
during wake (Foulkes, 1962; Wollman & Antrobus, 1987).
For these reasons, we interpret our sleep onset observations
as reflecting gradations of mind-brain activity occurring
within sleep, rather than a contrast between sleep and wake.

One complexity of our observations is that the increase in
low-frequency power associated with imagery at sleep onset

is statistically significant only for absolute power, whereas
the decrease in low-frequency power associated with imagery
during N2 is significant only for relative power. This suggests
that during sleep onset the absolute amplitude of the EEG
(which increases dramatically as we move from the waking
to sleep state) is the most critical factor predicting the na-
ture of subjective experience. In contrast, during later-night
N2 sleep, the most cognitively relevant feature may instead
be the relative proportion of the EEG dominated by low fre-
quencies, independent of the absolute amplitude of those
oscillations. Due to the relatively few studies that have to
date described quantitative EEG predictors of dreaming, the
consistency with which one versus another metric predicts
dream experience remains unknown, and would be a profit-
able focus of future research.

The effects we report are spatially global, rather than lo-
calized to any particular cortical region. In contrast, past EEG
studies of dreaming have claimed a variety of topographi-
cally specific effects (Fell et al., 2006; Marzano et al., 2011;
Scarpelli et al., 2017; Siclari et al., 2017; Takeuchi et al.,
2003), for example focused on central sites (Takeuchi et al.,
2003), parietal-occipital lobe (Siclari et al., 2017), or frontal
and temporo-parietal areas (Scarpelli et al., 2017). Yet de-
spite variability in localization, the general observation that
reduced power in the delta and/or slow oscillation bands pre-
dicts dream experience has remained a relatively consistent
observation across studies, here again confirmed by our data.
Thus, we speculate that dream experience is associated with
a global change in cortical EEG rhythms, with interstudy
variability in localization resulting primarily from sampling
error, measurement error, and/or low statistical power.

Contrary to our hypotheses, we identified no signifi-
cant EEG correlates of dreaming during REM sleep. In line
with prior research, dream recall was substantially higher in
REM than during N2 sleep (Nielsen, 2000), and as a result,
the relatively small number of No Content reports obtained
could have caused us to be underpowered to detect an effect.
Indeed, Figure 3b illustrates that alpha power was nonsignifi-
cantly lower (p = 0.17) during Imagery reports compared to
No Content reports, consistent with two prior reports that de-
creased alpha predicts dreaming during REM sleep (Esposito
et al., 2004; Takeuchi et al., 2003). Alternatively, the failure
to detect EEG correlates of dreaming in this stage could be
due to the fact that the n = 12 No Content reports collected
from REM actually signify a failure of recall rather than a
lack of conscious experience, and thus represent a similar
preawakening brain state as Imagery reports. In support of
this hypothesis, Siclari et al. (2017) found that participants
who claimed to have dreamed but could not recall the con-
tent showed decreased low-frequency EEG power, just like
those who recalled the content of the dream (Siclari et al.,
2017). Similarly, we found no EEG difference between No
Content and Imagery reports at sleep onset, which could also
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indicate that participants who could not recall dreams still
experienced dreaming.

The current study avoids some limitations of past re-
search. For the sake of convenience, a number of prior stud-
ies assessed the presence of dreaming by simply asking the
participants a question upon awakening about whether or
“how much” they dreamed (Chellappa et al., 2012; Marzano
et al., 2011; Scarpelli, D’Atri, Gorgoni, Ferrara, & Gennaro,
2015; Takeuchi et al., 2003). This approach prevents exper-
imenters from operationally defining “dreaming,” instead
relying on the participants’ own highly variable judgments
about whether their experience meets the criteria for a “yes”
answer. Importantly, it has long been established that asking
people to report their “dreams” leads to drastically reduced
estimates of NREM dreaming, in comparison to when par-
ticipants are prompted to report “everything that was going
through your mind” (Foulkes, 1962). Second, between-sub-
jects comparisons of those who recall versus fail to recall a
dream (Eichenlaub, Bertrand, et al., 2014; Fell et al., 20006;
Marzano et al., 2011) cannot determine whether dreaming de-
pends on the patterns of brain activity prior to awakening, or
alternatively, on individual differences between participants
(Scarpelli, D’Atri, et al., 2015). Indeed, a strictly between-
subjects analysis of our morning dream recall data yielded a
very different pattern of results, suggesting that comparing
the preawakening EEG of participants who do versus do not
recall a dream may strongly reflect individual differences. To
overcome these issues, we employed a within-subjects para-
digm, treating the participant as the unit of analysis and col-
lecting dream reports using polysomnographically monitored
laboratory awakenings from which participants provided an
open-ended report on the content of all mental experience
just prior to awakening. This is the first such study to be con-
ducted across sleep onset, N2, and REM stages.

The current data do have some limitations of their own.
First, a limitation common to all dream research is that, be-
cause no reliable physiological indicator of dreaming has yet
been discovered, dream experience is only measurable via
self-report. Thus, it is not possible to distinguish between the
experience of a dream and the ability to recall and report
that dream. Although some studies have asked participants
to indicate if they had a dream that they cannot recall (Siclari
et al., 2017), there is no independent evidence that partici-
pants’ self-assessment on this point is valid. As a result, the
EEG effects we report here may be a result of the presence
of dream experience during sleep, the successful retrieval of
that experience from memory after sleep, or a combination of
the two. Second, for practical reasons, we restricted NREM
sleep data collection to the sleep onset period and to N2 sleep
later in the night, and did not collect data from slow wave
sleep. Finally, although this design takes a repeated-awak-
enings approach, the presence of missing data observations
causes some participants included in the hierarchical linear
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models to contribute data in only one dream recall condi-
tion. If participants with missing reports differ systematically
between conditions or from those with complete data, this
could have introduced individual-differences confounds into
our observations.

In summary, we report that the recall of dream experience
from NREM sleep is associated with intermediate levels of
low-frequency power—dream imagery emerges as low-fre-
quency power increases at sleep onset but then fades when
high-amplitude, low-frequency EEG begins to dominate the
recording during later NREM. These observations dovetail
with others suggesting that while hypersynchronized low-
frequency EEG may be incompatible with consciousness
(Purdon et al., 2013; Supp et al., 2011), at the same time,
moderate increases in delta-frequency oscillations could ac-
tually support attention to internally generated thought and
imagery (Braboszcz & Delorme, 2011; Harmony, 2013;
Harmony et al., 1996). This study thus helps to untangle in-
consistent findings reported in the prior literature, suggest-
ing levels of low-frequency EEG power are a consistently
observed and parsimonious explanation for the waxing and
waning of conscious experience during sleep. Future re-
search should continue to investigate the mechanisms under-
lying the connection between low-frequency EEG power and
conscious experience. Ultimately, understanding the brain
correlates of dreaming during sleep will aid in isolating the
conditions needed for the brain to support conscious experi-
ence during wakefulness.
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