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Note 1. The central role of the posterior cingulate cortex (PCC)
proposed by Vogt and Laureys (1) is consistent with work dem-
onstrating that PCC activity is positively correlated with activity in
the thalamus, and that both vary directly with the level of con-
sciousness (2) during waking and in various states of clinical im-
pairment. Importantly, these relationships have not until now
been examined during rapid eye movement (REM) sleep.

Note 2. A recent study (3) explored the strength of connectivity
among default mode network (DMN) core regions throughout
the sleep-wake cycle, and reported that this remained consistent
across all sleep-wake stages, contrary to a number of other studies
(4-7). These discrepancies may be because of methodological
differences; for example, there were no apparent measurements
of, or correction for the effect of physiological variables, such as
respiration and heart rate, which might have had an impact on the
magnitude of estimated correlation coefficients.

Note 3. It should be noted that there have been previous reports
of experimental circumstances [e.g., mind wandering in humans
(8, 9) or anesthesia in nonhuman primates (10)] in which the
expected anticorrelations between the DMN and these atten-
tional networks appear to break down.

Note 4. Anatomical tract tracing studies (11-13) suggest that the
reciprocal relationship between the DMN and unimodal cortices
cannot be mediated wholly by direct intracortical pathways be-
cause medial prefrontal and PCC/retrosplenial (RSP) cortices do
not project directly to many of the unimodal areas. However,
both the medial prefrontal cortex (MPFC) and PCC/RSP project
to the pulvinar (13, 14), which is the thalamic region with which
they are most strongly coupled during REM. The pulvinar, in
turn, has reciprocal projections to the unimodal visual, auditory,
and somatosensory areas (15, 16), placing it in a position to
orchestrate the large-scale dissociations that we observe during
REM. The pulvinar receives the vast majority of its primary
“driver” afferents from the cortex itself rather than from as-
cending pathways. These type II corticothalamic fibers appear to
serve as a feed-forward mechanism that, via second order pro-
jections back to the cortex, transmit information from one cor-
tical area to another, the means by which the pulvinar, as
a thalamic association nucleus, is able to modulate cortico-cor-
tical communication (17).

Note 5. Viewed from the perspective of the thalamus, the patterns
described might also represent the interplay between two atten-
tional systems that have become functionally segregated during
REM: (i) a bottom up network, in which the pulvinar may again
play a central role [see Grieve et al. (18)], that orients attention
toward, and organizes rapid motor responses to sensory, partic-
ularly complex visual, stimuli (18); and (ii) a supervisory atten-
tional system instantiated in a set of a heteromodal regions that
exerts top down executive control over these processes (19, 20).

Note 6. A suggestion of these relationships can be found in the
results of prior imaging studies (21-25). However, the static
contrast methods used in those studies have given the consistent
impression that unimodal sensorimotor activity, when present,
was predominant. These methods did not support detection of
the reciprocal fluctuating pattern we report here.
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Note 7. Previous human neuroimaging studies have revealed
associations between REM bursts and activity in sensorimotor
areas (26-28) that may correspond to the intermittent activation
of these regions we report here [but see also Hong et al. (22)].
These studies used event-related contrast methods or acquired
data during the presentation of auditory stimuli, whereas the
resting-state connectivity methods used in the present study af-
ford a different perspective: baseline-free, stimulus-independent,
and capable of tracking the continuous flow of information over
time. It is interesting to note that studies using methods in which
the temporal resolution is superior to both blood-oxygen level-
dependent (BOLD) contrast or PET methods, report findings
that are consistent with the intermittent activation of hetero-
modal regions we observe during REM; for example, Kubota
et al. (29), using infrared spectroscopy, reported transient fluc-
tuation in oxygenation of the prefrontal cortex during REM sleep.

Note 8. Infraslow oscillations of the EEG [below 0.1 Hz, an order-
of-magnitude slower than the ~1 Hz slow waves that characterize
slow-wave sleep (SWS)], likely regulated by the thalamus, have
been described for many years (30-32), as have rhythmic fluc-
tuations in the BOLD signal below 0.1 Hz (33). [Indeed one of
the principal ways the DMN (34) and other resting-state net-
works (35) are defined is in terms of coherence of functional
MRI (fMRI) fluctuations at these frequencies (36)]. Indeed, it
has been proposed that slow cortical oscillations themselves may
be an important contributor to the BOLD signal (37). Infraslow
fluctuations in both BOLD and EEG signals have been described
during sleep (32, 38, 39). Furthermore, although the precise
relationship between them is unclear, recent reports suggest a
correspondence between infraslow oscillations of the EEG and
infraslow variations in the BOLD signal during sleep (although
stage-specific differences were not evaluated) (40).

Note 9. Phasic phenomena observed during REM occurring at
roughly the same time scale—between 0.1 and 0.01 Hz—include
REM-specific spike densities in mesencephalic locomotor nuclei
and ventrolateral medulla (peaking at roughly 20- to 60-s inter-
vals) (41, 42) and sawtooth wave periodicities (43, 44). In addi-
tion, ponto-geniculo-occipital wave activity may show bursting
properties at similarly slow intervals (45, 46), which is also the
frequency of the “cyclic alternating pattern” that has been de-
scribed during sleep (47).

Note 10. Converging evidence suggests that slow oscillations (less
than 1 Hz) facilitate synchronization of neural activity between
brain regions (48). These oscillations reflect alternation of mem-
brane potentials between hyperpolarized (down state) and rela-
tively depolarized (up state) conditions that have been used to
interpret cortical patterns seen during non-REM sleep (49).
During REM, perhaps modulated by thalamic or neurochemical
mechanisms, these oscillations might become synchronized but
out of phase, in sensorimotor and heteromodal systems. The se-
quential alternation of up and down states in these systems might
represent a mechanism for the reciprocal activations in time that
we observe.

Note 11. Although there is evidence supporting the idea from
animal (50, 51) and human studies (52-54)—and although it is
consistent with the notion that sleep-related slow oscillations
facilitate synaptic strength via cortico-cortical interactions (55)—
REM-facilitated consolidation of procedural memory (or any
kind of memory) in humans remains controversial (56).
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S| Methods

MRI Data Acquisition. fMRI data were acquired on a 3T scanner
(GE Signa) with a 16-channel receive-only detector array. Foam
pads were used to restrict subject’s head motion. For the comfort
of the subjects, a foam mattress pad was placed on the scanner
table. BOLD fMRI was acquired using an echo planar imaging
(EPI) sequence. Primary data collection was preceded by a short
functional run that included 10 different echo times (TE), to be
used as a reference for correction of geometric distortions (2).
Each EPI volume included 25 axial slices, which covered most of
the brain (3.45 x 3.45 mm? in-plane resolution, 4.5-mm thick-
ness, 0.5-mm gap). Other scanning parameters were as follows:
repetition time (TR) = 3 s, TE = 45 ms, flip angle = 90°, and
a maximum of 3,600 image repetitions. To facilitate sleep, the
acoustic noise generated by the EPI sequence was kept below
a sound pressure level of 96 dBA by decreasing the bandwidth to
62.54 kHz and limiting the gradient slew-rate to 25 T-m-s. Sub-
jects also wore earplugs for further sound attenuation. For the
functional data acquired during resting wakefulness, the same
parameters were used.

In addition to the fMRI data, T2-weighted anatomical images
(fast spin echo, FSE) were collected at the same slices as the
functional data and used for distortion correction and coregis-
tration. T1-weighted (magnetization-prepared rapid acquisition
gradient echo, MPRAGE) anatomical images were collected in
a separate scan session using the product birdcage head-coil.

A pneumatic squeeze-ball, which was connected to set off a
sound alarm, was provided to the volunteers. The subjects were
instructed to squeeze the ball at any point if they felt uncom-
fortable, wanted to interrupt the study, or wanted to commu-
nicate with the researchers. If the session was interrupted and the
subject agreed to continue, additional T2-weighted anatomical
images were acquired to allow for correction for potential al-
tered changes in head position.

EEG and Physiologic Recordings. Electrical scalp recordings were
made using sintered silver—silver chloride electrode caps with
BrainAmp-MRplus amplifiers, and Acquire software (Brain
Products). Electrodes were placed in a subset of locations of the
10-20 International System. The reference electrode was located
between Fz and Cz and the ground electrode below Oz, all on
the brain midline. An electrode was placed below the right eye to
monitor the electrooculogram and another on the subject’s back,
to monitor the cardiac signal. A bipolar set of electrodes was
placed on the chin to monitor submentalis muscular tone. These
electrodes were connected to a bipolar amplifier (BrainAmp-
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ExG-MR; Brain Products) connected to the same acquisition
system as the EEG channels. The data acquisition rate was
5 kHz, with an analog band-pass filter set to 0.016-250 Hz. Data
were collected in a continuous fashion. Respiration was mea-
sured using a respiratory bellows placed on the chest, and cardiac
rate was measured using a pulse oximeter placed on the left
index finger. Both transducers are standard equipment on the
GE Signa MRI scanner. Signals from the respiratory and cardiac
sensors and MRI scanner-generated trigger pulses were col-
lected, using in-house software, at a frequency of 1 kHz.

EEG Data Analysis. Artifacts related to gradient switching and car-
dioballistic effects were removed using standard routines available
in Analyze software (Brain Products). The data were band-pass
filtered between 0.5 and 20 Hz. Manual sleep-stage scoring was
performed for each 12-second interval by an experienced poly-
somnographic technologist (D.P.) using standard sleep-scoring
criteria (57).

fMRI Data Preprocessing. Datasets were processed using custom
routines written in IDL (ITT Visual Information Solutions) unless
otherwise indicated. First, slice-timing correction was applied to
the EPI data, and these images were registered to the first image of
the short EPI run that included several TE values. Both corrections
were performed using SPM2 software (Wellcome Department
of Cognitive Neurology, London, United Kingdom). Distortion
correction was performed using a field map computed from the
10 different TEs of the short EPI run (58). This correction was
necessary because of the geometric distortions that were caused by
using a low bandwidth to decrease acoustic noise. Remaining
distortion was corrected by nonlinearly deforming the EPI data to
match the undistorted FSE images using AIR 5.2.5 software (59).
Physiological noise was corrected by modeling the cardiac rate,
respiratory rate, and respiratory envelope and regressing out the
activity associated with these variables (60, 61), together with
a baseline regressor of third-order polynomial functions. A high-
pass filter (0.005 Hz) was applied to remove any baseline drifts.
The functional data were transformed to a standardized space
using SPM8 (Wellcome Department of Cognitive Neurology,
London, United Kingdom): for each subject, MPRAGE images
were coregistered to FSE images. Then, MPRAGE images were
spatially normalized to the Montreal Neurological Institute (MNI)
space (62) using the unified segmentation algorithm implemented
in SPM8. The normalization parameters generated in this step
were subsequently applied to the EPI data. The EPI data were
then resampled to 3 x 3 x 3-mm? spatial resolution.
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Fig. S1. Differences in functional connectivity of the PCC seed region when REM is contrasted with wakefulness (WAKE). Regions showing significantly higher
correlation during REM than WAKE are indicated in orange and regions showing significantly higher correlation during WAKE than REM are indicated in blue
(P < 0.05, corrected). Magnitudes of t statistics from the random effects analyses are indicated in the color bar and rendered on a single subject T1 image. Axial
slices are displayed at the z axis levels indicated (in millimeters).
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Fig. S2. Functional connectivity of the MPFC seed region during REM sleep. Brain regions correlated (orange) and anticorrelated (blue) with the MPFC seed
during REM sleep (P < 0.05, corrected). Magnitudes of t statistics from the random effects analyses are indicated in the color bar and rendered on a single
subject T1 image. Axial slices are displayed at the z axis levels indicated (in millimeter).
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Fig. S3. Difference in functional connectivity of the MPFC seed region when REM is contrasted with WAKE. Regions showing significantly higher correlation
during REM than WAKE are indicated in orange and regions showing significantly higher correlation during WAKE than REM are indicated in blue (P < 0.05,
corrected). Magnitudes of t statistics from the random effects analyses are indicated in the color bar and rendered on a single subject T1 image. Axial slices are
displayed at the z axis levels indicated (in millimeter).

PCC Seed
Subject 4 Subject 14 Subject 15 Subject 17

The PCC and the thalamus
are significantly anti-
correlated in all 4 subjects
during REM sleep

The coupling between the
PCC and both MPFC & IPLs
as well as the DLPFC are
significant in all 4 subjects
during REM sleep

T
>0.8 0.2 -0.2 <-0.8

Fig. S4. Individual subject maps depicting correlations of the PCC seed region during REM sleep. Brain regions significantly correlated and anticorrelated with
the PCC seed at corrected threshold P < 0.05 are indicated in orange and blue, respectively. Highly consistent across subjects, the PCC seed is significantly
correlated with the elements within the DMN as well as additional heteromodal areas and anticorrelated with the thalamus and unimodal areas. Magnitudes
of correlation are indicated in the color bar and rendered on a single subject T1 image. Axial slices are displayed at the z axis levels indicated (in millimeters).
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Fig. S5. Differences in functional connectivity of the thalamic seed region when REM is contrasted with WAKE. Regions showing significantly higher cor-
relation during REM than WAKE are indicated in orange and regions showing significantly higher correlation during WAKE than REM are indicated in blue (P <
0.05, corrected). Magnitudes of t statistics from the random effects analyses are indicated in the color bar and rendered on a single subject T1 image. Axial
slices are displayed at the z axis levels indicated (in millimeters). DLPFC, dorsolateral prefrontal cortex; IPL, inferior parietal lobule.
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Table S1. Clusters of activity significantly correlated with the PCC seed during REM sleep, SWS,

and WAKE
REM, SWS, and WAKE L/R mm? X y z t
REM
Regions positively correlated with the PCC seed
Cluster 1 36,450
Precuneus L -6 —46 34 13.0
Posterior cingulate cortex L -3  -46 28 12.9
Cluster 2 30,942
Medial prefrontal cortex (BA9)*-" R 3 44 37 9.2
Medial prefrontal cortex (BA8)*'' LR 0 29 49 6.3
Dorsolateral prefrontal cortex/frontal eye fields* L -33 14 37 6.1
Dorsolateral prefrontal cortex R 27 20 40 5.8
Inferior frontal gyrus* L -48 17 13 4.4
Cluster 3 6,993
Inferior parietal lobule R 48 -61 34 5.9
Cluster 4 4,887
Inferior parietal lobule L -39 -70 25 6.7
Cluster 5 2,808
Middle temporal gyrus L -54 22 -8 6.7
Regions negatively correlated with the PCC seed
Cluster 6 88,398
Calcarine sulcus/cuneus** R 9 -85 16 -10.6
Lingual gyrus*" R 15 -64 -8 -8.7
Lingual gyrus* " L -17  -61 1 —-6.5
Cerebellum** L -6 -64 -8 93
Intralaminar thalamus** R 6 -22 -5 -6.3
Thalamus (Pulvinar, VPL)* R 18 -28 1 -6.3
Postcentral gyrus R 63 -4 31 -6.7
Superior temporal gyrus (incl. Heschl gyrus) R 66 —31 16 -6.5
SWS
Regions positively correlated with the PCC seed
Cluster 1 51,651
Posterior cingulate cortex L -3  -46 28 21.6
Precuneus R -9 55 28 17.7
Cluster 2 10,449
Inferior parietal lobule R 48 -61 37 8.6
Cluster 3 8,478
Inferior parietal lobule L -36 -67 37 6.2
Regions negatively correlated with the PCC seed
Cluster 4 1,107
Insula R 45 11 -8 -6.3
WAKE
Regions positively correlated with the PCC seed
Cluster 1 47,115
Posterior cingulate cortex L -3  -49 25 16.6
Precuneus L -6 —46 34 15.0
Cluster 2 21,465
Medial prefrontal cortex (BA10) /R 0 56 7 6.3
Superior frontal gyrus R 18 38 40 6.1
Cluster 3 4,131
Inferior parietal lobule L -42  -76 34 6.2
Cluster 4 3,348
Inferior parietal lobule R 45 -67 28 5.3
Regions negatively correlated with the PCC seed
Cluster 5 22,059
Postcentral sulcus L -54 -34 31 -10.6
Middle temporal gyrus L -57 =55 4 -9.4
Intraparietal sulcus L -33 -52 52 -6.7
Cluster 6 10,476
Insula L -42 8 1 -7.7
Cluster 7 10,422
Intraparietal sulcus R 30 -52 46 -8.8
Cluster 8 10,206
Inferior frontal gyrus R 63 11 13 -8.0
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Table S1. Cont.

REM, SWS, and WAKE LR mm? x y z t
Dorsal premotor cortex R 48 -4 49 -6.0
Insula R 42 2 4 -5.9
Cluster 9 7,506

Postcentral sulcus R 60 -28 40 -10.7
Cluster 10 4,239

Fusiform gyrus/lingual gyrus L -27 -58 -14 -5.6
Cluster 11 4,023

Fusiform gyrus/lingual gyrus R 15 -64 -8 -5.2
Cluster 12 2,943

Frontal eye field R 24 -7 52 -8.5
Cluster 13 1,944

Superior occipital lobe R 9 -88 25 -6.7

Anatomical location, hemisphere, cluster size, peak MNI coordinates and associated t statistics are tabulated.
*Significant difference observed between REM and WAKE within this region.
*Significant difference observed between REM and SWS within this region.
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Table S2. Clusters of activity significantly correlated with the posterior thalamic seed during

REM sleep, SWS, and WAKE

REM, SWS, and WAKE L/R mm X y z t
REM
Regions positively correlated with the thalamic seed
Cluster 1 32,382
Thalamus** L -3 22 1 19.1
Lingual gyrus* " R 27 -58 1 124
Lingual gyrus** L -16  —61 1 4.57
Cerebellum*" R 12 -40 -14 10.5
Calcarine sulcus/cuneus* L 0 -88 10 8.2
Putamen L -24 -7 7 7.8
Putamen R 24 5 4 5.9
Superior temporal gyrus (incl. Heschl gyrus) R 42 -22 4 6.8
Posterior insula L -36 -31 16 4.7
Cluster 2 15,939
Precentral gyrus* " R 21 =25 61 10.6
Precentral gyrus* L -51 -4 40 7.8
Middle cingulate cortex* R 15  -13 40 7.2
Supplementary motor area R 12 -10 70 6.0
Regions negatively correlated with the thalamic seed
Cluster 3 11,169
Dorsolateral prefrontal cortex* L -24 20 40 -9.9
Inferior frontal gyrus** L -54 11 13 -85
Anterior cingulate cortex* L -12 20 40 -5.8
Cluster 4 10,332
Medial prefrontal cortex (BA9)*'" R 3 53 28 -16.8
Medial prefrontal cortex (BA8) ** R 3 41 46 -11.2
Anterior insula R 42 14 13 -10.2
Anterior middle frontal gyrus R 33 59 7 -9.3
Dorsal premotor cortex R 39 8 46 -7.53
Cluster 5 6,633
Inferior parietal lobule* R 42 55 34 -85
Intraparietal sulcus R 33 -64 52 -7.3
Fusiform/inferior temporal gyrus R 39 -61 -8 -5.6
Cluster 6 5,787
Inferior parietal lobule* L -39 -61 31 -9.3
Intraparietal sulcus L -33  -61 46 -5.6
Cluster 7 3,258
Posterior cingulate cortex* L -12  -46 28 -7.6
Precuneus L -3 -70 49 =71
Cluster 8 2,628
Fusiform/inferior temporal gyrus® L -42 -34 -20 -6.0
SWS
Regions positively correlated with the thalamic seed
Cluster 1 16,533
Thalamus L -3 =22 1 21.7
Putamen L -24 -10 10 8.3
Putamen R 27 -1 7 5.4
Cerebellum R 9 52 -17 8.8
Cluster 2 702
Paracentral lobule L -3 -28 61 5.2
Cluster 3 180
Middle cingulate cortex R 12 =10 40 5.1
WAKE
Regions positively correlated with the thalamic seed
Cluster 1 7,137
Thalamus R 12 -19 1 9.5
Putamen R 24 2 4 7.1
Putamen L -24 -7 7 5.5
Cluster 2
Superior temporal gyrus (incl. Heschl gyrus) R 1,494 57 -34 25 6.3
Cluster 3
Insula R 333 48 2 4 5.1

Anatomical location, hemisphere, cluster size, peak MNI coordinates and associated t statistics are tabulated.

*Significant difference observed between REM and WAKE within this region.

TSignificant difference observed between REM and SWS within this region.
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Table S3. Sleep parameters based on visual scoring in 12-second epochs

Total
recording Wake Stage 1 Stage 2 Stage 3 REM Total sleep
Subject time (min) (min) (min) (min) (min) (min) time (min)
4 140.4 11.8 17.2 50.4 55.8 5.2 128.6
14 59.8 3.6 15.8 30.4 4.8 5.2 56.2
15 135.0 5.6 24.6 91.0 3.6 10.2 129.4
17 179.8 5.0 27.2 68.6 67.2 11.8 174.8
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Movie S1. Video displaying temporal dynamics of hetermodal and unimodal regions during a continuous REM epoch (120 s) of a single subject. Standardized
BOLD signals are masked by the group results are displayed on five selected axial slices (for details, see Methods). At each time point, increases in BOLD relative
to the mean intensity of each voxel are indicated in orange and decreases are indicated in blue.

Movie S1
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