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Abstract

Rapid eye movement (REM) sleep is characterized by the alternation of two markedly different microstates, phasic and tonic
REM. These periods differ in awakening and arousal thresholds, sensory processing, and spontaneous cortical oscillations.
Previous studies indicate that although in phasic REM, cortical activity is independent of the external environment,
attentional functions and sensory processing are partially maintained during tonic periods. Large-scale synchronization of
oscillatory activity, especially in the a- and p-frequency ranges, can accurately distinguish different states of vigilance and
cognitive processes of enhanced alertness and attention. Therefore, we examined long-range inter- and intrahemispheric
as well as short-range electroencephalographic synchronization during phasic and tonic REM periods quantified by the
weighted phase lag index. Based on the nocturnal polysomnographic data of 19 healthy adult participants, we showed that
long-range inter- and intrahemispheric a and § synchrony was enhanced in tonic REM states in contrast to phasic ones,
and resembled a and § synchronization of resting wakefulness. On the other hand, short-range synchronization within the
v-frequency range was higher in phasic compared with tonic periods. Increased short-range synchrony might reflect local
and inwardly driven sensorimotor activity during phasic REM periods, whereas enhanced long-range synchrony might
index frontoparietal activity that reinstates environmental alertness after phasic REM periods.

Statement of Significance

Rapid eye movement (REM) sleep is composed of the alternation of two microstates: phasic and tonic REM. Previous studies
showed that cortical oscillations as measured by EEG spectral power densities show marked differences between phasic and
tonic states. More specifically, a and § power is consistently higher during tonic, whereas y activity is enhanced during phasic
periods. We complemented these findings by analyzing synchronized activity within these frequency bands. We showed

that a and f oscillations exhibit higher synchronization during tonic compared with phasic periods, especially between
distant regions. On the other hand, phasic REM periods were characterized by relatively increased local (short-range) y
synchronization. Our findings contribute to the understanding of the complex and heterogeneous nature of REM sleep.
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Introduction

Rapid eye movement (REM) sleep is a unique neural state that
occupies 20%-25% of nighttime sleep in healthy human indi-
viduals [1]. REM sleep was termed as a paradoxical state [2],
due to its combination of high cortical activity indexed by low
voltage, mixed frequency electroencephalographic (EEG) oscil-
lations, and low muscle tone [1]. In fact, intense sensorimotor
and oneiric (dream) activity accompanied by inhibited motor
output and reduced environmental processing [3-9] are essen-
tial features of REM sleep. Nevertheless, the nature of REM sleep
seems to be even more complex, as it is composed of two mark-
edly different brain states. The phasic REM state is characterized
by transient bursts of ocular movements, myoclonic twitches,
and irregular vegetative activity that occur quasiperiodically [10]
on the background of an apparently more quiescent, tonic state
[11-13]. Phasic REM sleep is accompanied by so-called ponto-
geniculo-occipital (PGO) potentials originating spontaneously in
the pontine reticular formation and transferred to the thalamo-
cortical system and the hippocampal formation [14].

Phasic and tonic REM periods differ in awakening or arousal
thresholds, and sensory processing, as the tonic episode
shows generally lower thresholds [5, 15] and functional evoked
responses to deviant tones, resembling evoked potentials during
wakefulness [16]. In addition, acoustic stimuli presented during
the tonic state elicited a residual blood oxygen level dependent
response within the auditory cortex, whereas no such reactivity
was evidenced during phasic periods [17]. The authors of this
study speculate that phasic REM periods represent a function-
ally isolated brain state, in contrast to tonic periods, in which
environmental processing is partially preserved [17]. Moreover,
sensory stimulation seems to suppress phasic REM activity and
facilitate the transition to the tonic state leading to arousals and
microawakenings [18] that make the analyses of phasic REM
sleep by functional magnetic resonance imaging (fMRI) quite
challenging since sensory stimulation (noise and vibration) is
always present in the MR environment [19].

The analysis of spontaneous EEG oscillations is an efficient
approach in order to compare phasic and tonic neural activi-
ties in an ecologically valid environment. A consistent finding of
scalp EEG studies was a relative increase in a- (8-13 Hz) and -
(~14-30 Hz) frequency band power during tonic periods [20-22],
which was also evidenced by intracranial sleep recordings [23,
24]. Oscillatory activity in the a- and f-frequency ranges meas-
ured during resting-state wakefulness reflects the activation of
a widely distributed cingulo-insular-thalamic neural network
[25] that underpins the maintenance of alertness, and facilitates
accurate responses to incoming environmental stimuli [26-28].

The other frequency specific activity that consistently distin-
guished phasic and tonic REM based on scalp and intracranial
recordings was y power (>30 Hz) that seemed to be relatively
enhanced during phasic states [20, 21, 24, 29]. Increased y power
during phasic periods might reflect sensorimotor, emotional,
and cognitive activity leading to intense dream experiences [29-
31]. In fact, phenomenological observations showed that dream
reports after phasic periods are more perceptual and halluci-
natory-like than those collected after tonic episodes, which, in
turn, are more thought-like [11, 32]. Based on these findings, we
might assume that during phasic REM, the brain transitionally
“decouples” from the external environment and “submerges” in
inwardly generated sensory and motor activity, whereas during

tonic states, vigilance, environmental awareness, and atten-
tional processes reflecting a more wake-like state are partially
reinstated [17, 21, 23].

Large-scale synchronization of oscillatory activity is a cru-
cial mechanism in the formation of functionally connected
neuronal ensembles underlying a wide range of cognitive phe-
nomena [33-35]. Accordingly, frequency-specific synchronous
oscillations across distant electrode sites can characterize dif-
ferent states of vigilance [36, 37] or cognitive processes that
vary in difficulty, attentional demands, or multimodal integra-
tion [38-40]. In spite of the advantages of such analyses, apart
from one recent study in epileptic patients [41], phasic and tonic
REM states were not systematically analyzed in terms of EEG
synchronization.

Our aim was to describe interareal (inter- and intrahemi-
spheric) EEG synchronization during phasic and tonic periods
based on the weighted phase lag index (WPLI) [42]. In light of
the aforementioned data, we assumed that tonic REM sleep was
a more wake-like state with enhanced alertness and reinstated
attentional processes anticipating environmental stimuli. We
were specifically interested in long-range o synchronization
that was shown to reflect increased arousal and alertness [25,
36] and to play a key role in cognitive processes that require
enhanced attention [38, 39], multisensory integration [40, 43], or
top-down control [34, 44]. Here, we show that long-range inter-
and intrahemispheric a or §§ synchrony is enhanced in tonic
periods in contrast to phasic ones. On the other hand, increased
short-range y synchrony differentiates phasic from tonic states.

Methods

Participants and procedure

We analyzed nocturnal sleep EEG recordings that were col-
lected in a previous study [21]. Our sample consisted of the
polysomnographic data of 20 healthy individuals (10 males,
M, = 21.72 + 1.36 years). The recordings were collected the sec-
ond night (after an adaptation night) in the sleep laboratory of
the Semmelweis University. Participants were free from prior or
current psychiatric, neurological, chronic somatic, or sleep dis-
orders and showed no signs of anxiety or depressive symptoms
according to standard psychometric measures. Participants
were screened for depressive symptoms by the Hungarian ver-
sion of the nine-itemed Beck depression inventory (BDI-9 [45]),
for anxiety symptoms by the trait score of the adapted version
of the Spielberger State-Trait Inventory (STAI-T [46]), and for
sleep disorders by the Pittsburgh Sleep Quality Scale (PSQI [47]).
Consumption of medicine (except oral contraceptives), alcohol,
or drugs also belonged to exclusion criteria. Participants arrived
at the laboratory between 20.00 and 21.00 hr and after the place-
ment of electrodes were asked to go to bed at their habitual
bedtimes. Before lights off, within a subsample (n = 15) of our
participants, resting state EEG with eyes closed was recorded,
during which participants were instructed by the assistant to
open their eyes for about 10-15 s in every 2 min. Lights off was
scheduled between 22.00 and midnight, and participants were
allowed to sleep until 8.30 in the morning unless they woke up
earlier spontaneously. The data of one participant were excluded
because technical artifacts in the electrooculogram (EOG) chan-
nel hindered the reliable selection of phasic periods. In addition,
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the resting state data of two participants were not included due
to increased noise generated by muscle artifacts. Therefore, we
could only include the data of 12 participants for the analyses
of resting state wakeful data. The Ethical Committee of the
Semmelweis University approved the study protocol and par-
ticipants gave written informed consent to the procedure.

Recording and preprocessing

Participants were fitted with gold-coated (Ag/AgCl) scalp elec-
trodes fixed with EC2 Grass Electrode Cream (Grass Technologies,
Warwick, Rhode Island, USA). Nineteen scalp EEG derivations
(Fp1, Fp2, F7,F3, Fz, F4, F8,T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1,
02 referenced to the mathematically linked mastoids) as well as
bipolar EOG and EMG electrodes were placed according to the
standard 10-20 system [48]. Impedances were kept below 8 kQ.
Signals were collected, prefiltered (0.33-1500 Hz, 40 dB/decade
antialiasing hardware input filter), amplified, and digitized with
4096 Hz/channel sampling rate (synchronous) with 12-bit reso-
lution by using the 32-channel EEG/polysystem (Brain-Quick BQ
132S; Micromed, Mogliano Veneto, Italy). A further 40 dB/decade
antialiasing digital filter was applied by digital signal processing,
which low-pass filtered the data at 450 Hz. Finally, the digitized
and filtered EEG was resampled to 1024 Hz. Sleep stages were
previously scored manually according to standardized criteria
of the American Academy of Sleep Medicine (AASM) [49] by an
expert trained in sleep research.

Sleep scoring and the inspection of eye movements (EMs)
were carried out manually using a custom-made software tool
for full night sleep EEG analysis (FerciosEEGPlus, Ferenc Gombos
2008-2017). After the scoring, we extracted the conventional
parameters of sleep architecture (see Supplementary Material
Table S1).

REM sleep stages from the first four sleep cycles were consid-
ered for the selection of phasic and tonic segments. EMs were
visually identified in 4 s time windows based on the presence
of EOG deflections of an amplitude above 150 puV and shorter
than 500 ms. Previous studies used less conservative amplitude
criteria [50, 51]; however, EMs in bipolar EOG montages prod-
uce higher amplitudes; therefore, we restricted our analyses to
relatively larger EMs. The velocity criterion was based on earlier
studies indicating that EMs during REM do not exceed 2 Hz in
terms of frequency [50, 51].

A4 slong segment was categorized as phasic if at least two
consecutive EMs were detected in adjacent 2 s time windows.
Segments were scored as tonic when no EMs occurred (EOG
deflections below 25 pV) in adjacent 2 s time windows. In
order to rule out possible intermediate periods and the con-
tamination between the two states, phasic and tonic episodes
separated from each other by less than two segments (8 s)
were discarded. Segments containing technical and move-
ment-related artifacts were visually inspected and excluded
from further analyses. Given the larger amount of tonic com-
pared with phasic periods, we randomly selected 100 phasic
and 100 tonic segments (400 s) from each participant. In
order to increase the stationarity of the data, we cut each 4 s
long episode into three 2 s long overlapping (50%) segments.
Awake resting state recordings were similarly split into 2 s
long overlapping segments. The amount of awake segments
was matched (by random selection) to the amount of ana-
lyzed REM periods (300 x 2 s). The continuous recordings were
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filtered by a discrete Fourier transform (DFT) filter removing
(50 Hz) line noise and were band-pass filtered (Butterworth,
zero phase forward and reverse digital filter between 0.5 and
46 Hz) before frequency analyses. The data were segmented
into phasic and tonic trials.

Laplacian estimation

Volume conduction, in general, as well as artifacts produced by
microsaccades [52] or muscle activity [53], can largely influence
the spatial topography of scalp EEG recordings yielding spurious
synchronization even between distant electrode derivations.
Therefore, prior to analyses of synchronization, we estimated
the surface Laplacian of the EEG data [54-56]. The Laplacian
estimation can be interpreted as a spatial filter that attenuates
the influence of volume conduction, reference artifacts, and
microsaccades and hence provides a more accurate localiza-
tion of raw EEG signals [56, 57]. Although the WPLI is devoid
of the effects of volume conduction originating from common
source activity, Laplacian estimation proved to be useful and
advisable in order to sharpen EEG topography prior to analy-
ses of interareal synchronization, including the WPLI [39, 58].
We used a spherical spline interpolation (order of splines = 4,
maximum degree of Legendre polynomials = 10, A = 10-°) and
calculated the Laplacian, based on the second-order spatial
derivatives. Previous work indicates that this procedure mini-
mizes the unfavorable influence of REM-related microsaccades
on fast frequency activity [59] and efficiently improves scalp
topography even in the case of a small number (19 channels)
of electrodes [60].

Frequency decomposition

Spectral power analyses were performed between 4 and 46
Hz (from 0 to y range). We did not analyze slower frequency
bins (i.e. within the 8 range) due to the negligible contribution
of & oscillations to the differences between phasic and tonic
states and due to the fact that slow frequency activity dur-
ing phasic periods is largely contaminated by EMs rendering
& activity less reliable [20, 21, 51]. Two seconds long, artifact-
free, Laplacian transformed phasic, tonic, and awake EEG data
segments were tapered (with Hanning window for lower fre-
quencies between 4 and 28 Hz, and by dpss multitaper method
with +2 Hz smoothing for higher frequencies between 29 and
46 Hz). The cross-power spectral densities were computed
for each phasic, tonic, and awake trial, based on long-range
interhemispheric and (frontoparietal) intrahemispheric chan-
nel combinations. Frontopolar and occipital channels were
not included to provide a more homogeneous set of distances
between pairs. As Figure 1 illustrates, interhemispheric chan-
nel pairs included F7-F8, F3-F4, T3-T4, C3-C4, T5-T6, and P3-P4.
Intrahemispheric channel pairs included F7-TS, F3-P3, Fz-Pz,
F4-P4, and F8-T6.

Synchronization: WPLI

The phase lag index (PLI) was proposed by Stam and colleagues
[61] in order to quantify phase synchronization based on the
asymmetry of the distribution of phase-angle differences (usu-
ally represented as vectors in a circular plane) between two EEG
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Figure 1. Interhemispheric (blue) and intrahemispheric (orange) channel pairs for
the calculation of long-range synchronization. Long-range connections refer to
nonadjacent electrode pairs. Frontopolar and occipital electrodes were used for
Laplacian estimation, but were excluded from the analyses of synchronization.

signals. The PLI, such as the more widely used phase coherence,
measures the consistency of phase relationships between two
electric signals; however, it is less sensitive to the influence of
volume conduction and common sources by discarding random
and zero (or n) phase-angle differences [42, 61].

The disadvantage of the PLI is that phase lags might turn
into leads, and vice versa, yielding discontinuous measure-
ments that can be problematic in the case of synchronization
effects of small magnitude [42]. The modified version of the PLI,
the WPLI, was introduced to attenuate this effect. This meas-
ure weights phase-angle differences by the magnitude of the
imaginary component. Consequently, the procedure attenuates
(deweights) the contribution of phase-angle difference vectors
that are close to the real axis (close to zero or to x). Although
the traditional measure of coherence appears to follow fluc-
tuations in power, WPLI seems to be independent of spectral
power [62]. The final estimate of the WPLI produces values
between 0 and 1. Values closer to 1 indicate higher phase syn-
chronization between signals [42]. The WPLI was computed for
each channel pair and frequency between 4 and 46 Hz (1 Hz bin
resolution). Filtering, segmentation, manual artifact rejection,
Laplacian estimation, and frequency analyses (FFT and WPLI)
were performed in Matlab (The Mathworks) using the Fieldtrip
toolbox [63].

Statistical analyses

Statistical testing was performed with R [64]. To reduce the num-
ber of statistical comparisons, we averaged the WPLI values of
the corresponding channel pairs to obtain a mean value of inter-
hemispheric and intrahemispheric synchronization, separately.
WPLI values for the specific frequency bins were averaged into
0 (4-7 Hz), a (8-14 Hz),  (15-30 Hz), and vy (31-46 Hz) ranges [65],

but binwise values were retained for exploratory analyses. The
assumption of normality was verified by the Shapiro-Wilk test
in each band and region (inter- and intrahemispheric). Repeated
measures analyses of variance (ANOVA) with condition (phasic,
tonic) and bands (0, a, B, y) as within-subject factors were per-
formed for interhemispheric and intrahemispheric synchron-
ization, separately. The Mauchly’s test was used to verify the
assumption of sphericity, and the Greenhouse-Geiser correction
on p-values was applied if necessary. Additionally, paired sam-
ple t tests were performed to compare bandwise WPLI between
phasic and tonic conditions. To address the issue of multiple
comparisons, we applied the Benjamini-Hochberg procedure to
estimate false discovery rate [66], and we report corrected p-val-
ues throughout the text. In order to examine whether phasic
or tonic differences in a-band synchrony were specific for long-
range synchronization, we performed two post hoc analyses. We
calculated a grand average WPLI including all channel combi-
nations (yielding 171 pairs of the 19 channels) and an average
WPLI based only on short-range (adjacent) electrode combina-
tions (yielding 26 channel pair combinations; e.g. Fp1-F7, F3-C3,
C3-P3, F3-F7, T3-T5, T5-P3). The above statistical tests (ANOVAs
and t tests) were performed similarly on these outcome meas-
ures. Binwise data of phasic or tonic REM and resting wakeful-
ness were compared by bootstrap tests (permutation test). This
approach is suitable to analyze sleep EEG data since it makes no
assumptions of the distribution of the data [67-69]. Bootstrap
tests in case of each frequency bin (from 4 to 46 Hz) and region
(inter- and intrahemispheric WPLI) were based on 10000 ran-
dom samples derived from the original pool of data (bootstrap
distribution). Previous studies showed that such nonparametric
tests are efficient in handling false alarm rate [70].

Results

Long-range synchronization

Inter- and intrahemispheric WPLI values of all frequency bands
did not deviate from normal distribution as verified by Shapiro-
Wilk tests (all p > 0.2). In case of interhemispheric synchron-
ization, the main effect of condition showed a trend (F, , = 4.35,
p = 0.05, n?>= 0.19), and the effect of bands was not significant
(F,5,=1.72,p = 0.17), but a significant interaction between condi-
tion and bands emerged explaining 13% of the variance in WPLI
values (F,, = 2.85, p = 0.04, = 0.13). As shown in Figure 2, post
hoc comparisons between phasic and tonic conditions indicated
that WPLI in the a range was significantly higher in tonic in com-
parison to phasic periods (t,, = -2.8, p < 0.05). Differences in other
frequency bands were not significant (all p > 0.05). Nevertheless,
there was one outlier within the tonic § band based on the inter-
quartile range rule with a multiplier of 2.2 [71]; therefore, we
repeated the above analyses excluding the outlier. The exclusion
of the outlier did not change our results, except for the § band,
that showed a significant difference between phasic and tonic
conditions (t,, = -2.72, p = 0.04, d = 0.64). Statistical parameters
of paired comparisons (including the outlier) are summarized
in Table 1.

Regarding intrahemispheric synchronization, the main effect
of condition was significant explaining a large portion of the
variance in the outcome measure (F, ,, = 19.8, p <0.001, n’= 0.52).
The effect of bands was not significant (F,., = 1.48, p = 0.23),

3,54
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Long-range Interhemispheric Synchronization
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Figure 2. Long-range interhemispheric and intrahemispheric WPLI in phasic and tonic REM periods in different frequency bands. Dots show individual data points,
the vertical line within the boxes shows the medians, boxes represent the first and third quartiles, and whiskers indicate the interquartile range of 1.5. *Statistical

parameters after the exclusion of the outlier.

Table 1. Paired sample t tests (n = 19) contrasting bandwise long-
range interhemispheric and long-range intrahemispheric WPLI in
phasic and tonic REM sleep

p-Value
Dependent T Confidence  (FDR Effect size Phasic
variables  value Interval adjusted) (Cohen’s d) vs. tonic
Interhemispheric
0 0.62 [-0.01-0.02] 72 0.14 P=T
a -2.79 [-0.03--0.01] .04 0.64 P<T
B -2.11 [-0.04-0.00] .09 0.48 P~Tt
Y -0.21 [-0.02-0.01] .83 0.05 P=T
Intrahemispheric
0 -2.11 [0.06--0.0001] .07 0.48 P=T
a -4.76 [-0.06-0.02] .0006 1.09 P<T
8] -4.01 [-0.04—0.01] .002 0.92 P<T
v 147 [-0.005-0.03] .16 0.33 P=T

fLong-range interhemispheric WPLI within the § range was significantly higher
in tonic vs. phasic REM after the exclusion of one outlier (see Long-range
synchronization).

but the interaction between condition and bands yielded a sig-
nificant effect (F,, = 5.35, p = 0.003, n’= 0.23). Post hoc compar-
isons showed that WPLI in the a- (t,, = -4.76, p = 0.0006) and
f- (t,, = —4.01, p = 0.002) frequency bands were significantly dif-
ferent across phasic and tonic periods, both showing higher
values in tonic in comparison to phasic REM sleep (see Figure 2
and Table 1). The exclusion of outliers (n = 2) did not modify the
results of the statistical tests.
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WPLI in REM states compared with wakefulness

In order to explore peak frequencies and frequency specific
increases in long-range synchronization, we visualized WPLI
in phasic and tonic REM states from 4 to 46 Hz. As shown in
Figure 3,interhemispheric synchronization was relatively higher
in tonic conditions, especially in frequencies pertaining to the
high o and p ranges (12-16 and 28-31 Hz). In case of intrahemi-
spheric synchronization, tonic REM showed relative increases in
several frequency bins (5-6, 9-10, 13-16, and 25-31 Hz), except in
those that belong to the y range.

To compare inter- and intrahemispheric synchronization dur-
ing wakefulness with that of phasic and tonic REM states, we
visualized binwise WPLI in these three vigilance states, based
on the data of our subsample (n = 12) in which wakeful resting
state recordings were also available. Due to the large amount of
muscle-related and technical artifacts that affected specifically
high-frequency activity in recordings collected during the awake
state, in this case, binwise WPLI was visualized only until 27 Hz
(Figure 4). Wakefulness was characterized by increased inter- and
intrahemispheric synchronization within the o range, peak-
ing around 10 Hz. Although WPLI in the o-frequency range was
markedly increased in resting wakefulness, compared with REM
sleep periods, tonic REM, particularly in case of intrahemispheric
synchronization, exhibited an intermediate state between wake-
fulness and phasic REM sleep in this regard. Furthermore, long-
range synchronization within the f§ range exhibited overlapping
values between wakefulness and tonic REM sleep, exceeding the
values found in phasic REM (see Figure 4).
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Long-range Interhemispheric Synchronization
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Figure 3. Inter- and intrahemispheric WPLI in phasic and tonic REM sleep between 4 and 46 Hz (1 Hz resolution). The line graph depicts the mean values of 19 partici-
pants in each frequency bin. Vertical lines indicate standard errors. Black horizontal lines correspond to bins that are significantly different (p < 0.05) between phasic

and tonic conditions.

Grand average and short-range WPLI

To verify whether the above differences between phasic and tonic
conditions in «a or § synchronization were specific to long-range
synchrony, we first computed a grand average of bandwise syn-
chronization by averaging WPLI values of all channel combina-
tions. The repeated measures ANOVA for this outcome measure
yielded a significant main effect of band (F,, = 11.64, p < 0.0001,
n?= 0.41) and a significant interaction between condition and
band (F,, = 13.34, p < 0.0001, n’= 0.46), whereas the main effect
of condition (F, , = 2.35, p = 0.14) was not significant. Paired com-
parisons revealed significantly higher WPLI in phasic REM in
case of the vy (t,, = 5.45, p < 0.001, Cohens’ d = 1.25) band, whereas
increased synchronization was found in the f range (t,, = -2.63,
p <0.05, Cohens’ d = 0.61) during the tonic state. Differences in the
a band were not significant (t,, = -1.58, p > 0.1, Cohens’ d = 0.36).

As the grand average of WPLI including all channel pair
combinations intermingles long- and short-range synchron-
ization, we extracted bandwise short-range synchronization
averaging WPLI values of only adjacent electrode pairs (e.g.
F3-C3, C3-P3, F4-F8, P3-T5). In case of short-range WPLI, the
main effect of condition (F,,, = 18.71, p < 0.001, v’= 0.51), band
(F5,=12.16,p < 0.0001, n’= 0.4), and their interaction (F,, = 13.76,
p < 0.0001, ?= 0.45) were significant. Paired t tests indicated rela-
tively increased WPLI values in the phasic condition compared
with the tonic state within the vy (t,, = 6.74, p < 0.00001, Cohens’
d = 1.54) band. In contrast to long-range synchrony, WPLI within
the a- and p-frequency ranges did not differentiate phasic and
tonic conditions (Figure 5 and Supplementray Table S2).
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Topographical aspects

In order to examine (on an exploratory level) the topographi-
cal aspects of EEG synchronization, we contrasted phasic and
tonic WPLI values of each interhemispheric and intrahemi-
spheric electrode pair. WPLI within the a band showed consist-
ently higher values in tonic REM in all electrode combinations,
peaking at posterior interhemispheric pairs (P3-P4). WPLI within
the B band showed “tonic peaks” at left frontoparietal (F3-P3),
right frontotemporal (F8-T6), and central interhemispheric
derivations (C3-C4). Although the averages of inter- and intra-
hemispheric long-range synchronization in 6 and y ranges were
not significant (see Long-range synchronization), frontoparietal
0 and y synchronization (in two electrode pairs: F4-P4, Fz-Pz)
showed clear peaks in phasic REM. Long-range synchronization
in different frequency bands and electrode pairs is visualized in
Supplementary Figure S1.

Additionally, we analyzed average WPLI values in anterior,
central, and posterior regions, by computing the mean WPLI
score of all possible electrode combinations of these regions.
In case of the anterior region, the main effects of condition
(F,,5=7.20,p = 0.02, 7%= 0.23) and band (F, , = 12.18, p < 0.0001, 1’=
0.29) were significant, as well as the interaction between condi-
tion and band (F, , = 24.96, p < 0.0001, n*= 0.6). Post hoc compari-
sons showed increased y synchronization (t,, = 5.3, p < 0.0005,
Cohens’ d = 1.23) in phasic, and a trend of higher a synchroniza-
tion (t,, = -2.48, p = 0.08, Cohens’ d = 0.54) in tonic REM. In central
channel pairs, only the effect of band (F,,, = 17.38, p < 0.0001,
n?= 0.48) was significant, but condition (F,,, = 0.08, p = 0.78)

1,18
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Long-range Interhemispheric Synchronization
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Figure 4. Inter- and intrahemispheric WPLI in phasic REM, tonic REM, and resting wakefulness, between 4 and 27 Hz (1 Hz resolution). The linegraph (smoothed for visu-
alization) depicts the mean values of 12 participants in each frequency bin. Vertical lines indicate standard errors. Blue horizontal lines correspond to statistically sig-
nificant differences between tonic REM and wakefulness. Red horizontal lines correspond to statistically significant differences between phasic REM and wakefulness.

and condition x band (F, ,, = 1.63, p = 019) were not significant
factors of the model. Accordingly, no significant differences
between phasic and tonic states emerged in any frequency band
(Supplementary Table S3). Similarly, in case of posterior channel
pairs, only the main effect of band was significant (F,, = 19.38,
p < 0.0001, n?= 0.5248), whereas no significant effect of condition
(F,,5 = 0.05, p = 0.82) or of condition x band (F, ,, = 2.35, p = 0.08)
emerged. The only band differentiating phasic and tonic condi-
tions was y showing a trend (t,, = 2.62, p = 0.08, Cohens’ d = 0.6) of
higher synchronization in phasic REM (Supplementary Table S3).

Discussion

In this study, we examined frequency-specific cortical synchron-
ization in phasic and tonic REM sleep. Our analyses indicate that
inter- and intrahemispheric o and § synchrony as quantified by
the WPLI is enhanced in tonic REM states in contrast to phasic
ones. In case of short-range synchronization, however, WPLI in
the y-frequency range is higher in phasic compared with tonic
periods.

Our findings complement and extend earlier studies that
emphasized the differences between these two microstates
in terms of alertness [5], environmental processing [16], neur-
onal network activity [17] and mental experiences [11]. Phasic
and tonic REM sleep shows marked differences in EEG spectral
power: o and p oscillations are increased during the tonic state,
whereas y power is relatively enhanced during the phasic state
[20-23]. Beyond local EEG power, phase synchronization between
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distant electrode sites reflects functional coupling and integra-
tion between cortical regions [33, 34, 72]. Accordingly, frequency-
specific phase synchronization between distant cortical regions
clearly distinguished different states of vigilance, including
non-REM (NREM) sleep, REM sleep, and wakefulness [67, 73, 74].

Here, we extended this line of inquiry to examine cortical
synchronization between phasic and tonic REM sleep, and
focused on long-range o synchronization as it has been linked to
the frontoparietal network supporting alertness, attention, and
top-down control [34, 38, 44, 75]. In line with our expectations,
we found increased inter- and intrahemispheric long-range o
synchronization during tonic in contrast to phasic REM sleep.
Additionally, relatively increased synchronization was evi-
denced within the tonic state in faster frequencies comprising
the p range. Our analyses indicated that these differences were
specific to long-range synchrony, as short-range synchroniza-
tion in the o and p ranges was not significantly different across
phasic and tonic conditions.

Long-range inter- and intrahemispheric o synchronization
is a prominent feature of a variety of cognitive processes that
characterize the awake state [44]; therefore, it is tempting to
speculate that increased long-range o synchronization found in
the tonic state supports the assumption that tonic REM sleep
resembles wakefulness. In fact, long-range WPLI values showed
a prominent peak within the a range during resting wakeful-
ness, and intrahemispheric a synchrony in tonic REM exhibited
intermediate values between phasic REM and wakefulness. Our
data corroborate the findings of two previous studies showing
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Short-range Synchronization
p <0.0001 (d =1.54)
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Figure 5. Average WPLI of adjacent (short-range) electrode combinations in
phasic and tonic REM periods in different frequency bands. Dots show individual
data points, the vertical line within the boxes shows the medians, boxes repre-
sent the first and third quartiles, whiskers indicate the interquartile range of 1.5.

increased synchrony in the a range during (eyes closed) wakeful-
ness compared with REM sleep (although these studies applied
phase coherence [59] and global field synchronization [67], as
measures of synchronization). Although phasic REM periods are
characterized by reduced long-range a synchrony, our findings
suggest that inter- and intrahemispheric o synchronization is
partially reinstated during tonic REM states. Long-range a syn-
chronization during tonic states might restore sensory aware-
ness and responsiveness [34] after phasic periods in which the
brain temporarily decouples from the external environment
[17]. It is important to note that enhanced long-range synchron-
ization in the tonic state was also found in the § band. Although
increased o synchronization in tonic REM seemed to be a con-
sistent pattern of all examined electrode pairs, higher § band
synchrony was evident among frontocentral interhemispheric,
as well as frontoparietal, and frontotemporal intrahemispheric
electrode pairs. This finding coheres with other studies indicat-
ing that frontoparietal network activity is not constrained to a
oscillations, but extends to the § range [25, 40, 76, 77].

Reduced inter- and intrahemispheric synchronization
between distant cortical ensembles during phasic REM sleep
might be related to attenuated environmental processing as
reflected by increased awakening threshold and attenuated cor-
tical reactivity in response to external stimulation [5, 16, 17]. On
the other hand, enduring external stimulation seems to sup-
press phasic REM sleep and triggers tonic REM, presumably due
to the reengagement of frontoparietal attentional networks [17,
18]. Reduced long-range synchrony during phasic REM is also in
line with clinical data indicating that phasic REM periods have a
suppressing effect on interictal epileptiform discharges [41, 78],
as epileptic activity seems to be facilitated by wide-spread neur-
onal synchronization [79].

Although long-range a or f3 synchrony decreased, y syn-
chronization between the adjacent electrode sites was rela-
tively enhanced during phasic REM periods. Oscillations in the
vy range were consistently reported in phasic REM sleep [21,
30, 80]. Our findings complement these data and suggest that
these oscillations may arise from local instead of wide-spread
cortical regions. Although we can only speculate about the
underlying mechanism of such oscillations, we might assume
that these are driven by cholinergic and glutamatergic activity
linked to PGO waves. First of all, cholinergic and glutamatergic

projections have a crucial role in the generation of phasic REM
sleep [81-84]. Moreover, a large amount of data indicate that
ascending cholinergic and glutamatergic activity facilitates y
oscillations in the neocortex during wakefulness and REM sleep
[85-89]. Increased y synchronization during phasic periods was
prominent between anterior electrode pairs. Nevertheless, given
the lack of similar findings, further studies should corroborate
whether phasic y synchronization is specifically enhanced in
frontal regions.

Increased short-range y synchrony might reflect intense lim-
bic and sensorimotor activity during phasic REM sleep leading to
highly emotional and perceptually vivid dream experiences [11,
32,90]. On the other hand, synchronization of cortical ensembles
within the y bands might be related to mechanisms facilitating
neural plasticity and memory-consolidation [91] that might also
influence mental activity during sleep. Nevertheless, informa-
tion-processing and mental activity during phasic REM sleep in
relation to frequency-specific synchronization is far from being
understood and needs to be addressed in future studies.

Interestingly, in case of long-range synchrony, the main
effect of frequency band was not significant, indicating the lack
of a frequency gradient in synchronization when REM micro-
states were treated as a whole. This finding is apparently at
odds with a previous study indicating clear peaks in synchron-
ization during REM as measured by global field synchrony [67],
but resembles the finding of another study showing no evident
peaks in coherence during REM sleep after Laplacian transform-
ation [59]. Given the paucity of previous studies in this regard,
as well as the differences in the applied methodologies, it is not
easy to explain the lack of differences between frequency bands.
Nevertheless, it seems plausible that frequency-specific peaks in
long-range synchronization do not overlap in phasic and tonic
conditions (as it was apparent in the binwise analysis (Figure 3),
and hence, the main effects of frequency bands were masked
due to these differences. In sharp contrast to long-range syn-
chronization, a pronounced main effect of frequency band did
emerge in case of short-range synchrony. We might assume that
local cortical activity (and hence, frequency-specific variations
in amplitude) might contribute to increased synchronization
between electrode sites that are close to each other. Moreover,
we should note that measures of synchronization between adja-
cent electrodes are less immune to the effects of field spread
even when these are mitigated by Laplacian transformation and
by discarding zero phase lags [92]. This might explain why our
measures of short-range synchronization resemble more the
frequency gradient of spectral power measures [21].

We showed that frequency-specific coherent activity among
local and distant neural ensembles differentiates phasic from
tonic REM periods and provides further evidence on the het-
erogeneity of REM sleep. We applied a measure of synchroniza-
tion that is independent of the fluctuations of spectral power
[62] and showed that beyond the differences in spectral power
[20-22], different frequencies show different topographical pat-
terns of synchronization during tonic and phasic REM periods.

Among the limitations of our work, we should note that
our analyses are based on a relatively low number of electrode
combinations. Therefore, our findings, especially the topo-
graphical aspects, should be corroborated by future studies that
apply high density EEG or intracerebral recordings allowing for
a more precise analyses of long- and short-range synchroniza-
tion. Furthermore, we should emphasize that the assumption
of partially reinstated alertness during tonic REM periods is still
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