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SUMMARY

Sleep leads to a disconnection from the external world. Even when sleepers regain consciousness during
rapid eye movement (REM) sleep, little, if any, external information is incorporated into dream content [1–
3]. While gating mechanisms might be at play to avoid interference on dreaming activity [4], a total disconnection from an ever-changing environment may prevent the sleeper from promptly responding to informative events (e.g., threat signals). In fact, a whole range of neural responses to external events turns out to be
preserved during REM sleep [5–9]. Thus, it remains unclear whether external inputs are either processed or,
conversely, gated during REM sleep. One way to resolve this issue is to consider the specific impact of eye
movements (EMs) characterizing REM sleep. EMs are a reliable predictor of reporting a dream upon awakening [10, 11], and their absence is associated with a lower arousal threshold to external stimuli [12]. We
thus hypothesized that the presence of EMs would selectively prevent the processing of informative stimuli,
whereas periods of REM sleep devoid of EMs would be associated with the monitoring of external signals. By
reconstructing speech in a multi-talker environment from electrophysiological responses, we show that informative speech is amplified over meaningless speech during REM sleep. Yet, at the precise timing of EMs,
informative speech is, on the contrary, selectively suppressed. These results demonstrate the flexible amplification and suppression of sensory information during REM sleep and reveal the impact of EMs on the selective gating of informative stimuli during sleep.
RESULTS
We used a neural decoding approach allowing us to track the selective processing of speech in a cocktail-party paradigm. Participants (N = 18) heard two competing auditory streams while their
electroencephalogram (EEG) was recorded. One stream, played
in one ear, was meaningful (e.g., informative speech), while the
other stream, played in the other ear, had normal syntactic and
phonological properties but was meaningless (i.e., Jabberwocky
speech as in Lewis Carroll’s Jabberwocky poem). Participants
were asked to focus only on informative speech and ignore
Jabberwocky speech (Figure 1). They first performed this task in
wakefulness and were then allowed to sleep during a morning
nap, at times of high rapid eye movement (REM) sleep pressure
(STAR Methods). We tracked speech processing by using a stimulus reconstruction approach, which allows the continuous reconstruction of a sound’s envelope based on its neural responses [13,
14]. We showed previously that selective orientation toward either

informative or Jabberwocky speech could be decoded from scalp
EEG using this technique [15]. When participants are instructed to
focus only on the informative stream and then enter non-REM
(NREM) sleep, EEG markers reveal that informative speech is
overall still enhanced, but it is specifically suppressed during sleep
slow waves, a hallmark of NREM sleep [15]. Here, we used the
same approach to evaluate whether informative speech was still
preferentially processed during REM sleep and, in particular,
whether the presence of eye movements (EMs) plays a role in
gating the processing of external information.
We first found that both informative speech and Jabberwocky
speech could be reconstructed across wakefulness, light NREM
sleep, and REM sleep, revealing preserved auditory encoding
across vigilance states (Figure 2A; p < 0.05 for all conditions corrected for multiple comparisons). We replicated, with this independent dataset, our previous results that informative speech
was preferentially reconstructed over Jabberwocky speech in
wakefulness and light NREM sleep (informative versus
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Figure 1. Morning Nap Cocktail-Party Paradigm

First, participants listened to 12 stories in both
ears, 6 informative stories followed by 6 Jabberwocky stories (training phase). Jabberwocky
stories have normal syntactic and phonological
structures but are made of novel/meaningless
words. Then, participants were instructed to focus
on the informative story that was played in one ear
while ignoring the Jabberwocky story that was
played in the other ear (test phase). After 8 trials
during which participants had to perform the task
in wakefulness (wake test phase), participants
were allowed to fall asleep while the trials from the
wake test phase were continuously played (sleep
test phase: ~90 min; see Figure S4 for two examples of hypnograms and Table S1 for sleep statistics). Novel trials with new informative (blue) and
Jabberwocky (red) stories were played whenever
participants were sleeping. To track speech processing using cerebral activity during the test
phase, training trials were first used to map the
EEG response to variations of the sound envelope.
The obtained linear model was then used to
reconstruct a sound envelope from the filtered
EEG recorded during wake and sleep test trials. A
correlation score was computed by comparing the
predicted sound envelope with the envelope of each auditory stream. Trials with a higher reconstruction score for the informative speech compared to the
Jabberwocky speech were scored as correct and the percentage of correct trials per condition defined the decoding performance.

Jabberwocky for wake, effect size, r = 0.86, p < 0.001; light NREM
sleep, r = 0.51, p < 0.05; Figure 2A). We show additionally that
these results extend to REM sleep (informative versus Jabberwocky, r = 0.65, p < 0.01; Figure 2A). These results are unlikely
to be attributed to a bias in our decoding model as both informative and Jabberwocky speech were equally reconstructed when
presented alone in both ears during wakefulness (informative
versus Jabberwocky, non-significant, Bayes factor: 3.80; Figure S1B). We then computed a decoding score corresponding
to the proportion of trials with a higher reconstruction score for
informative speech compared to Jabberwocky speech. We found
that decoding performance was significantly above the chance
level of 50% for both wakefulness and REM sleep (wake, r =
0.83, p < 0.001; REM, r = 0.61, p < 0.01; Figure 2B). Yet, decoding
performance was lower in REM sleep than during wakefulness
(wake versus REM sleep, r = 0.81, p < 0.001; Figure 2B).
To investigate whether this difference resulted from the
disruption of auditory encoding for all streams or more specifically from informative speech, we compared reconstruction
scores for informative and Jabberwocky speech separately.
We found that informative speech and Jabberwocky speech
are differently affected across wakefulness and REM sleep
(t(677.35) = 4.41, p < 0.001 for the interaction informative
versus Jabberwocky 3 wake versus REM sleep). Post hoc analyses revealed that the reconstruction of informative speech was
selectively modulated by the transition to REM sleep (wake
versus REM sleep, r = 0.68, p < 0.01; Figure 2C), while Jabberwocky speech remained unaffected (wake versus REM sleep,
non-significant, Bayes factor: 3.64; Figure 2C). Thus, decreased
decoding performance during REM sleep appears linked to a selective reduction in processing informative speech, rather than a
general decline in the encoding of auditory signals.
2412 Current Biology 30, 2411–2417, June 22, 2020

We thus tested whether EMs, a marker of oneiric activity that occurs during REM sleep, are associated with the selective gating of
informative speech. We first removed EM-related activity from
EEG using independant component analysis (ICA) to avoid
muscular contamination of speech reconstruction (STAR
Methods). Our analyses revealed an inverse correlation between
the amount of EMs per trial and the reconstruction of informative
speech (p < 0.001; Figure 3A). Crucially, this was not the case for
Jabberwocky speech (p > 0.05; Figure 3B). This contrast between
informative and Jabberwocky speech is not due to a floor effect in
the reconstruction of Jabberwocky speech, which was still above
chance, albeit at a lower level than informative speech. It suggests
that EMs do not affect the processing of Jabberwocky speech and
additionally reinforces the view that artifacts caused by EMs do not
reduce the quality of stimulus reconstruction. It also suggests that
the presence of EMs selectively modulates the processing of informative signals. To confirm this interpretation, we investigated the
temporal relationship between the occurrence of EMs and the selective gating of informative speech, by performing a time-resolved
analysis of reconstruction scores around EMs. Within a 10 s window around the onset of EMs, we found that informative speech
was amplified before EMs ([ 7.8, 2.8]s, d = 0.63, Pcluster <
0.05), but this effect disappeared during and after EMs (Figure 3C).
Contrastingly, no such modulation could be evidenced for Jabberwocky speech. As EMs can occur in bursts, the reconstruction
around a given EM may be impacted by the presence of surrounding EMs. To test for this potential contamination, we investigated
the time course of the reconstruction score at the beginning and
end of burst EMs. Our analysis revealed that the amplification of
informative speech was present before the beginning of bursts
and then disappeared at their onsets ([ 4.6, 0.2]s, d = 1.48,
p < 0.001; Figure S2A). Conversely, we observed that the
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Figure 2. Selective Amplification of Informative Speech across
Wakefulness and Sleep
(A) The reconstruction scores for informative (blue) and Jabberwocky (red)
speech reveal preserved encoding of auditory speech and a selective amplification of the informative speech across wake, light NREM sleep, and REM
sleep. Mean and SEM across participants are represented as filled circles and
solid vertical lines, respectively. Stars show significance levels against 0 and
differences across story types for each vigilance state (***p < 0.001, **p < 0.01,
*p < 0.05). See also Figures S1C–S1E.
(B) Decoding performances show reduced selective amplification of informative stories during REM sleep compared to wake. Mean and SEM across
participants are represented as respectively filled circles and solid vertical
lines. Stars show significance levels against chance (dotted line, 50% for each
vigilance state) and across vigilance state (***p < 0.001, **p < 0.01, *p < 0.05).
(C) Reconstruction scores show a selective modulation of informative speech
between wake and REM sleep that is absent for the Jabberwocky speech.
Each data point represents the reconstruction scores for each story type
across vigilance states for each individual subject (N = 18). Solid lines depict
SEM and are centered on the average across subjects for each story type.
Distribution of the difference between vigilance states for each story type are
modeled by a Gaussian curve and are represented in the top right corner. Solid
black lines represent the mean, shaded areas mark the first and third quartiles,
and solid lines represent the whiskers. Stars show significance levels against
0 (***p < 0.001, **p < 0.01, *p < 0.05).

amplification of informative speech was regained only after burst
offsets ([5.0, 7.5]s, d = 0.98, p < 0.05; Figure S2B).
We then refined our analysis by inspecting isolated EMs (i.e.,
with no more than one additional EM nearby). We compared
reconstruction scores obtained at the onset of isolated EMs
with that computed on the entire REM sleep period. We

confirmed that the presence of isolated EMs was indeed
modulating the selective processing of informative speech
(t(1180) = 3.52, p < 0.001 for the interaction informative versus
Jabberwocky 3 isolated EM versus REM sleep; Figure 4A). Post
hoc analyses revealed that informative speech was overall selectively amplified during REM sleep but selectively suppressed at
the onset of isolated EMs (informative versus Jabberwocky in
REM sleep, r = 0.52, p < 0.05; during isolated Ems, r = 0.67,
p < 0.05; informative versus 0 during REM sleep, r = 0.86, p <
0.01; Jabberwocky versus 0 during REM sleep, r = 0.63, p <
0.05; Figure 4A). We then confirmed that such selective suppression of the informative stream was restricted to the period surrounding the onset of isolated EMs ([ 2.6, 1.5]s, d = 0.73,
Pcluster < 0.05; Figure S2C). We further checked that removing
eye-movement artifacts with ICA was not responsible for our
effects and we obtained similar results with and without the
ICA procedure (Figure S3). These analyses confirm that the presence of EMs is tightly associated with the selective suppression
of informative speech.
We finally inspected more systematically the distinction between tonic (tREM) and phasic (pREM) REM sleep. Temporal windows of 20 s were scored as pREM sleep in the presence of bursts
of EMs, and as tREM sleep otherwise. In agreement with the literature [16, 17], we obtained ~20% of pREM sleep (Table S1).
Congruent with the results above, we found that the selective processing of informative speech is distinct during pREM and tREM
sleep (t(1198) = 2.07, p < 0.05 for the interaction tonic versus
phasic REM 3 informative versus Jabberwocky speech; Figure 4B). Post hoc analyses revealed that the selective amplification
of informative speech was present during tREM sleep (informative
versus Jabberwocky, r = 0.55, p < 0.05) but absent during pREM
sleep (not-significant, Bayes factor: 5.36). These analyses confirm
that periods of sustained eye-movement activity prevent the preferential processing of informative speech.
DISCUSSION
Our study first confirms that auditory stimuli are still processed
by the sleeping brain, in line with results showing a preservation
of neural responses to external sounds in the auditory cortex
during REM sleep [5, 6]. They further add evidence that salient
stimuli are selectively processed during REM sleep [7–9, 18,
19]. More crucially, presenting competing auditory streams allowed us to show that informative stimuli can be flexibly
enhanced or suppressed depending on the presence of EMs.
Such results are consistent with previous reports showing that
responses to auditory stimulation and deviant tones are reduced
in the presence of EMs during REM sleep [20, 21], as well as the
elevation of arousal thresholds during phasic compared to tonic
REM sleep [12]. By showing nevertheless that this stimulus
gating did not affect the encoding of meaningless speech during
REM sleep, we provide first evidence of a selectivity of sensory
suppression mechanisms during EMs.
While the mechanisms underlying sensory disconnection
have been relatively well studied during NREM sleep, such investigations have been so far limited for REM sleep [4]. It
was first proposed that a gating mechanism would prevent
auditory information from being transmitted to higher-order
associative regions during sleep, but, to date, such cortical
Current Biology 30, 2411–2417, June 22, 2020 2413
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gating has not been evidenced in REM sleep [6]. Other studies
alternatively suggested that endogenous activations, potentially
associated with the generation of dreams, could interfere with
the processing of external events [4]. In the present study, we
tracked the neural processing of two competing streams
differing in terms of meaningfulness. The selective processing
of meaningful stories during REM sleep suggests that associative regions are also involved in the selection of stimuli based
on their informative content, ruling out the notion of a thalamic
[22] or cortical [23] gating of external inputs during REM sleep.
However, attention may also be impaired during REM sleep, as
observed in other altered states of consciousness such as hypnosis [4]. Here, we found that selective amplification of informative speech was overall maintained during REM sleep, even if
reduced compared to wakefulness. This suggests that attentional resources might, at least partially, be preserved across
vigilance states. Because EMs are closely associated with internal activity, we propose that our results buttress the ‘‘informational gating’’ hypothesis, i.e., a competition between the
processing of internal information versus external information
during REM sleep [4, 24].
The ‘‘informational gating’’ hypothesis suggests a pivotal role
for selective processing to balance internal versus external demands depending on stimulus properties (e.g., informative stimuli) and spontaneous activity (e.g., dreaming activity). Representations of competing speeches are encoded separately in the
auditory cortex [25], allowing in our study for the selective
2414 Current Biology 30, 2411–2417, June 22, 2020

Figure 3. Selective Suppression of Informative Speech in the Presence of Eye Movements
(A and B) The amount of eye movements (EMs) per
trial was negatively correlated with the reconstruction scores for the informative (A) but not for
the Jabberwocky (B) speech. Values were Z
scored for each participant (N = 18) and binned for
visual purposes (n = 10 bins on the sorted number
of EMs). Mean and SEM across participants are
represented as respectively filled circles and solid
vertical lines. The dotted line indicates the linear
regression fit between variables, and significance
of Pearson’s correlation scores is reported (***p <
0.001).
(C) Time course of the reconstruction score
around the onset of EMs shows a drop in the selective processing of the informative speech during EMs. Reconstruction scores of each auditory
stream were computed on 4 s sliding windows
with 100-ms steps from 10 s to +10 s around the
onset of EMs (t = 0 s). Mean and SEM are represented respectively with solid lines and shaded
areas. Blue horizontal line denotes significant
clusters of reconstruction scores differing from
0 for informative speech (p < 0.05 after cluster
correction; STAR Methods). See also Figures S2
and S3A.

suppression of informative speech while
leaving the Jabberwocky speech unaffected. Such selective suppression may
reflect the presence of ongoing high-order internal activity, such as dreaming.
Indeed, substantial literature investigating neural processes during eye movements indicates a link between EMs and dreams
(see [26] for a recent review) [10, 26–32]. Yet, dreaming has
also been reported outside EMs, during both REM and NREM
sleep [33, 34]. Assessing the impact of other markers of
dreaming activity (e.g., EEG spectral changes [35]) on sensory
processing should allow investigating whether our results generalize to other correlates of dreaming or whether they are specific
to the occurrence of EMs.
Functional neuroimaging studies indicate a competition between internal and external processing during EMs. Indeed,
higher-order cortices associated with spontaneous activity
correlate negatively with the activity of sensory areas during
REM sleep, and a thalamo-cortical network may favor internal
activity at the expense of sensory processing [21, 36, 37]. By
blocking the processing of salient information—known to be
more susceptible to wake up the sleeper [7, 38]—suppressive
mechanisms of sensory stimuli may endorse the role of sleep
protection, preventing informative signals from interfering with
internal activity. Here, we hypothesized that meaningless signals would be considered as background noise and thus would
not interfere with internal processes, such as memory consolidation or dreaming activity. Our results support this hypothesis,
but it remains unsettled whether Jabberwocky stories would
also be suppressed during EMs if they were presented alone
rather than in competition with informative stories. However,
even if such a suppression were observed, it would not
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Figure 4. Flexible Selective Processing Depends on the Presence of Eye Movements

B

(A) Informative speech is selectively amplified
during REM sleep but selectively suppressed at
the onset of isolated EMs. Reconstruction
scores are computed on 4 s windows either on
the entire REM period or centered on the onset
of isolated EMs. Mean and SEM across participants (N = 14) are represented as respectively
filled circles and solid vertical lines. Stars show
significant differences against 0 and interactions
across story types and conditions (***p < 0.001,
**p < 0.01, *p < 0.05). See also Figures S2C and
S3B.
(B) Informative speech is selectively amplified in
windows without bursts of EMs (tonic REM sleep,
N = 18) but not in the presence of bursts of EMs
(phasic REM sleep, N = 8). Mean and SEM of
reconstruction scores across participants are represented respectively as filled circles and solid vertical lines. Stars show significant difference against 0 and
interactions across story types and vigilance states (***p < 0.001, **p < 0.01, *p < 0.05). See also Figures S2A and S2B.

necessarily go against a selective suppression of informative
signals during EMs, as meaningless speech presented alone
could be treated as informative inputs. It is also unknown
whether the selective suppression of informative stories during
EMs depends on task instructions, and whether our results
would be changed if participants were asked to focus on
Jabberwocky stories instead. Further studies are thus necessary to establish how and to what extent internal activity in
REM sleep affects the sensory processing of external events.
Finally, our study provides further evidence of a close link between perceptual processing and sleep depth. Using the same
approach, we previously found that the selective amplification
of informative speech occurs during light NREM sleep but disappears in deep NREM sleep, with a selective suppression of informative speech during slow waves [15]. What we observed in this
new study strikingly mirrors these results by showing that the selective amplification of informative speech occurs during tonic
REM sleep but disappears during phasic REM sleep, with a selective suppression of informative speech during EMs. Despite
the drastic physiological differences between NREM and REM
sleep, these results provide a surprisingly coherent picture of
the relationship between the selective processing of informative
signals and sleep depth.
Overall, our study highlights the role of flexible stimulus selection in the balance between sensory processing and internal activity during REM sleep. The fact that informative stimuli
are selectively suppressed, in particular around EMs, buttresses the existence of an informational gating mechanism
during REM sleep. Our results provide further support for a
distinction between phasic and tonic REM sleep based on
the selective gating of informative stimuli and is coherent
with reports of poor integration of external stimulation into
dreaming activity. Extension of this paradigm to situations
where internal activity can be reported (e.g., mind-wandering
or using a serial awakening paradigm to probe dreaming activity [33]) would allow us to directly investigate whether the
occurrence of internally generated conscious contents is specifically associated with the selective gating of sensory
information.
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