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The neural correlates of dreaming

Francesca Siclaril??, Benjamin Baird!?, Lampros Perogamvros!*%?, Giulio Bernardil»>>, Joshua J LaRocque®,
Brady Riedner!, Melanie Boly!7, Bradley R Postle!® & Giulio Tononi!

Consciousness never fades during waking. However, when awakened from sleep, we sometimes recall dreams and sometimes
recall no experiences. Traditionally, dreaming has been identified with rapid eye-movement (REM) sleep, characterized by wake-
like, globally ‘activated’, high-frequency electroencephalographic activity. However, dreaming also occurs in non-REM (NREM)
sleep, characterized by prominent low-frequency activity. This challenges our understanding of the neural correlates of conscious
experiences in sleep. Using high-density electroencephalography, we contrasted the presence and absence of dreaming in NREM
and REM sleep. In both NREM and REM sleep, reports of dream experience were associated with local decreases in
low-frequency activity in posterior cortical regions. High-frequency activity in these regions correlated with specific dream
contents. Monitoring this posterior ‘hot zone’ in real time predicted whether an individual reported dreaming or the absence of
dream experiences during NREM sleep, suggesting that it may constitute a core correlate of conscious experiences in sleep.
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Dreaming experience versus no experience: low-frequency power

BEERAR. EROAEBROBEE TIRREKE (1~4 Hz) SEEIHZ(L T DHE S D EFANT,

AR CORBIREUEENE. #ED down-state (IBOHIARE ) ©

WEZEM (bistability, FEOTRIARE S BOIRIRRED E LS TEHERETHHT &) EFEEL.
FREROHEEERDREZILIT. BEFRDBEREEEN DD ETN TS,
CDRERTIE. BDZNRER 1 DHEEREZ AT, BEIEDXT7— 2 (N2) #HFNT,

N2 & LTzEHI&. DE & NEDED/NZ VY ABRKLENTWEDLSTH B,

1-4Hz BDINT —ANRY MVEEZEE LGSR, DE & HE LImBREL.

NE & BE LIcbiE EENTEARBUNT —HRD L TWB T Ehbh o,
ZORDIE. MAEEIEZEEICRE L TWeh . REIB K UOMIREEE RLICTE A
EAIKIE gL oA FIREICER L TUL e (igure 1a).

EER 2 DWRBRETIE. BIRODAT—2 2 £ 3MATITON., CORBREEMIFTZEDTH T

R, BRIREEITNEABRIFEVEEEL DWER DOWERE Z T,

ZTOfER. NE EXBERIC, PlE Y SEIRRERRRBOERRE N7 —HuR D LT (figure 1b),
DE & DWER TIFBEEEIFGED o1 (p>0.09), TDTeé. BEEREBEBOEE KL T —DRDH.
REZBVHE S E DD EIFERRICBOHRBREBRLTVEEVZ S,

a NREM sleep: dreaming experience b NREM sleep: dreaming experience
VS. NO experience without recall of content vs. no experience
1-4 Hz 1-4Hz

I t score l f score l

! DEWR < NE

Figure 1 Dreaming experience vs. no experience in NREM sleep (low-
frequency power). (a) Cortical distribution of f values for the contrast
between DEs and NEs at the source level for low-frequency power (1-4 Hz)
in NREM sleep (20 s before the awakening). P< 0.05, after correction for
multiple comparisons (two-tailed paired f-tests, n = 32 subjects, t3; > 2.04.
(b) Same as a but for the contrast between NE and DEWR (two-tailed
paired f-tests, n = 20 subjects, ;o > 2.09). LL, left lateral view; RL, right
lateral view; LM, left medial view; RM, right medial view.
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Figure 2 Dreaming experience vs. no experience in REM sleep (low-
frequency power). (a) Cortical distribution of f values for the contrast
between DEs and NEs at the source level for low-frequency (1-4-Hz)
power in REM sleep (20 s before the awakening). P < 0.05 after
correction for multiple comparisons (two-tailed paired f-tests, n=10
subjects, fg > 2.26). (b) Conjunction maps: differences and overlaps
compared to the same contrast performed in NREM sleep.




Dreaming experience versus no experience: high-frequency power
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Figure 3 Dreaming experience vs. no experience in NREM and REM sleep (high-frequency power). (a) Cortical distribution of f values for the contrast
between DEs and NEs at the source level for high-frequency power (20-50 Hz) in NREM sleep (20 s before the awakening). P < 0.05 after correction for
multiple comparisons (two-tailed paired f-tests, n = 32 subjects, t3; > 2.04). (b) Same as a but for the contrast between DE and DEWR in NREM sleep
(two-tailed paired t-tests, n = 20 subjects, t;g > 2.09). (¢) Same as a but for high-frequency power (25-50 Hz) in REM sleep (two-tailed paired i-tests,

n =10 subjects, g > 2.26).




Dream content in REM sleep
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Figure 4 The content of dream experiences in REM sleep. (a) Correlation between the thinking—perceiving score and 25-50-Hz power (last 8 s,

n =7 subjects). Left: mean Spearman rank correlation coefficients (n = 7 subjects). Right: significant voxels (P < 0.05, one-tailed permutation test,
r>0.14). (b) Left: 25-50-Hz power differences (DE with face minus DE without face). ROI contrast in the fusiform face area (FFA) (P = 0.023;
one-tailed paired f-test, n = 7 subjects, fg = 2.52). Right: FFA (red). (c) Upper row: 25-50 Hz average power differences between DEs with and without
a spatial setting (n = 6 subjects, f5 > 2.57). Right: right posterior parietal cortex. Middle row: movement vs. no movement (n = 7 subjects, 5 > 2.45).
Right: superior temporal sulcus. Bottom row: speech vs. no speech (n = 7 subjects, fz > 2.45). Right: Wernicke's area. Two-tailed paired t-tests;

P < 0.05 (red) and P< 0.1 (yellow).
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Real-time prediction of dream experience in NREM sleep
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Figure 5 Real-time prediction of dream experience. (a) Left top: a model head with high-density EEG electrode positions (yellow dots) with electrodes
used in the prediction algorithm marked in red (circled). Trace illustrates the transition from wake to NREM sleep (comprising stages N2 and N3). Middle:
awakenings were performed in NREM when neural activity surpassed a bispectral threshold in low-frequency (LF; 0.5-4.5-Hz) and high-frequency (HF;
18-25-Hz) power. Right: reports of dream experience (DE) or no experience (ME) were acquired on awakening and compared with the algorithm prediction.
(b) DE trials had significantly lower LF activity and significantly higher HF activity in DE compared to NE prediction trials. The bottoms and tops of the
boxes show the 25th and 75th percentiles (the lower and upper guartiles), respectively: the inner band shows the median; and the whiskers show the
upper and lower quartiles +1.5 x the interquartile range (IQR). Asterisks indicate significant differences (* P= 0.001; two-tailed t-test) between DE and
MNE trials. (c) Prediction accuracy for DE (55) and NE (27) trials. Asterisks indicate significant differences (* P < 0.001; one sample t-test two-tailed)
between DE and NE prediction accuracy and chance (50%). (d) DE had a higher HF/LF power ratio compared to NE in cortical regions including bilateral
occipital, medial and lateral parietal, medial temporal and inferior frontal cortex (P < 0.001; two-tailed paired t-test, FDR cluster corrected).

EX2)

- REM 8% Non-REM BB CHEEZH TN 5,

. %%%’(L\%L’%Li\ BEBERY MYV DEBEREBESMET LTV S,

- BHREVHESEEIFE Ry b ‘/“—7%%00:%@5&%&%@75“%% LTW3,
. %ODP\]&‘ LT, BABMEEDEMT 2N ER



