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The recent discovery of a circuit of brain regions that is highly
active in the absence of overt behavior has led to a quest for
revealing the possible function of this so-called default-mode
network (DMN). A very recent study, finding similarities in awake
humans and anesthetized primates, has suggested that DMN
activity might not simply reflect ongoing conscious mentation but
rather a more general form of network dynamics typical of com-
plex systems. Here, by performing functional MRI in humans, it is
shown that a natural, sleep-induced reduction of consciousness is
reflected in altered correlation between DMN network compo-
nents, most notably a reduced involvement of frontal cortex. This
suggests that DMN may play an important role in the sustenance
of conscious awareness.

EEG � fMRI � resting state � connectivity � consciousness

A ll except the most simple reflexive behaviors are mediated
by and reflected in the chemical and electrical signaling

within the brain’s circuitry. The ability to monitor the spatial
distribution of such activity with modern neuroimaging tech-
niques such as PET (1) and functional MRI (fMRI) (2) has
greatly expanded knowledge of the brain’s architecture and
functioning, identifying the brain circuitry that underlies a
variety of processes and behaviors.

fMRI studies have demonstrated that a substantial level of
brain activity also occurs in the absence of overt or task-related
behavior (3–8). This spontaneous activity has spatial and tem-
poral characteristics that resemble those of intracortical electri-
cal and optical recordings (9–11). In particular, a network of
brain regions has been identified in which activity is actually
increased in absence of cognitively demanding tasks (12, 13).
This network, termed the default mode network (DMN) (14), was
initially thought to be associated with conscious, internally
mediated cognitive processes—for example, self-referential be-
havior, moral reasoning, recollection, and imagining the future
(14)—cognitive processes thought to be unique to humans.
Recent studies have demonstrated that DMN connectivity per-
sists during light sleep (8, 15); however, this persistence could be
expected because self-reflective thoughts do not abruptly cease
but rather decrease gradually as a person falls asleep, to the point
of being virtually absent during the deepest stages of sleep (16).

Adding to these intriguing findings is a recent study of the
DMN in anesthetized nonhuman primates (17). Although the
general extent of DMN activity was found to be similar to that
in awake human, some notable differences can be seen from this
study’s data [see Fig. 4 in Vincent et al. (17)], including a
somewhat reduced spatial involvement of the medial prefrontal
cortex. The basis of such differences is not clear and might reflect
(i) species-specific features/differences in cognitive abilities or
(ii) alterations in consciousness level due to the effects of the
anesthesia.

To clarify these issues, the present study aimed at investigating
the relationship between level of consciousness and DMN

activity in humans during wakefulness and deep sleep, defined by
standard spectral and polysomnographic criteria. Deep sleep is
a phase of sleep during which the arousal threshold to external
stimuli is maximal (18) and during which the level of conscious-
ness awareness is presumed minimal (16, 19). Thus, the deep-
sleep condition allowed strong, ecologically valid modulation of
the level of consciousness without resorting to the less-natural
conditions of absence seizure, coma, or anesthesia (20).

Similar to previous studies, activity levels were inferred from
low-frequency (�0.08 Hz) fMRI signal f luctuation levels, and
both coherence and amplitude of activity in the various regional
components of the DMN were studied. Sleep level was assessed
from concurrently acquired EEG data.

Results
Data Quality. Good quality EEG–fMRI data were collected from
12 of the 18 subjects studied (supporting information Table S1).
Of these, 7 experienced at least 15 min of continuous deep sleep
required for the analysis. An example of the EEG during the 3-h
scan session for a subject is shown in Fig. S1. Sleep structure for
the 7 subjects included in the deep-sleep analysis is described in
Table S2.

DMN During Wake: Resting-State Network. In a subgroup of volun-
teers (n � 5), we collected resting fMRI, during day hours and
without sleep deprivation, using the same imaging parameters.
DMN by correlating each voxel’s time course with the average time
course of the posterior cingulate cortex (PCC) defined according to
an anatomic template (21). During wake, the distribution of co-
herent DMN activity was similar to that described in previous
reports (7, 8, 22). Network activity included the seed region and its
surroundings (PCC/precuneus [P]), bilateral inferior parietal
cortices (IPC) and angular gyri (AG), and frontal regions
including medial prefrontal cortex (MPFC) and anterior cingu-
late cortex (ACC) (Fig. 1A and Table 1).

DMN During Deep Sleep. During deep sleep, only partial network
involvement was observed, with apparent decoupling of frontal
areas from the DMN (Fig. 1B and Table 1). Whereas PCC and
IPC/AG correlations seem to strengthen, the correlations be-
tween PCC and MPFC/ACC became nonsignificant.
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Comparison of the DMN in Wake and Deep Sleep. Statistical com-
parisons of DMN connectivity during wake and deep sleep show
a number of differences, most notably in the MPFC/ACC area
(Fig. 1C and Table 2). Whereas wakefulness was characterized
by significant positive correlation between PCC and MPFC/ACC
regions, during deep sleep that correlation was absent. Quanti-
tative revealed a significant reduction in the interconnections
between the MPFC and other regions during deep sleep.
Whereas significant correlations were seen between MPFC and
PCC (r � 0.36, P � 0.001) and all MPFC and right IPC/AG (r �
0.38, P � 0.04) during the wake state, both became nonsignif-
icant during deep sleep (Fig. 2 and Table 3). The decoupling of
frontal and posterior regions during deep sleep was not simply

due to reduced frontal activity, given that the amplitude of the
fluctuations within that region remained unchanged (Table 4).
In fact, robust local coherence of spontaneous activity within all
of the component regions of the DMN persisted during deep
sleep.

Thus the differences we report are not due to changes in the
frontal regions per se. Nor are they due to seed selection: when
the seed was placed in the frontal area (Fig. S2) the results were
similar to those obtained with the seed in PCC. As with the seed
in PCC, seed placement in the frontal region indicated a fully
connected DMN in the wake condition (Fig. S2a), whereas it led
to a dissociation between frontal and parietal areas during deep
sleep (Fig. S2b). At the same time the correlations within the

Fig. 1. The default mode network during wake and sleep. Composite maps showing correlations with PCC during (A) wake and (B) deep sleep, and their
significant difference as determined from statistical t test (C). A significant reduction of involvement of frontal regions is seen during deep sleep, whereas the
posterior cingulate–inferior parietal correlations are preserved. The Z maps in A and B are both thresholded at Z � �5.0; the t map in C is thresholded at t �
�3.5. Both positive (yellow–red) and negative (blue) correlations are shown. Z values, t values, and Talairach coordinates of all significant clusters are reported
in Tables 1 and 2.

Table 1. Center of mass for voxel-by-voxel correlations with PCC seed in wake and deep sleep

Region

Talairach coordinates
Cluster size

(mm3)
Peak Z
valuex y z

Wake (n � 5)
Posterior cingulate �2 �47 23 43,984 31.29
R. angular gyrus �36 68 33 7,409 9.76
L. angular gyrus 50 56 29 6,763 7.86
R. inferior frontal gyrus �46 �7 23 4,342 �7.11
R. post-central gyrus �55 29 38 3,944 �7.21
R. parahippocampal/fusiform �22 44 �11 3,629 �7.33
Medial frontal gyrus �6 �61 12 2,920 7.56
L. post-central gyrus 61 21 19 1,992 �5.93
L. post-central gyrus 37 40 60 886 �6.26
L. fusiform 26 55 �10 828 �5.67
R. superior/middle frontal gyrus �23 �13 39 693 7.05
L. superior/middle frontal gyrus 22 �31 29 498 6.75
Medial frontal/anterior cingulate �15 �40 18 413 6.45
R. insula �48 �12 0 325 �5.68
L. insula 36 �17 7 279 �5.72
Medial frontal 0 �57 �5 252 5.59

Deep sleep (n � 7)
Posterior cingulate �5 �45 23 47,042 23.37
L. angular gyrus 46 64 32 4,014 7.97
R. angular gyrus �37 66 35 1,941 7.09
R. insula �31 �17 6 563 �6.45

Threshold Z � �5, cluster 250 voxels (1 � 1 � 1 mm3).
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frontal region did not change between wake and deep sleep (t �
2.00, P � 0.072); however, the correlations between MPFC and
PCC region decreased from an average of 0.27 during wake to
�0.07 during deep sleep (t � 5.01, P � 0.0005) (Fig. S2c).

Temporal Evolution of DMN Activity. The changes in connectivity
at different levels of consciousness could also be observed at
the individual subject level. For a subject from whom we
collected 3 h of data, we evaluated the evolution of the
correlation coefficients over time (Fig. 3 and Fig. S3). By
correlating the time course of the PCC seed with the whole
brain for consecutive 200-point intervals (10 min), we obtained
17 correlation coefficients. These values were compared with
the changes in delta power, as ref lected by the EEG data,
which is itself negatively correlated with arousability. In this

subject, the strength of the correlations within the PCC, and
between PCC and bilateral IPC, increased as sleep depth
increased (correlations between strength of correlations in
fMRI and changes in the sleep stage were rpcc/pcc-sleep�level �
0.82 rpcc/ipl-sleep�level � 0.53 rpcc/ipr-sleep�level � 0.58). In contrast,
the correlations between PCC and the frontal regions de-
creased as sleep deepened (correlations between strength of
correlations in fMRI and changes in the sleep stage were
rpcc/acc-sleep�level � �0.74 rpcc/mf-sleep�level � �0.80).

Discussion
Low-frequency f luctuations of the blood oxygen level–
dependent (BOLD) signal have been observed under a wide
range of physiologic conditions, including wake (4, 5, 22), light
sleep (8, 15), anesthetized adults (23, 24), children (25), nonhu-
man primates (17), and a comatose patient (26). The present
findings show that level and local structure of the low-frequency
fluctuations in the BOLD signal in the regions that make up the
DMN persist throughout the whole physiologic range of levels of
consciousness, from wake to deep sleep; however, the strength
of the correlations, and by implication the integrity of the DMN,
is dynamically modulated by the level of consciousness.

It is possible that synchronization of activity in the component
regions of the DMN is effected via coordinated fluctuations in
membrane potentials (18, 27–30). Such coordination could be
orchestrated through central regions, such as the thalamus (31)
or hippocampus (32). Potential involvement of the thalamus is
supported by studies that have demonstrated connections be-
tween the posterior cingulate and the laterodorsal and antero-
ventral thalamic nuclei in rhesus monkey (33). In addition,
generalized epileptic discharges have been shown to correlate
with increase in activation in thalamus and decrease in the DMN
areas (34), suggesting also that thalamocortical circuits regulate
activity in the DMN. Coordinated activity within the DMN may
be further mediated by direct connections between the PCC/P
and the other 3 nodes of the network, as demonstrated in the
combined tractography and fMRI study of Greicius et al. (35).
Nevertheless, full understanding of synchronization within the
DMN will likely require intraoperative electrical recordings,
ideally combined with fMRI.

Table 2. Center of mass for voxel-by-voxel t test between wake and deep-sleep maps of
correlations with PCC seed

Region

Talairach coordinates
Cluster size

(mm3)
Peak t
valuex y z

Areas significantly more correlated with PCC during wake (positive t values)
R. medial frontal gyrus/BA10/anterior cingulate 13 49 7 3,413 5.26
R. middle frontal gyrus 24 12 43 1,289 6.67
L. caudate body �10 8 19 900 5.58
L. anterior cingulate �5 36 22 881 7.66
L. insula �39 �20 23 612 5.98
R. red nucleus 3 �25 �14 504 6.04
L. precentral gyrus/middle frontal gyrus �30 13 35 419 4.66
R. fusiform gyrus 43 �41 �10 353 4.89
R. posterior cingulate 4 �47 25 325 4.72
R. inferior frontal gyrus 24 13 �13 262 4.68

Areas significantly more correlated with PCC during deep sleep (negative t values)
L. fusiform gyrus/parahippocampal gyrus �27 �52 �8 1200 �8.29
R. lingual gyrus 14 �85 �10 1122 �6.38
R. inferior occipital gyrus 38 �78 �4 930 �6.67
R. pre-central gyrus/BA4 33 �27 57 641 �6.60
R. precuneus/angular gyrus 27 �53 40 472 �4.27
L. precuneus �13 �65 42 270 �4.68

Threshold t � �3.5, cluster 250 voxels (1 � 1 � 1 mm3).

Fig. 2. Connectivity of the main components of the DMN during wake and
deep sleep. The connectivity within (disks) and between components (lines)
was determined from temporal correlation analysis of average time courses
within each ROI. The ROIs were defined as the voxels within each anatomic
region that are significantly connected to the PCC seed during wake, using a
low threshold (P � 0.0001, uncorrected). The size of the disks represents
within-region connectivity, whereas thickness of lines represents between-
region connectivity. During deep sleep, the posterior areas (bilateral IPC and
PCC) strengthen their connectivity, whereas the connections between frontal
and posterior regions are lost. See also Tables 3 and 4. MF � medial prefrontal/
anterior cingulate cortex; IPl � left inferior parietal/angular gyrus; IPr � right
inferior parietal/angular gyrus; PC � posterior cingulate/precuneus.
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The finding that the MPFC is functionally decoupled from the
rest of the DMN during deep sleep is consistent with the
hypothesis that integrated DMN activity may reflect ongoing
conscious mentation. Moreover, coherent DMN was neither
found in infants (25) nor in 7–9-year-old children (36). It is
possible that the absence of functional connectivity between
MPFC and PCC/P in these cases could reflect differences in the
nature of consciousness in children and adults. Longitudinal
studies to evaluate at what point in development the DMN
becomes connected will further explain this findings. Neverthe-
less, taken together, our findings also support the notion that
waking, conscious awareness is an emergent consequence of
coordinated activity in multiple brain regions (37), that it may
require coherence between frontal and posterior brain regions
(38), and that local cortical activity may be necessary but not
sufficient to support conscious awareness [see Kanwisher’s
review (39)].

We have previously observed that frontal–posterior coher-
ence in the DMN is still present in light sleep (8), and this result
was recently replicated (15). In contrast, the present data
indicate that during deep sleep, DMN integrity is compromised.
Together, these results suggest that there is a reduction in
frontoparietal correlations with increasing level (i.e., depth) of
sleep, to the point of being significantly reduced at the deepest
stages of sleep, when awakening threshold is the highest in
humans. The differences in DMN integrity might be reflective of
the reduced level of consciousness characteristic of deep sleep.

It is possible that the suspension of normal consciousness
during deep sleep might be a necessary precondition for sleep-
related restorative processes to occur, including changes related
to homeostasis and neuronal pruning (38). The DMN decou-
pling we observe may provide a marker for this process. It is
anticipated that further insights into the role of the DMN in
consciousness will accrue from studying phenomena such as
lucid dreaming (40) and sleep-state misperception (32), in which
patients report the subjective experience of wakefulness during
polysomnographically defined sleep.

Conclusion
Sleep-induced changes in consciousness are reflected in reduced
correlations between frontal and posterior areas of the DMN
during deep sleep. These changes occur in the presence of

preserved activity levels in the individual network components,
suggesting that it is not activity per se but rather the coherent
activation of all parts within the network that leads to a conscious
experience.

Materials and Methods
Experimental Design. Simultaneous BOLD fMRI and EEG data were acquired
from 18 subjects (10 female; mean age, 25.3 years, range, 21–31 years,
standard deviation, 2.8 years) during deep sleep. To facilitate deep sleep in
the MRI environment, the experiments were performed between 2:00 and
6:00 a.m., after 44 h of complete sleep deprivation. The experiments lasted
for up to 3 h. From 5 subjects we also collected resting wake data (EEG–
fMRI) before any sleep manipulation. Volunteers received monetary com-
pensation for their participation in the study. All participants passed
neurologic and audiologic evaluations and provided written informed
consent, in accordance with a protocol approved by the National Institutes
of Health Institutional Research Board and Walter Reed Army Institute of
Research.

Data Acquisition. MRI acquisition. MRI data were acquired on a 3T scanner (GE
Signa, Milwaukee, WI). For the functional scans, a 16-channel receive-only
detector array (41) was used. The coil was foam-padded to restrict head
motion and improve subject comfort. An additional foam mattress pad was
placed on the scanner table to improve subject comfort

For BOLD fMRI, an echo planar imaging (EPI) acquisition was used that
covered most of the brain and was preceded by a short EPI run that included
10 different echo times (TE), to be used as reference for correction of
geometric distortions (42). Both EPI runs included 25 axial slices (3.45 �
3.45-mm2 nominal in-plane resolution, 4.5-mm thickness, 0.5-mm gap).
Other parameters were repetition time (TR) � 3 s, TE � 45 ms, flip angle �
90°, and 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 limiting the gradient slew-rate. Earplugs provided further sound
attenuation. For consistency, both functional scans of each subject were
performed with the same parameters.

In addition to the fMRI data, T2-weighted and T1-weighted anatomic
images were collected to allow for image normalization to a standardized
brain space based on the Montreal Neurological Institute (MNI) atlas (21).
The T1-weighted data (1-mm isotropic resolution) were acquired in a
separate scan session using the product birdcage head-coil and a magne-
tization-prepared rapid acquisition gradient echo (MPRAGE) sequence.
The T2-weighted data consisted of fast spin echo (FSE) images collected in
the same slices as the functional data and used for distortion correction and
coregistration.

A pneumatic squeeze-ball, which was connected to set off a sound
alarm, was provided to the volunteers. They were instructed to squeeze the
ball at any point if they felt uncomfortable, wanted to interrupt the study,
or wanted to communicate with the researchers. If the session was inter-
rupted and the volunteer agreed to continue, additional T2-weighted
anatomic images were acquired to allow for correction for the potentially
altered head position.
EEG and physiologic recordings. Electrical scalp recordings were made using
sintered silver–silver chloride electrode caps with BrainAmp-MRplus amplifi-
ers, 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 submen-
talis muscular tone. These electrodes were connected to a bipolar amplifier

Table 3. Between-ROI characteristics of regional BOLD signal fluctuation

ROI MPFC PCC IPl IPr

MFPC Deep sleep: �0.11* Deep sleep: 0.09 Deep sleep: 0.02*
PCC Wake: 0.36 Deep sleep: 0.36 Deep sleep: 0.45
IPl Wake: 0.01 Wake: 0.11† Deep sleep: 0.62
IPr Wake: .38 Wake: 0.43 Wake: 0.36†

IPl � left inferior parietal/angular gyrus; IPr � right inferior parietal/angular gyrus. Significance set to P � 0.05.
*Significantly stronger during wake.
†Significantly stronger during sleep.

Table 4. Within-ROI characteristics of regional BOLD signal
fluctuation

ROI

Correlations within
regions (average r value)

Level of fluctuations [root
mean square % signal

change (SE)]

Wake Deep sleep Wake Deep sleep

MPFC 0.58 0.46 0.40 (0.01) 0.31 (0.02)
PCC 0.57 0.63 0.31 (0.01) 0.41 (0.01)
IP l 0.5 0.52 0.48 (0.03) 0.43 (0.02)
IP r 0.62 0.66 0.41 (0.03) 0.41 (0.02)
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(BrainAmp-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
measured using respiratory bellows placed on the chest, and the cardiac rate
was measured using a pulse oximeter placed on the left index finger. Both
transducers were standard equipment on the MRI scanner. Signals from the
respiratory and cardiac sensors and MRI scanner-generated trigger pulses
were collected, using in-house software, at a frequency of 1 kHz.

Data Analysis. EEG analysis. Artifacts related to gradient switching and cardio-
ballistic effects were removed using standard routines available in Analyze
software (Brain Products). The data were band-pass filtered between 0.5 and
20 Hz, and manual sleep stage scoring was performed for each 12-s interval (by
D.P.) using standard sleep scoring criteria (43).

Intervals of interest for analysis of deep sleep were defined as the first
periods of 300 TR intervals (15 min) that had at least 30% EEG activity in the
delta range (1–4 Hz) and that had been scored as stages 2 to 4 [wake, stage 1
sleep, and rapid-eye-movement (REM) sleep were excluded]. These criteria
had been chosen to yield enough time points to perform correlations while
avoiding the effects of arousals and REM activity.
fMRI preprocessing. Data sets were processed using custom routines written
in IDL, 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 per-
formed using SPM2 software (Wellcome Department of Cognitive Neurol-
ogy, London, United Kingdom). Distortion correction was performed using
the field map computed from the 10 different TEs of the short EPI run (42).
This correction was necessary because of the geometric distortions that
were caused by using a low bandwidth needed 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 (44). Coreg-
istration between subjects was performed in 2 additional steps: for each
subject, the FSE images were coregistered to the MPRAGE images. Then,
MPRAGE images were spatially normalized to the standard brain (MNI
template). Subsequently, FSE and EP images that had been coregistered to
the individual’s MPRAGE images were also transformed to the standard
space (both in SPM2). Physiologic noise was modeled as in Shmueli et al.
(45), including RETROICOR (46), cardiac and respiration rates, and the

respiration envelope. These parameters, together with a baseline regressor
of third-order polynomial functions, were regressed out of the fMRI data
for the 300 TRs of interest. A high-pass filter (0.005 Hz) was applied to
remove any baseline drifts. These datasets were registered to a standard
MNI brain (2 � 2 � 2 mm3) for further analysis.
fMRI correlation analysis. For the default-mode correlation analysis, a seed time
course was computed for each subject as the mean value of the PCC, defined
anatomically according to the MNI atlas (21). These time courses were corre-
lated with each voxel in the brain. Correlation coefficients were converted to
Z scores using Fisher’s transformation before group averaging (Fig. 1). This was
performed for the wake and deep sleep data separately. A template of the
default-mode network was built by thresholding (P � 0.0001, uncorrected)
the group average results for the wake data (Fig. 1A). This mask was then used
at individual subject level to extract the average time course for each of the
main 4 components of the network (PCC/P, MPFC/ACC, and right and left
IPC/AG) in both wake and deep sleep conditions. The MPFC/AC time courses
were then used as seeds, and composite maps were obtained as for PCC. The
composite maps are shown in Fig. S2 and the significant clusters in Table S3
and S4.

The region of interest (ROI) time courses were also correlated with each
voxel within the mask to study the within-region correlation and with the
other 3 time courses to study between-region correlations. The amplitude of
the fluctuations at each of these regions was computed as the root mean
square of the averaged time course for the region (Table 4).

We also performed a t test of the individual, unthresholded correlation
maps of wake (n � 5) and deep sleep (n � 7) (Fig. 1C and Table 2).

For a single subject, signal time course was divided in consecutive intervals of
200 points (10 min). For each interval, the average time course of the PCC was
correlated with whole-brain data (Fig. 3A). The strength of the correlation was
computed by the average r values for the selected ROI (Fig. 3B), and its temporal
fluctuation was correlated with that of EEG band-limited power in the lower
frequencies (values computed used energy in the 1–1.33 Hz range). The correla-
tion values for all frequencies below 2 Hz were similar. Fig. 3C shows the EEG
spectral distribution for each interval, expressed as a percentage of the total EEG
energy for that interval.

ACKNOWLEDGMENTS. This research was supported by the Intramural Re-
search Program of the NIH, National Institute on Deafness and Other Com-
munication Disorders and National Institute of Neurological Disorders and
Stroke, and WRAIR.

Fig. 3. Temporal evolution of connectivity within DMN at the single-subject level. (A) Composite single-slice maps (Z � 25) of correlation with seed in PCC. Each
image represents the average of 2 10-min correlation maps (for full data see Fig. S3). Periods of deep sleep (indicated by colored background) coincide with a
reduced involvement of frontal regions; this is confirmed by the region-based analysis shown in B, which shows reduced correlations with ACC and MPFC in the
presence of a robust correlation within PCC. Corresponding levels of band-limited EEG activity are given in C, with the following definitions: lower delta: �2 Hz;
upper delta: 2–4 Hz; theta: 4–8 Hz; alpha: 8–12 Hz; and beta: 12–20 Hz).
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