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Abstract
The transition from quiet wakeful rest to sleep represents a period over which attention to the
external environment fades. Neuroimaging methodologies have provided much information on the
shift in neural activity patterns in sleep, but the dynamic restructuring of human brain networks in
the transitional period from wake to sleep remains poorly understood. Analysis of
electrophysiological measures and functional network connectivity of these early transitional
states shows subtle shifts in network architecture that are consistent with reduced external
attentiveness and increased internal and self-referential processing. Further, descent to sleep is
accompanied by the loss of connectivity in anterior and posterior portions of the default-mode
network and more locally organized global network architecture. These data clarify the complex
and dynamic nature of the transitional period between wake and sleep and suggest the need for
more studies investigating the dynamics of these processes.
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Introduction
Sleep represents a series of well-defined and behaviorally relevant transitions in neural state
that are stable across normal human sleepers while showing distinct changes across the
lifespan (Campbell and Murphy, 2007; Gertner et al., 2002; Munch et al., 2010; Terry et al.,
2004) and in many neuropathologies (Claassen et al., 2010; Moller et al., 2009; Song et al.,
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2010; Walters et al., 2008). While a number of studies have examined network correlates of
stable NREM (Braun et al., 1997; Czisch et al., 2004; Dang-Vu et al., 2005, 2008; Horovitz
et al., 2008, 2009; Kaufmann et al., 2006; Larson-Prior et al., 2009; Nofzinger et al., 2002;
Spoormaker et al., 2010) and REM (Braun et al., 1997; He et al., 2008; Magnin et al., 2004;
Maquet et al., 1996, 2005; Wehrle et al., 2005, 2007) sleep, far fewer have examined those
of the initial transitional stage of sleep (N1; Corsi-Cabrera et al., 2006; Jann et al., 2009;
Kjaer et al., 2002; Laufs et al., 2006; Olbrich et al., 2009; Picchioni et al., 2008). Yet it is in
this initial period that the brain progressively disengages from the external world.
Investigation of the neural network correlates of this state, in which the individual may
either transition to stable sleep or return to wakefulness, may provide insights into
pathological conditions characterized by instability in external versus internal awareness
(cognitive fluctuations, Escandon et al., 2010; narcolepsy, Zorick et al., 1986; sundowning,
Bachman and Rabins, 2006; sleep attacks in Parkinson's disease, Moller et al., 2009).

Human sleep is defined by characteristic changes in the scalp-recorded
electroencephalogram (EEG). From an initial state of quiet waking the individual begins to
transition to a more inwardly directed state accompanied by eye closure and broadly
characterized by the presence of low frequency oscillatory potentials in posterior cortex
(alpha band, 8–12 Hz). During quiet wakefulness, subjects slowly oscillate between
attending to external and internal thoughts, with the majority of internal thoughts being
autobiographical or self-referential in nature (Andrews-Hanna et al., 2010b;
Vanhaudenhuyse et al., 2010). Further, these internally directed spontaneous thoughts are
strongly related to activity in major elements of the default-mode network (DMN; Andrews-
Hanna et al., 2010a; Mason et al., 2007; Vanhaudenhuyse et al., 2010).

Because alpha-band oscillatory activity characterizes quiet wakefulness, a number of studies
have investigated its neural correlates using simultaneously acquired functional magnetic
resonance imaging (fMRI) and EEG (de Munck et al., 2007; Goldman et al., 2002;
Goncalves et al., 2006; Jann et al., 2009; Laufs et al., 2003a,b; Moosmann et al., 2003;
Sadaghiani et al., 2010; Tyvaert et al., 2008). The relationship of alpha-band power and the
blood oxygen-level dependent (BOLD) signal of fMRI exhibit a general pattern in which
thalamus shows positively correlated activity, while frontoparietal and occipital regions
exhibit anticorrelated activity. Together with studies reporting reduced attention to the
external environment, these correlations suggest a reduction of activity in brain regions
associated with externally directed attention and a potential increase in activity in the DMN,
which is generally considered to be related to inwardly directed awareness (Andrews-Hanna
et al., 2010a; Gusnard et al., 2001; Vanhaudenhuyse et al., 2010). Yet there remain
significant differences in reported positive alpha-band correlations to elements of the DMN
(Ben-Simon et al., 2008; Jann et al., 2009; Laufs et al., 2003b), and no study reporting
positive correlations to all of the core elements of this network.

Sleep onset (N1) is defined by the loss of posterior alpha-band activity, general slowing of
the EEG with prominent theta-band (4–7 Hz) activity, and slow rolling eye movements (Iber
et al., 2007). N1 is a transitional state and frequently exhibits brief alpha bursts and arousals
(Davis et al., 1938; Ogilvie, 2001) prior to attaining “true” early non-rapid eye-movement
(NREM) sleep (N2). Because of its transitional nature, the features defining N1 as a discrete
stage of sleep have been a matter of debate (Corsi-Cabrera et al., 2006; De Gennaro et al.,
2005; Merica and Fortune, 2004; Ogilvie, 2001; Roth, 1961), with some suggesting that
sleep onset would better be defined by the presence of EEG features unique to N2 (K-
complexes and sleep spindles: Ogilvie, 2001; Merica and Fortune, 2004). The reduced
responsiveness to external stimulation in N1 sleep has also been investigated using electrical
potentials evoked by auditory stimuli (see Atienza et al., 2001 for review). Studies
investigating the relationship of EEG rhythms to cognitive activity in N1 sleep (Atienza et
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al., 2001; Cicogna et al., 1998; Rowley et al., 1998; Yang et al., 2010), report that behavioral
and electrophysiological responses to external stimuli drop significantly while internal
thought content continues to focus on daily experiences and life concerns.

A small number of studies have addressed regional changes in brain activity during N1 sleep
(Kaufmann et al., 2006; Kjaer et al., 2002; Olbrich et al., 2009; Picchioni et al., 2008).
Reduced activity in frontoparietal cortices and thalamus has been reported for N1 relative to
wake (Kaufmann et al., 2006; Kjaer et al., 2002). When N1 is separated into substates
(Picchioni et al., 2008), early N1 was associated with increased BOLD activity in frontal
cortices and extend to temporal (Olbrich et al., 2009) and parietal (Picchioni et al., 2008)
regions while in late N1 a distinctly different pattern with a more posterior distribution of
activity was reported. This shift has been attributed to a transient increase in default-mode
network activity in early N1 sleep related to decreases in externally directed cognition
(Picchioni et al., 2008).

Following N1, stable sleep is established during which NREM (N2 and N3) and rapid eye-
movement (stage REM) sleep rhythmically alternate for 2–7 cycles over night in normal
sleepers. N2 is associated with further reductions in the perception of external stimuli (Yang
et al., 2010). N2 exhibits reduced electrophysiological and fMRI responsiveness to external
stimulation (Czisch et al., 2004; Portas et al., 2000). In addition, relative to quiet
wakefulness, BOLD signal decreases in N2 have been reported in brain regions activated by
task performance in the waking state (Kaufmann et al., 2006).

Given the association between DMN activity and inwardly directed cognition, the reduction
in activity in large frontoparietal regions generally associated with externally directed
awareness, and the anticorrelated nature of default and attention-related network activity
(Fox et al., 2005), a number of studies have investigated potential shifts in the functional
connectivity of these networks (Horovitz et al., 2008, 2009; Larson-Prior et al., 2009) in
early NREM sleep. In all cases, core members of both DMN and attentional networks
retained their interregional connectivity during light sleep. However, with the deepening of
sleep (N3, slow wave sleep), medial prefrontal regions of the DMN decouple from posterior
elements (Horovitz et al., 2009) while posterior elements show strengthened connectivity. A
recent study using graph theoretical approaches to investigate network changes in sleep
reports that light NREM (N1/N2) sleep exhibits a general increase in corticocortical
connectivity that weakens with the onset of N3 (Spoormaker et al., 2010) consistent with
reported strengthening of visual and somatomotor (SM) regions (Horovitz et al., 2009) and
dorsal attention regions (Larson-Prior et al., 2009) reported by others in N2.

There is general agreement that the descent to sleep is accompanied subjectively by reduced
awareness of the external world and objectively by reduced responsiveness to stimuli;
however, the changes in brain network architecture that presumably underlie this remain
unclear. The extant literature provides a somewhat confusing picture of the functional
changes associated with disengagement. On the one hand, mind-wandering in quiet wake
has been associated with increased activity in the DMN (Andrews-Hanna et al., 2010a;
Mason et al., 2007; Vanhaudenhuyse et al., 2010). On the other hand, imaging studies in
quiet wake report a general decrease in activity in a broad frontoparietal network with no
increase in DMN activity (Kaufmann et al., 2006; Laufs et al., 2006).

This report seeks to add to our understanding of the neural network changes that accompany
the early descent to sleep. We present two types of result: (1) alpha-BOLD correlations
related to sleep stage and (2) BOLD–BOLD correlations in different stages of sleep. BOLD–
BOLD correlation analyses include both conventional, seed-based correlation mapping and a
graph theoretical approach making no a priori assumptions about the functional network
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membership of the ROIs evaluated to define changes in network architecture (Bullmore and
Sporns, 2009; Humphries and Gurney, 2008; Power et al., 2010b; Watts and Strogatz, 1998).

Methods
General methods

Subjects—Sixty-seven right-handed, healthy human subjects were recruited from the
campus of Washington University under two study protocols approved by the University's
Human Studies Committee. Both studies acquired EEG and fMRI simultaneously. Fifty-
seven subjects were asked to lie quietly with eyes closed and remain awake (Group 1). Ten
subjects were recruited to a study in which they were asked to sleep in the scanner (Group 2;
see Larson-Prior et al., 2009 for details).

Twenty-four subjects (11 female) comprised the Group 1 analysis set (27 had bad or
incomplete data and 6 withdrew early). Six subjects in Group 2 (4 female) provided artifact-
free data that contained polysomnographically verified early stage NREM sleep (see Larson-
Prior et al., 2009 for details). Group 1 provided 3 × 5 min (short scans) and 1–20 min eyes-
closed resting state scans (long scan), while Group 2 provided six data sets that included
stable NREM sleep (14.7–37.6 min in duration). Following rejection for excessive
movement or poor EEG signal quality, data from 24 short (3 × 5 min) and 21 long (20 min)
data sets in Group 1 were submitted to analysis.

Functional imaging—Whole brain fMRI BOLD (Siemens Allegra 3T scanner; Erlangen,
Germany; TE = 30 ms, 4 mm3 voxels, 2.013 s per volume, 1 s pause between frames) was
acquired using an EPI sequence locally modified to enhance the signal/noise ratio. Structural
data used for atlas transformations included a high-resolution (1 × 1 × 1.25 mm) sagittal,
T1-weighted magnetization-prepared rapid gradient-echo scan.

Image preprocessing—FMRI data preprocessing included compensation of slice-
dependent time shifts and elimination of intensity differences, rigid body correction for head
motion, intensity scaling (to obtain a whole brain mode value of 1000), and atlas registration
by affine transformation (Ojemann et al., 1997). Runs were transformed to atlas space and
resampled to 3 mm3 voxels in a Talairach coordinate frame. Seed-based functional
connectivity analyses were performed as previously described (Fox et al., 2005; Larson-
Prior et al., 2009). Briefly, following regression of noise signals, 10 mm diameter seed
regions of interest (ROI) were centered in the posterior cingulate/precuneus region (PCC;
Talairach coordinates –2, –36, +3) for the DMN, in the right intraparietal sulcus (RIPS;
Talairach coordinates 25, –58, 52) for the dorsal attention network (DAN), and in right
frontal operculum (RfOP; Talairach coordinates 35, 14, 5) for the executive control network
(ECN). The BOLD time series from each ROI was extracted and correlated to all other brain
voxels to produce both ROI–ROI correlation matrices and spatial correlation maps. Results
were calculated as Fisher-z transformed correlation values and spatial group data were
evaluated using a fixed effects analysis (p<0.05, corrected for multiple comparisons). For
hypothesis testing, correlation values across the three attention networks evaluated (DMN,
DAN, and ECN) were evaluated by pairwise Student's t-tests.

Electroencephalography—FMRI and EEG were collected simultaneously (DC-3500
Hz, 20 KHz sampling rate) using the MagLink™ (Compumedics Neuroscan, TX) system
and the Synamps/2™ amplifier. 64 EEG sensors were recorded from an extended 10–20
system (MagLink™ cap including bipolar vertical eye leads, bipolar EKG leads, and two ear
leads, reference electrode 5 cm posterior to CZ). An external cardiac lead (InVivo Research
Inc., FL) was recorded for use in off-line artifact correction. Gradient artifact was reduced
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using Scan 4.5 software (filtered 1–30 Hz and downsampled to 500 Hz). Gross motion
artifacts in the EEG were visually scored by an experienced electroencephalographer (JZ)
and removed prior cardiac artifact (ballistocardiogram, BKG) correction using an algorithm
developed in our laboratory (Vincent et al., 2007; Group 1). For sleep subjects (Group 2),
BKG was reduced using ICA-based algorithm and the Curry 6.0 software package
(Compumedics Neuroscan, TX), after which data were visually scored for sleep stage in 30 s
intervals by an experienced electroencephalographer (JZ) according to standard criteria
(Rechtsaffen and Kales, 1968; Iber et al., 2007; for further details see Larson-Prior et al.,
2009).

Data processing and analysis
Correlation of electrophysiological and fMRI BOLD resting state network
activity—Following preprocessing of EEG, alpha (8–12 Hz) band signal was extracted
from an occipital electrode (O1) and power spectral density was calculated in 2.048 second
time bins. The alpha power time series was convolved with a canonical hemodynamic
response model (Boyton et al., 1996) to provide a time series (αHDR) of alpha-band power
filtered to the frequency of the BOLD time signal. αHDR was correlated to BOLD signal for
each subject in a voxel-wise manner for both short and long data sets. Data were subject to
both fixed (p<0.05, corrected) and random effects (p<0.01, uncorrected) analyses. All data
are displayed for fixed effects, and differences between statistical maps under this regime
and those examined using a random effects analysis are noted in the text.

To assess possible state variability, spectral power in the alpha (8–12 Hz) and theta (4–7.5
Hz) bands was computed by FFT (1 s time bins) for occipital electrode derivations (O1 and
O2). To identify scans with shifts in neural state from alert wake in Group 1 subjects, a
hierarchical cluster analysis was performed. Six parameters were computed to characterize
band-limited power time series: the ratio of the total alpha and theta power (ATR), the first
four moments of the alpha power time series (M1–M4), and the coefficient of variation
(Cv=σA′/μA) of the αHDR. Principle components and pairwise correlation analyses were
used to reduce the dimensionality of the problem. ATR and M2 (variance) were found to
partition the data into the same two identifiable clusters that resulted from the analysis of the
full parameter set. One way analysis of variance (ANOVA) of M2 and ATR was computed
for both 5 and 20 min data sets. Pairwise differences between the two clusters were tested
using a Wilcoxon rank sums test, and are significant for both ATR (p=0.001) and M2
(p=0.0022) for 5 min data sets and for M2 (p=0.001) in 20 min data sets. Statistical analyses
were performed using JMP 7.0 (SAS Institute, Inc.). Based on these results, data were
partitioned into two groups: (1) alert wake (9 subjects, 27 5-min data runs; 5 20-min data
runs) and (2) transition to sleep (N1 sleep; 16 subjects, 44 5-min data runs, 17 20-min data
runs). No Group 1 subject attained stage 2 NREM sleep. Five minute data sets were
analyzed as concatenated 15 min (short) runs in which assignment was based on the
predominant sleep stage over the 3 runs.

Large-scale network analysis—Seed region definition: One hundred and fifty-one ROI
(Table 1) were defined on the basis of task-induced BOLD activations (Power et al., 2010a)
acquired on the same Siemens 1.5 Tesla Vision scanner. A series of eight meta-analyses
(Dosenbach et al., 2006), focused on error-processing, positive sustained activity, task-
induced deactivations (default-mode), memory, language, and sensorimotor functions were
combined with previously published cognitive control regions (Dosenbach et al., 2007; Fair
et al., 2007) to create a conjunction image, where each voxel carried a value between zero
and the number of studies in which that voxel was significant. A peak-finding algorithm
identified centroids of reliably activated groups of voxels at least 10 mm apart (see
Dosenbach et al., 2010 for details). Ten millimeters diameter spherical volumes were
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centered on these peaks to define 151 non-overlapping seed ROIs that were then used to
seed our resting state data sets (Fig. 3).

Large-scale analysis of network changes from wake to sleep: To examine this large data
set, we chose a graph theoretic approach (Fair et al., 2009; Power et al., 2010b). Time series
were extracted for the 151 seed regions from each resting state data series (Group 1 short
and long runs and Group 2). Correlation values were calculated on these time series between
each seed and all other regions to create a set of square matrices (151 × 151). Data sets were
assigned based on a hierarchical cluster analysis performed on band-limited EEG data (wake
and N1) or on the presence of K-complexes and sleep spindles (N2) and correlation matrices
were averaged across data sets for each group. For graph analysis, the seed regions were
considered nodes and the edges were defined on the basis of the correlation between
connected nodes.

Community structure analysis: Like many other complex networks, the brain is organized
into sets of modules (communities) which are represented graphically as a set of nodes
whose within-group connectivity is greater than their between-group connectivity (Bullmore
and Sporns, 2009; Fair et al., 2009; Lancichinetti et al., 2010; Power et al., 2010b). To
evaluate network community structure, we chose the measure of network modularity (Q)
developed by Newman (Newman, 2006). Optimizing modularity, subgroups are calculated
by an iterative algorithm that divides a network into groups with as many within-group
connections and as few between group connections as possible. The value of modularity (Q)
for the whole network should be at least 0.3 (Newman, 2006) for networks with hundreds of
elements; we chose Q = 0.4 as a conservative lower bound.

It is important to examine a range of thresholds over which the density of connections (edge
density) between seed regions (nodes) varies from dense (low thresholds) to more sparse
(high thresholds) for each subject group. After examining network densities on the region/
correlation graphs over a range of positive correlation thresholds, the threshold at which
average edge density (kden) was equal to the natural logarithm of the number of nodes (ln N)
was chosen as the upper bound in accord with previous graph theoretical studies. Threshold
ranges were assigned on the basis of graph network metrics (lowest threshold at Q=0.4,
highest threshold at kden = 5 = ln (151)) for each group (In steps of 0.01: 0.08–0.26 awake;
0.06–0.25 N1, 0.11–0.31 N2).

Based on community detection analyses over these thresholds, a new 151 × 151 matrix was
formed in which the value for each pair of nodes was the proportion of thresholds in which
two regions were assigned to the same subgroup. Final region groupings were objectively
assigned by the weighted modularity algorithm on these proportions at a threshold of 60%
same subgroup assignment (thresholds from 0% to75% were examined for consistency of
assignment).

SoNIA visualization: To visualize the shifts in global network architecture occurring with
changing neural state, we used a spring embedding algorithm that is helpful in qualitative
interpretation of the structures of large-scale networks (see Fair et al., 2009; Power et al.,
2010b for further details). All computations were performed using MATLAB (the
Mathworks, Natick, MA) and SoNIA (Social Network Image Animator; Bender-deMoll and
McFarland, 2006).

PALS visualization mapping: CARET brain mapping software (http://brainmap.wustl.edu/
caret, Van Essen et al., 2001) and the PALS human cortical atlas (Van Essen, 2005) were
used to create display maps for both αHDR correlation statistical images and region of
interest locations for graph analyses.
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Results
Alpha-band EEG and rsfMRI correlations

Correlation maps between the alpha power time series and simultaneously acquired fMRI
exhibited distinctly different patterns dependent on the scan duration (Fig. 1). Short runs
(Fig. 1a) demonstrated a pattern of positive correlations to PCC, medial prefrontal cortex
(mPFC)/anterior cingulate, and right lateral parietal cortex. Anti-correlated activity was seen
bilaterally in the superior parietal lobule (SPL), diffusely along the intraparietal sulcus (IPS),
and in medial premotor cortex, all of which are elements of the DAN (Corbetta and
Shulman, 2002; Fox et al., 2006), and in lateral frontal regions associated with the
frontoparietal control system identified in both task and resting states (Dosenbach et al.,
2007; Vincent et al., 2008). Over long scan durations (Fig. 1b), the pattern shifted to one in
which midcingulate regions are most strongly correlated to αHDR and correlations to PCC
were lost. Positive correlations to αHDR were apparent in the anterior insula/fronto-
opercular (aI/fOp) region bilaterally and along the parietal–temporal border, more strongly
on the left. Negative correlations of αHDR and BOLD became prominent bilaterally in the
DAN, bilateral dorsolateral and inferior frontal cortex, right anterior superior temporal
cortex, middle and inferior temporal cortex, and lateral visual areas.

Several laboratories have reported a positive correlation of alpha band to BOLD activity in
the thalamus (de Munck et al., 2007; Feige et al., 2005; Goldman et al., 2002; Goncalves et
al., 2006; Moosmann et al., 2003; Tyvaert et al., 2008) during quiet eyes-closed waking. We
also saw positive correlations of alpha-band power to medial thalamic regions in both long
and short data sets. Positive correlation of alpha-band activity and BOLD to medial thalamic
regions, and a lack of correlation to visual thalamus or pulvinar have also been reported by
others during quiet rest (Feige et al., 2005).

Small-scale network connectivity analysis
Group 1 data sets were assigned to either wake or N1 states based on the results of a
hierarchical cluster analysis, with N2 derived from Group 2 data sets (6 subjects, 2892
frames; see Table 1 in Larson-Prior et al., 2009 for further details). We compared the
correlation matrices of three attention-related networks (DMN (PCC), DAN (R-IPS), and an
ECN (fOP)) across arousal states. Figure 2 illustrates the results of this analysis, showing
reduced anticorrelations between DMN and both DAN and ECN across state. These
observed shifts in network connectivity during the descent to sleep are consistent with
behavioral data; however, these results are framed in terms of ROI-voxel correlations, which
provides a limited view of network reorganization.

Large-scale network connectivity analysis
To obtain a more comprehensive view of shifts in functional network connectivity in the
transitional states from wake to sleep, we evaluated a large-scale network (Table 1; Fig. 3)
where seed ROIs were derived from task-based fMRI studies (Dosenbach et al., 2006;
Power et al., 2010a), using graph theoretical analysis techniques.

A hallmark of many real-world complex systems is a small-world network topology as
defined in the seminal paper of Watts and Strogatz (1998). Recently, Humphries and Gurney
(2008) defined a precise measure of small-worldness in networks (S) that quantifies this
property, where S > 1 defines a network as small-world. As has been reported by others
(Spoormaker et al., 2010), the networks examined here exhibited small-world properties in
all three arousal states (wake: S=3.82, N1: S=3.89, N2: S=4.17 at threshold Q=0.4). While
network metrics were generally similar between wake and N1, in N2 sleep an increase in
edge density across thresholds indicated an general increase in network connectedness.
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Modularity analysis revealed a robust community structure that was strongly associated with
functional networks identified in both task (Beauchamp et al., 2001; Dosenbach et al., 2006;
Esposito et al., 2006) and resting state (De Luca et al., 2006; Dosenbach et al., 2007; Fox et
al., 2005) studies (Fig. 4). In the waking state, a set of strongly connected regions could be
seen to segregate to cerebellum, SM, frontoparietal (FPS), cingulo-opercular (COPs),
parieto-occipital (POS), and default-mode (DMN) systems, in addition to an independent
module associated with task-switching (TSw; Fig. 4). The TSw network was comprised of
six temporal and one fOp region related to the same task function (positive sustained;
Dosenbach et al., 2006).

In N1, temporal TSw regions shifted their association to the sensorimotor system, while the
frontal opercular region, which had connected the COPs to the TSw, joined the COPs. This
set of regions further reconfigured in N2 and joined the FPS (Fig. 5). The remaining changes
occurring in N1 sleep are seen in single regions or small region clusters. Thus, shifts in
network architecture from wake to N1 are not global, but tend toward consolidation of
smaller, task-related networks into larger and more loosely connected networks.

In N2 there is a shift in network architecture that biases networks toward more local, near-
neighbor connection patterns. Interestingly, this was particularly strong for the anterior
(mPFC) and posterior (PCC and lateral parietal) components of the DMN, which lose their
identity as a single sub-network in this stage of sleep (Fig. 5). This dissociation is due to a
significant weakening of inter-regional connectivity, with anterior elements of the wake
state DMN showing reduced correlation to both posterolateral (p=0.001) and posteromedial
(p<0.001) regions. In addition, as has been reported by others (Horovitz et al., 2009), there
was a general strengthening of the correlation between individual nodes in the post-
eromedial DMN (ravg±SEM, wake: 0.32±0.03, N2: 0.36±0.03). Further, each subregion in
the DMN (posteromedial, anteromedial and lateral) associated with larger networks to which
they were anatomically more related (Fig. 5). The dissociation between anterior and
posterior nodes of the DMN was predominantly driven by the loss of their inter-regional
connectivity, although some increase in the correlation of these nodes to the networks with
which they associate in N2 was seen.

The FPS enlarged in N2 to include posterior members of the DMN, and lateral temporal
regions. The POS captures those regions comprising the posterior components of the DMN
for whom a parahippocampal node (node 3) is associated as a connector (Fig. 5). Four
mPFC regions associated with DMN in wake, shift their association to the COPs in N2 sleep
(Fig. 5).

Five thalamic ROIs were included in our data set. Interestingly, all of these regions grouped
with the COPs in all three alertness states examined. The two thalamic regions with the
strongest node degrees were also connected to each other in all three states, and the overall
correlation between thalamic ROIs strengthened from wake to N2 (ravg±SEM, wake,
0.47±0.06; N1, 0.51±0.06; N2, 0.59±0.06). Thalamic regions also increased their overall
connectivity to the lentiform nuclei (5 nodes, ravg±SEM; wake: 0.25±0.02, N1: 0.25±0.02,
N2: 0.37±0.15) suggestive of an overall increase in subcortical connectivity in the descent to
sleep.

Discussion
Quiet eyes-closed rest has long been associated with posterior alpha-band activity (Berger,
1930). This state predisposes to disengagement from the external world. Recent evidence
suggests that such disengagement is associated with enhanced DMN activity (Andrews-
Hanna et al., 2010a; Mason et al., 2007), and we report that core elements of the DMN

Larson-Prior et al. Page 8

Prog Brain Res. Author manuscript; available in PMC 2013 October 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



including lateral parietal, medial prefrontal, and PCC are indeed correlated to alpha activity
over short scan durations. This has not been a common finding, which may be due to the fact
that this correlation is relatively weak (not present at p<0.01, uncorrected). The lack of
consensus concerning the correlation of this electrophysiological measure of environmental
disengagement is likely due to within state fluctuations in attentional state (Ben-Simon et al.,
2008; Davis et al., 1938; Fransson, 2005; Loomis et al., 1937; Olbrich et al., 2009;
Vanhaudenhuyse et al., 2010) along with individual differences in brain dynamics
(Goncalves et al., 2006).

Over long-duration scans, individuals are more likely to drift into early, N1 sleep. In keeping
with previous results (Goldman et al., 2002; Laufs et al., 2006), we see a shift from the
broadly frontoparietal pattern of anticorrelated activity in short duration scans to an
occipitoparietal pattern in long-duration scans. This pattern is sufficiently strong to survive
random effects analysis (p<0.01, uncorrected). A positive correlation to midcingulate
regions medially and aI/fOp cortices laterally, that has not been previously reported, was
seen to long-duration scans; however, this pattern does not survive random effects analysis
(p<0.01, uncorrected). As has been reported by others, positive correlations to thalamus that
survive random effects analysis (p<0.01, uncorrected) are present in both short and long-
duration scans. The observed pattern of a positive relationship between alpha activity and
DMN together with a negative relationship to attentional networks is consistent with the
hypothesis that increases in alpha-band power during quiet wake signal a reduction of
externally directed attention.

The positive correlations to aI/fOp during long-duration scans is particularly intriguing and
bears some relationship to a putative tonic alertness network reported in a recent EEG/fMRI
study (Sadaghiani et al., 2010). If, as has been suggested, these regions function as a switch
between DMN and networks associated with attention to salient external stimuli (Sridharan
et al., 2008), they might alsodosoduringperiodsinwhichattentionfluctuates between an
external and internal focus. Alternatively, since these regions have been reported to be
involved in either tonic alertness (Sadaghiani et al., 2010) or attention-related task
monitoring (Dosenbach et al., 2006; Nelson et al., 2010; Sridharan et al., 2008) activity in
these regions may reflect effort on the part of these subjects to maintain alertness in the face
of increasing pressure to fall asleep.

Using seed-based functional connectivity analyses, we report a shift between the negative
relationship between DMN and both the DAN (Corbetta and Shulman, 2002; Fox et al.,
2006) and an ECN whose core members are part of the cingulo-opercular control network
(Dosenbach et al., 2006, 2008). These results are consistent with results reported in
behavioral (Mason et al., 2007; Vanhaudenhuyse et al., 2010; Weissman et al., 2006) studies
relating mental lapses of attention and mind wandering to increased activity in DMN and
neuroimaging studies (Goldman et al., 2002; Kaufmann et al., 2006; Kjaer et al., 2002;
Laufs et al., 2006; Moosmann et al., 2003) that note an early reduction in activity in a broad
performance-related frontoparietal network that is normally engaged in task-related
attentional focus.

Correlations between electrophysiological signals known to change in amplitude in the
transition to sleep and the BOLD signal mirror other imaging studies of this transition
(Czisch et al., 2004; Horovitz et al., 2008, 2009; Kjaer et al., 2002; Larson-Prior et al., 2009;
Picchioni et al., 2008; Sadato et al., 1998; Spoormaker et al., 2010) in suggesting functional
reorganization of cortical and thalamic networks with the transition from wake to sleep. The
functional connectivity results presented here reflect a reorganization of inter-regional
network connectivity in a limited set of attention-related networks. However, these studies
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were framed in terms of correlations within fixed loci and provide a restricted view of the
topography of this reorganization.

To broaden the focus, we examined global network connectivity in this early stage of sleep,
finding reorganization in N2 into five locally connected networks (POS, cerebellar, SM,
COPs, and FPS) organized roughly as a set of posterior to anterior modules. The appearance
of these large local modules was accompanied by the loss of long-range connectivity that is
particularly apparent in the dissolution of the anterior–posterior connections of the DMN at
the onset of “true” N2 sleep. These results are generally consistent with those recently
reported by others (Spoormaker et al., 2010).

Using a graph theoretical approach to the analysis of MEG data across states, Bassett et al.
(2006) suggested that a hallmark of small-world brain networks may be adaptive
reconfiguration without substantive shifts in global network architecture. Here, we have
shown that the initial state change from wake to sleep is accompanied by relatively small
shifts in global network architecture largely confined to regional connectors. These data
suggest the ability of the global brain network to reconfigure dynamically in relatively
higher frequency bands (>4 Hz) while maintaining a stable architecture over the correlation
structure provided by low frequency BOLD oscillations (<0.1 Hz).

With the descent into early N2, we see a shift in global network architecture that favors both
a strengthening of local over long-range functional connectivity, and coalescence into a
more limited set of modules. This pattern has also been reported by others (Spoormaker et
al., 2010) but was not clearly seen in more limited investigations of inter-regional
connectivity for specific functional networks where internetwork connectivity was reported
to be maintained (Horovitz et al., 2009; Larson-Prior et al., 2009). As sleep deepens,
however, several studies have reported the dissolution of inter-regional functional
connectivity in spatially distributed networks (Horovitz et al., 2009) and large-scale global
networks (Spoormaker et al., 2010). In particular, the loss of functional connectivity
between anterior and posterior nodes of the DMN, and an increase between posterior regions
of DMN has been reported in N3 (Horovitz et al., 2009). We also see an increase in
functional connectivity between posterior DMN regions that associate with
parahippocampal, parietal, and posterior cingulate regions in N2. Lateral parietal functional
connectivity also reconfigured, with wake and N1 state DMN regions joining the FPS in N2.
Thus, even in N2, examination of global network architecture indicates a breakdown in
long-range functional connectivity that has previously been reported only in N3.

The data reported here point to the importance of assessing state dependent changes in
network architecture using global measures rather than simple correlation between isolated
regions pairs. Using this wider perspective, we may begin to understand how brain networks
maintain their stability during while dynamically reconfiguring during state changes.
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Fig. 1.
αHDR to BOLD correlations. (a) Data are illustrated over 5 min duration runs (3/subject, 24
subjects). (b) Data are illustrated over 20 min duration runs (1/subject, 21 subjects). In color
figures, hot colors represent positive correlations, while cool colors indicate anticorrelated
activity. Statistical maps are shown for a fixed effects analysis corrected for multiple
comparisons (p<0.05).
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Fig. 2.
A hallmark of the descent to sleep is the reduction in functional anticorrelations between
core regions of the default mode network and those of dorsal attention and executive control
networks. **p<0.001 and *p<0.05.
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Fig. 3.
Map of regions used in global network analysis of the transitional states from wake to sleep
are illustrated as spheres centered on the coordinates for 151 regions of interest derived from
a meta-analysis of task fMRI studies. Spheres are illustrated larger than 10 mm for ease of
visualization. The legend indicates the meta-analysis task region nearest the combined
region illustrated.
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Fig. 4.
Community structure in the wake state global network architecture. CARET maps show the
communities to which each of 151 regions of interest were assigned. Notably, regions
segregate into communities whose anatomical locations are consistent with a set of neural
networks (legend) defined both on task and resting state fMRI. The central map illustrates
community structure using the SoNIA visualization tool based on modularity analysis of
global network structure. Subnetwork connectedness and the degree to which each
community segregates from others in the network can be seen using this tool.
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Fig. 5.
Summary of changes in network community structure in the state change from wake to N2
sleep. The upper panel plots all 151 nodal regions of interest as a function of their
modularity assignment for three neural states: wake, N1, and N2 sleep. Subnetworks are
assigned a subnet-specific pattern with network label noted above the panel. Shifts in
regional network community assignments are illustrated on CARET maps (left hemisphere
only) to indicate their spatial location.
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Table 1

Tailarach coordinates and anatomical location of seed regions of interest

ROI X Y Z Anatomical location Net

1 –10 –21 8 L Thalamus C-O

2 –11 –57 14 L Post Cing DMN

3 –12 –41 1 L PHG P-O

4 –15 –53 –2 L Occipital P-O

5 –15 –65 –20 L Cerebellum CbA

6 –15 0 10 L Int Capsule C-O

7 –16 –75 –25 L Cerebellum CbA

8 –16 –77 30 L Occipital P-O

9 –17 –68 3 L Occipital P-O

10 –17 23 54 L Frontal DMN

11 –1 –18 46 L Frontal SM

12 –1 25 30 L Cingulate C-O

13 –21 –34 58 L Parietal SM

14 –21 4 –2 L Putamen C-O

15 –25 –41 –8 L PHG DMN

16 –25 –89 0 L Occipital P-O

17 –26 –71 33 L Parietal F-P

18 –27 –79 16 L Occipital P-O

19 –27 46 25 L Frontal C-O

20 –28 –59 44 L Parietal F-P

21 –29 –29 12 L Sublobar SM

22 –2 –16 13 L Thalamus C-O

23 –2 10 45 L Frontal C-O

24 –30 –14 1 L Putamen C-O

25 –30 –55 –25 L Cerebellum CbA

26 –31 –78 –15 L Occipital P-O

27 –32 –48 44 L Parietal F-P

28 –32 –5 53 L Frontal F-P

29 –33 0 6 L Claustrum C-O

30 –33 49 9 L Frontal F-P

31 –34 16 3 L Insula C-O

32 –37 –35 16 L Tern poral SM

33 –39 –22 52 L Parietal SM

34 –39 –75 22 L Occipital DMN

35 –3 –37 30 L Cingulate DMN

36 –3 –39 42 L Cingulate DMN

37 –3 –50 12 L Post Cing DMN
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ROI X Y Z Anatomical location Net

38 –3 –81 18 L Occipital P-O

39 –3 32 39 L Frontal F-P

40 –3 36 20 L Ant Cing DMN

41 –3 39 –4 L Ant Cing DMN

42 –40 –60 –10 L Occipital P-O

43 –40 –73 –2 L Occipital P-O

44 –40 2 33 L Frontal F-P

45 –40 40 2 L Frontal F-P

46 –41 –56 41 L Parietal F-P

47 –41 20 31 L Frontal F-P

48 –43 –2 45 L Frontal F-P

49 –43 –3 10 L Insula SM

50 –43 –65 31 L Parietal DMN

51 –44 –34 44 L Parietal SM

52 –44 –61 18 L Temporal DMN

53 –45 7 24 L Frontal F-P

54 –47 –28 5 L Temporal C-O

55 –47 –43 0 L Temporal Sw

56 –47 21 2 L Frontal Sw

57 –48 –14 34 L Frontal SM

58 –48 –36 24 L Parietal SM

59 –49 5 0 L Insula C-O

60 –4 –2 53 L Frontal C-O

61 –4 21 46 L Frontal F-P

62 –51 –13 24 L Parietal SM

63 –51 –24 22 L Parietal SM

64 –51 –50 39 L Parietal F-P

65 –52 –25 41 L Parietal SM

66 –53 –41 12 L Temporal SM

67 –54 –51 8 L Temporal Sw

68 –55 –27 –14 L Temporal DMN

69 –55 –31 –4 L Temporal Sw

70 –58 –27 13 L Temporal SM

71 –5 –30 –3 L Midbrain C-O

72 –6 13 36 L Cingulate C-O

73 –7 –56 25 L Post Cing DMN

74 –7 –72 38 L Precuneus DMN

75 –7 45 4 L Ant Cing DMN

76 –8 –68 29 L Precuneus DMN
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ROI X Y Z Anatomical location Net

77 –8 –80 5 L Occipital P-O

78 10 –55 16 R Post Cing DMN

79 10 –67 39 R Parietal DMN

80 11 –20 9 R Thalamus C-O

81 14 –64 24 R Occipital DMN

82 14 –77 28 R Occipital P-O

83 14 1 10 R Int Capsule C-O

84 17 –79 –34 R Cerebellum CbB

85 18 –32 58 R Frontal SM

86 19 –66 1 R Occipital P-O

87 19 –85 –4 R Occipital P-O

88 1 –27 30 R Cingulate DMN

89 1 –31 58 R Parietal SM

90 1 –62 –18 R Cerebellum CbA

91 21 27 50 R Frontal DMN

92 22 –58 –22 R Cerebellum CbA

93 22 6 5 R Lentiform C-O

94 24 43 31 R Frontal C-O

95 25 –79 –16 R Occipital P-O

96 26 –39 –11 R PHG DMN

97 27 –3 7 R Lentiform C-O

98 27 –77 23 R Occipital P-O

99 28 –76 –31 R Cerebellum CbB

100 29 –17 4 R Lentiform C-O

101 29 27 30 R Frontal C-O

102 29 49 20 R Frontal C-O

103 30 –29 14 R Extranuclear SM

104 31 –55 42 R Parietal F-P

105 32 12 –3 R Insula C-O

106 34 –13 16 R Insula SM

107 34 –67 –33 R Cerebellum CbB

108 34 17 7 R Insula C-O

109 34 6 5 R Insula C-O

110 35 –3 0 R Insula C-O

111 35 –66 38 R Parietal F-P

112 35 –81 0 R Occipital P-O

113 35 –84 11 R Occipital P-O

114 36 37 20 R Frontal F-P

115 37 13 42 R Frontal F-P
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ROI X Y Z Anatomical location Net

116 38 –73 13 R Occipital P-O

117 39 –24 54 R Parietal SM

118 39 –5 48 R Frontal C-O

119 3 –50 48 R Parietal DMN

120 40 –66 –8 R Occipital P-O

121 41 –26 21 R IPL SM

122 41 –55 45 R Parietal F-P

123 41 –73 26 R Occipital DMN

124 41 43 4 R subgyral F-P

125 44 –52 28 R TPJ DMN

126 44 –60 4 R Occipital P-O

127 44 5 35 R Frontal F-P

128 45 17 14 R Frontal C-O

129 45 19 30 R Frontal F-P

130 46 –45 44 R Parietal F-P

131 47 4 3 R Precentral C-O

132 48 –10 34 R Frontal SM

133 49 –31 –2 R Temporal Sw

134 49 –35 9 R Temporal SM

135 49 –61 34 R Parietal DMN

136 4 18 39 R Cingulate C-O

137 51 –31 34 R Parietal SM

138 51 –45 22 R TPJ Sw

139 52 –47 36 R Parietal F-P

140 53 –33 –14 R Temporal DMN

141 53 –48 12 R Temporal Sw

142 53 –9 16 R Parietal SM

143 55 –19 10 R Temporal SM

144 6 –26 1 R Thalamus C-O

145 6 –81 4 R Occipital P-O

146 7 –50 29 R Cinqulate DMN

147 7 37 0 R Ant Cing DMN

148 8 –72 9 R Occipital P-O

149 8 –7 8 R Thalamus C-O

150 9 –41 48 R Parietal SM

151 9 17 30 R Cingulate C-O

Network Color Name Abbreviation

1 Orange Switching Sw

2 Green Parietal Occipital P-O
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Network Color Name Abbreviation

3 Black Cingulo-Opercular C-O

4 Red Default DMN

5 Yellow Fronto-Parietal F-P

6 Pink Somato-Motor SM

7 Blue CerebellarA CbA

8 Purple Cerebellar B CbB

PHG = Parahippocam pal gyrus

Cing = cingulate gyrus

TPJ = temporal parietal junction

IPL = inferior parietal lobule
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