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This study sought to test for differences in regional brain activity between stage-1 sleep immediately fol-
lowing wake and immediately preceding stage-2 sleep. Data were collected during daytime fMRI sessions
with simultaneous EEG acquisition. A stage-1 interval was defined as follows: >30's of wake, immediately
followed by >60s of continuous stage 1, immediately followed by >30s of stage 2. We compared brain
activity between the first 30s of stage 1 (early stage 1), the last 30 s of stage 1 (late stage 1), and isolated

g&ygords" wake. A conjunction analysis sorted each voxel into one of a series of mutually exclusive categories that
EEG represented the various possible combinations of a significant increase, decrease, or no difference among

these three states. The initial dataset consisted of 14 healthy volunteers. A total of 22 sessions in these
participants yielded six stage-1 intervals (from four participants) that met criteria for inclusion in the
analysis. There were multiple clusters of significant voxels. Examples include changes in default-mode
network areas where activity increased compared to wake only in early stage 1 and a bilateral change in
the hippocampus where activity increased compared to wake only in late stage 1. These results suggest
that activity in anatomically identifiable, volumetric brain regions exhibit differences during stage-1 sleep
that would not have been detected with the EEG. These differences may also have specific relevance to
understanding the process of sleep onset as well as the neural mechanisms of performance lapses during
sleep deprivation.

Stage-1 sleep
Sleep scoring
Sleep onset
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The current scoring system for human sleep [13] advanced sleep
research and medicine by providing a standard for comparing sleep
studies conducted at different times and laboratories. However,
this system uses visual scoring of the electroencephalogram (EEG).
The EEG cannot easily resolve anatomy in three-dimensional space
and the scoring collapses sleep into a series of discrete stages that
are not based on any inherent neurophysiological processes that
might correlate with waking outcomes. Revisions of this system
[10] essentially suffer from the same limitations. As a result, it is
likely that anatomically distinct and functionally important sleep
processes have been overlooked or even obscured.

Previous studies that sought to address this problem while
continuing to use the EEG are important because they compared
brain activity within the traditional sleep stages [e.g., 8]; how-
ever, the continued use of solely the EEG precludes obtaining
information regarding activity in volumetric brain regions. While
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there are approaches that — in the context of certain assump-
tions - potentially allow one to suspend the inverse problem
and obtain spatial information from the EEG, it is not inher-
ently a technique that provides such information whereas this is
exactly the case for functional neuroimaging techniques. Previ-
ous studies that sought to address this problem using positron
emission tomography or functional magnetic resonance imaging
(fMRI) are important because they provide information regard-
ing activity in volumetric brain regions [e.g., 3]; however, these
studies only compared brain activity between the traditional sleep
stages. An approach that simultaneously examines changes in
regional brain activity within the boundaries of sleep stages could
serve as a proof-of-concept that functional imaging techniques
can provide more information than the EEG. This information
may ultimately lead to an increased understanding of why it has
proven difficult to predict waking outcome of sleep abnormalities
[712].

The present study adopted this approach in the context of sleep
onset and compared fMRI activity between stage-1 sleep imme-
diately following wake and immediately preceding stage 2. The
purpose was to address whether fMRI can indeed identify any dif-
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ferences within a sleep stage and begin to assess what implications
these differences would have for understanding the process of sleep
onset.

Data for this analysis were obtained as part of a larger study that
assessed whether default-mode network activity continued during
light sleep [9]. The study protocol was approved by the National
Institute of Neurological Disorders and Stroke Institutional Review
Board; all participants gave written informed consent.

Data were collected in 22 sessions from 14 participants. From
this sample, six stage-1 intervals (see definition below) were iden-
tified from four participants (two males; ages 23, 28, 38, 38). All
participants were free of neurological disorders and reported nor-
mal sleep/wake patterns.

Neither sleep deprivation nor any other experimental manip-
ulation was used to facilitate sleep in the scanner. All sessions
occurred during the normal workday and lasted 60 min. For a period
of 48 min, the participants were instructed to close their eyes, relax,
and try to sleep. During the remaining 12 min, subjects were asked
to remain awake while performing a simple visual task (excluded
from the present analysis).

EEG acquisition hardware included silver-silver chloride
sintered electrode caps with carbon fibers (MagLink) and MRI-
compatible amplifiers (Synamps2); data acquisition and processing
was performed using Scan 4.3 software (all from Neuroscan, Com-
pumedics USA Ltd., El Paso, TX). Forty electrodes, including those
in the standard 10-20 International system, were used. The ground
electrode was located anterior to Fz and the reference electrode
was between Cz and Pz. Two bipolar electrodes were used to moni-
tor electro-oculogram as well as the cardiac signal. Acquisition rate
was 10 kHz, with a low-pass filter set to 3 kHz.

After low-pass filtering at 250Hz, artifacts induced by MRI
gradient switching were removed based on template subtraction
[1]. Subsequently, bandpass filtering was performed using a fre-
quency range of 0.5-28.0 Hz. Cardio-ballistic artifact was removed
by detecting the R-wave, creating an averaged template of the
artifact, extracting its principle components (using principle com-
ponent analysis), and removing those components from the original
data.

Sleep was scored by a Diplomate of the American Board of Sleep
Medicine (TJB) according to standard criteria [13]. Given the data
collection period took place during the day and did not incorporate
any prior experimental sleep deprivation, the participants rarely
obtained any sleep deeper than stage 1. This was viewed as an
opportunity to examine stage-1 sleep because it is generally con-
sidered to be a transitional stage and could potentially represent
sleep onset processes. The scored records for all the initial partic-
ipants were reviewed for intervals of stage-1 sleep that met the
following criteria: >30s of wake, immediately followed by >60s
of continuous stage 1, immediately followed by >30s of stage 2.
The basic form of the analysis consisted of contrasting the brain
activity among the first 30s of stage 1 (early stage 1 or E1), the last
30s of stage 1 (late stage 1 or L1), and isolated wake (W). Isolated
wake was defined as an epoch of scored wakefulness that was sep-
arated from epochs of sleep by >30s. A total of six stage-1 intervals
(including six intervals of E1 and L1 each) were identified from four
participants, which resulted in 30 fMRI volumes (time points) of E1
and L1 each. These four participants contained 840 fMRI volumes
of W (225, 245, 185, and 185, respectively).

Blood oxygen level dependence (BOLD) fMRI was acquired on
a 3T scanner (GE Signa, Milwaukee, WI, USA) using a 16-channel
receive-only detector array head coil (Nova Medical, Wakefield,
MA) [4]. Single-shot echo-planar images were collected from 28
oblique-axial slices (1.7 mm x 1.7 mm nominal in-plane resolution,
3.0 mm thickness, 0.5 mm gap) covering most of the brain. The 16-
channel coil employs a helmet-type construction that minimizes

the distance between the individual coils in the array and the scalp,
but results in somewhat poor coverage of the cerebellum and lower
brain stem.

The excitation flip angle was 90°. Repetition time was 6s and
echo time was 43 ms. 3D T1-weighted MPRAGE images were col-
lected from all volunteers using a standard GE head coil in a separate
session. Respiration was measured using respiratory bellows and
cardiac rate was measured using a pulse oximeter. These signals
were collected using custom software at a frequency of 1 kHz.

fMRI analysis was performed using IDL 6.2 (ITT visual informa-
tion solutions, Boulder, CO, USA), SPM2 (Wellcome Department
of Cognitive Neurology, London, UK), and AFNI (National Insti-
tutes of Mental Health, Bethesda, MD, USA). IDL and SPM2 were
used for pre-processing the data while AFNI was used for addi-
tional pre-processing and for the statistical analyses. Processing
prior to statistical modeling included slice timing correction, rigid
body motion correction, baseline drift removal using a high-
pass frequency filter (0.006 Hz), global signal correction using
the within-volume mean as a linear regression covariate, a 4 mm
Gaussian blur, masking functional activity outside the brain, trans-
formation to percent signal change using the within-volume mean,
and warping the structural and functional images to Talairach
space.

The cardiac rate and the respiration volume per unit time — com-
puted as the peak to peak amplitude of the respiratory trace [2] -
were also entered as linear regression covariates. The cardiac rate
and respiration covariates were estimated by correlating the physi-
ological signals with the fMRIBOLD signal for each voxel at different
delays (up to +10 TRs), averaging the correlation coefficient across
the whole brain for each delay, and selecting the delay with highest
correlation (typically 1 or 2 TRs).

The fMRI analysis was a block design where the blocks were
associated with the polysomnographically defined sleep stages
described above. The categorical variables that represented E1, L1,
and W were dummy coded into two dichotomous variables with
wake as the reference level, and convolved with a canonical hemo-
dynamic response function.

The analysis then proceeded according to a standard two-level
approach at the individual participant and group level. At the indi-
vidual participant level, the predicted hemodynamic activity was
correlated with the observed hemodynamic responses to yield sep-
arate regression coefficients for E1 and L1. At the group level, these
coefficients were entered into a two-way mixed-model factorial
analysis of variance with participants as a random factor and E1 or

Fig. 1. Example image from one of the significant clusters (hippocampus) from one
of the conjunction categories (Unique L1 Increases: E1=W, L1>W, L1>E1).



Table 1

Clusters of significant voxels for each conjunction category

Left hemisphere

Right hemisphere

Voxels E1vs W [t| L1vs W [t| L1 vsE1 |t X y z Voxels E1vs W |t| L1vs W [t| L1 vsE1 |t] X y z
Unique L1 increases
Hippocampus 270 ns 4.2 327 —26 -23 1 162 ns 3.5 13.4 19 -33 0
Precentral G — 4/6 14 ns 3.5 5.1 —47 -8 46 25 ns 3.5 5.1 61 -4 38
Angular gyrus - 39/occipital - 19 - - - - - - - 54 ns 4.2 7.2 39 -71 34
Inf frontal G - 44/pars opercularis - - - - - - - 76 ns 4.0 4.1 32 16 27
Middle frontal G - 6/8 - - - - - - - 315 ns 4.9 18.0 28 12 44
Medial prefrontal gyrus — 8 - - - - - - - 95 ns 49 5.0 12 24 46
Unique L1 decreases
Inf parietal sulcus - 40/7 126 ns 3.5 5.1 -31 -52 43 - - - - - - -
Middle frontal G/9 172 ns 4.6 29.7 -35 8 36 - - - - - - -
Precentral G/6 25 ns 34 9.7 -37 4 41 - - - - - - -
Sup parietal lobule/precuneus - 7 90 ns 3.2 124 -14 -59 45 - - - - - - -
Sup Frontal G - 6 - - - - - - - 50 ns 4.0 6.5 14 10 51
Unique E1 increases
Inf parietal lobule/sulcus - 40/7 63 3.5 ns 32.7 -25 -50 42 254 6.8 ns 32.7 36 -49 42
Middle frontal G - 9/6 127 33 ns 11.1 —36 6 41 - - - - - - -
Inf parietal sulcus/precuneus - 7 288 4.0 ns 294 —24 —42 45 - - - - - - -
Precuneus - 7 134 3.2 ns 43 —6 -59 57 - - - - - - -
Precuneus - 7 380 6.6 ns 6.4 -19 —62 41 - - - - - - -
Sup frontal G - 6 - - - - - - - 181 43 ns 74 15 11 50
Sup parietal lobule - 7 - - - - - - - 74 33 ns 4.4 17 -57 60
Unique E1 decreases
Precentral G - 4/6 332 4.0 ns 12.1 —45 -5 50 358 3.6 ns 10.3 61 -10 40
Middle frontal G/9 - - - - - - - 549 3.2 ns 9.6 31 24 25
Ventral thalamus - - - - - - - 56 4.0 ns 7.7 11 -20 0
Early (v), late (a)
Precentral G - 6 29 6.6 7.5 7.5 —46 -6 49 - - - - - - -
Middle frontal G - 8 - - - - - - - 25 33 34 7.0 25 19 35
Middle frontal G - 9 - - - - - - - 75 7.0 34 6.1 31 19 25
Early (a), late (v)
Middle frontal G - 9 45 45 4.1 26.9 —-36 10 38 - - - - - - -
Precuneus - 7 53 3.8 3.4 253 -19 —62 40 - - - - - - -

Numbers following anatomical labels are Brodmann areas; t values (absolute values) are the values associated with each particular pairwise contrast; x, y, and z are Talairach coordinates in L-P-I orientation. Abbreviations:
E1=early stage 1, L1 = late stage 1, W =isolated wake, Inf = inferior, Sup = superior, G = gyrus; conjunction categories: unique L1 increases (E1=W, L1>W, L1>E1), unique L1 decreases (E1 =W, L1 <W, L1 <E1), unique E1 increases

(E1>W, L1=W, L1 <E1), unique E1 increases (E1>W, L1=W, L1<E1), early (v), late (o) (E1<W, L1>W, L1 >E1), early (a), late (v) (E1 >W, L1<W, L1<E1).
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L1 as a fixed factor. Finally, the t values associated with each of the
three pairwise contrasts among E1, L1, and W were exported into
three separate three-dimensional datasets.

A conjunction analysis was performed using the results from
these contrasts. This analysis sorted every voxel in the brain into
one of 10 categories where W was considered the baseline. It
was critical to use a baseline and compare the activity of the
two sleep states with it given the relative nature of the fMRI sig-
nal [6]. In this context, wake represents a near optimal baseline
just as in task-dependent studies, rest is used as a near optimal
baseline. The categories represent the mutually exclusive and log-
ically exhaustive combinations of significant differences (p <0.05)
or lack thereof among the three pairwise contrasts whenever there
was a difference between E1 and L1. In other words, the proba-
bility values given as output from the second-level analysis were
compared using Boolean logical operators so all possible com-
binations of results were represented. This created a series of
binary datasets that, in total, classified each voxel by fulfilling
the logical operators associated with that category. These dataset
for each category was then used to mask the original L1 vs E1
contrast.

Coordinates in Talairach space (left/right, posterior/anterior,
inferior/superior negative/positive convention) for local maxima
and the associated anatomical localizations from the Talairach Dae-
mon [11] were determined using the t values associated with the L1
vs E1 contrast. The t values listed for the other two contrasts were
extracted from these coordinates.

There were no significant voxels in the four categories where
both E1 and L1 changed in the same direction relative to wake.
The results from the six remaining categories are presented in the
Table 1.

Significant voxels from the first four categories (increases or
decreases in activity uniquely associated with E1 or L1) were local-
ized to areas including the bilateral hippocampus (see Fig. 1), the
left middle frontal gyrus, the bilateral inferior parietal lobule, and
the bilateral precentral gyrus. Higher-order association areas were
present in all of the categories. There also seemed to be lateralized
effects associated with certain categories: unique L1 increases and
E1 decreases in the right hemisphere, unique L1 decreases and E1
increases in the left hemisphere.

Significant voxels from the remaining two categories (reciprocal
increases or decreases in activity in E1 and L1) were as follows.
Some frontal regions decreased early and increased late compared
to wake whereas other frontal and parietal regions increased early
and decreased late compared to wake.

To verify that the fMRI data is indeed uncovering novel infor-
mation that the EEG could not uncover, a spectral analysis was also
performed on the EEG data. This analysis used 30-s windows that
corresponded to the 30-s epochs used to sleep score the EEG. Spec-
tral power was computed for delta (1.0-3.9 Hz), theta (4.0-7.9 Hz),
alpha (8.0-12 Hz), and beta (>12 Hz). A mixed-model ANOVA was
performed using SPSS 12.0 (SPSS, Inc., Chicago, IL, USA) for each
band where state (W, E1, L1) was the fixed factor and subjects was
the random factor (see Fig. 2). None of the omnibus F tests were sig-
nificant for any band and none of the Least Significant Difference
pairwise post-hoc tests among the three states were significant for
any band.

These data suggest that the activity in anatomically identifiable,
volumetric brain regions exhibit differences during sleep states that
would otherwise be grouped together based on standard EEG crite-
ria. These results serve as a proof-of-concept that fMRI can identify
differences in regional brain activity within EEG-defined stage-1
sleep. While this is clearly a post-hoc differentiation, there is now
nothing to stop future investigations from identifying the same sub-
states with fMRI alone. This assumes that the differences between

26

24
22 1
20 A
18 - fx
16 4

% Delta (1-3.9Hz)

—@— Theta (4-7.9Hz)
Alpha (8- 12 Hz)

—8— Beta (> 12Hz)

Spectral Power +/- SEM (u\V?)

12 A

10

4 E1 L1

Fig. 2. EEG spectral power means for the same data used to define early and late
stage 1 in the fMRI analysis.

E1 and L1 are specific to these sub-states, which may be a tenu-
ous assumption. However, the present analysis also used wake as
a baseline to combat the relative nature of the fMRI signal and this
might mitigate such a limitation since subtractions between other
sub-states and wake would likely yield results of at least a different
magnitude.

It could be argued that such differentiation of the tradi-
tional sleep stages already exists based on EEG microarchitecture
waveforms or EEG spectral analyses. The lack of any significant
differences from spectral analysis in the present study seems
to indicate that fMRI can potentially provide information about
sleep processes that the EEG cannot. However, even if both tech-
niques successfully differentiated early and late stage-1 sleep, an
advantage of fMRI is the ability to obtain spatial information.
Related to this advantage, in order to understand the func-
tions of human sleep, it would seem important for one line of
research to utilize techniques that can inherently resolve brain
anatomy in three-dimensional space. This would provide the nec-
essary information for linking the functions typically ascribed to
a particular neural area during wakefulness and the nature of
its activity during sleep. In addition to fMRI, other such tech-
niques whichresolve spatial information (including optical imaging
and transcranial magnetic stimulation) could similarly yield novel
additional information regarding heretofore unknown sleep pro-
cesses.

The following additional interpretations that relate to how these
differences could be relevant to the process of sleep onset and to the
functions of sleep, while intriguing, are tempered by the relatively
small sample size and the exploratory nature of this study. First,
the majority of the areas in which activity is transiently increased
in E1 can be considered part of the cortical default-mode net-
work. This may suggest that an increase in default-mode network
activity and the associated decrease in goal-directed cognition
are important for sleep onset. This is also potentially consistent
with increased default-mode network activity during performance
lapses following sleep deprivation [5]. In other words, the same
neural mechanism that underlies normal sleep onset may underline
the microsleeps that presumably occur during performance lapses.
Second, one of the more interesting observations is that activity
in the hippocampus appears to be transiently elevated during L1.
This could represent a finding with functional implications if future
studies demonstrate a correlation between this activity and sleep
onset mentation. Third, the lateralized change specific to each cate-
gory may represent evidence of lateralized changes in human brain
activity during sleep.



D. Picchioni et al. / Neuroscience Letters 441 (2008) 81-85 85

Acknowledgements

The views expressed in this article are those of the authors and
do not reflect the official policy or position of the Department of the
Army, Department of the Navy, the Department of Defense, the U.S.
Government, or any of the institutions with which the authors are
affiliated. WSCis a Lieutenant Commander in the U.S. Navy and this
work was prepared as part of his official duties. Title 17 U.S.C. §105
provides that ‘Copyright protection under this title is not available
for any work of the United States Government.’ Title 17 U.S.C. §101
defines a U.S. Government work as a work prepared by a military
service member or employee of the U.S. Government as part of that
person’s official duties.

DP is supported by the National Academy of Sciences — National
Research Council Postdoctoral Research Associateship Program.
This work was also supported by the Walter Reed Army Institute
of Research, the National Institute of Neurological Disorders and
Stroke, and the National Institute on Deafness and Other Commu-
nication Disorders.

References

[1] PJ. Allen, O. Josephs, R. Turner, A method for removing imaging artifact
from continuous EEG recorded during functional MRI, Neuroimage 12 (2000)
230-239.

[2] RM. Birn, J.B. Diamond, M.A. Smith, P.A. Bandettini, Separating respiratory
variation-related fluctuations from neuronal-activity-related fluctuations in
fMRI, Neuroimage 31 (2006) 1536-1548.

[3] A.R.Braun, TJ.Balkin, N.J. Wesensten, R.E. Carson, M. Varga, P. Baldwin, S. Selbie,
G. Belenky, P. Herscovitch, Regional cerebral blood flow throughout the sleep-
wake cycle: an H2(15)0 PET study, Brain 120 (1997) 1173-1197.

[4] J.A. de Zwart, PJ. Ledden, P. van Gelderen, J. Bodurka, R. Chu, J.H. Duyn, Signal-
to-noise ratio and parallel imaging performance of a 16-channel receive-only
brain coil array at 3.0 T, Magn. Reson. Med. 51 (2004) 22-26.

[5] S.P. Drummond, A. Bischoff-Grethe, D.F. Dinges, L. Ayalon, S.C. Mednick, M.J.
Meloy, The neural basis of the psychomotor vigilance task, Sleep 28 (2005)
1059-1068.

[6] D.A.Gusnard, M.E. Raichle, Searching for a baseline: functional imaging and the
resting human brain, Nat. Rev. Neurosci. 2 (2001) 685-694.

[7] J. Harsh, J. Peszka, G. Hartwig, M. Mitler, Night-time sleep and daytime sleepi-
ness in narcolepsy, J. Sleep Res. 9 (2000) 309-316.

[8] T. Hori, M. Hayashi, T. Morikawa, Topographical EEG changes and the hypna-
gogic experience, in: R.D. Ogilvie, J.R. Harsh (Eds.), Sleep Onset: Normal and
Abnormal Processes, American Psychological Association, Washington, 1994,
pp. 237-254.

[9] S.G. Horovitz, M. Fukunaga, J.A. de Zwart, P. van Gelderen, S.C. Fulton, TJ.
Balkin, J.H. Duyn, Low frequency BOLD fluctuations during resting wakefulness
and light sleep: asimultaneous EEG-fMRI study, Hum. Brain Mapp. 29 (2008)
671-682.

[10] C.Iber, S. Ancoli-Israel, A. Chesson, S.F. Quan, The AASM Manual for The Scoring
of Sleep and Associated Events: Rules, Terminology and Technical Specifica-
tions, American Academy of Sleep Medicine, Westchester, 2007, 59 pp.

[11] J.L. Lancaster, M.G. Woldorff, L.M. Parsons, M. Liotti, C.S. Freitas, L. Rainey, P.V.
Kochunov, D. Nickerson, S.A. Mikiten, P.T. Fox, Automated Talairach atlas labels
for functional brain mapping, Hum. Brain Mapp. 10 (2000) 120-131.

[12] S. Naismith, V. Winter, H. Gotsopoulos, I. Hickie, P. Cistulli, Neurobehavioral
functioning in obstructive sleep apnea: differential effects of sleep quality,
hypoxemia and subjective sleepiness, J. Clin. Exp. Neuropsychol. 26 (2004)
43-54.

[13] A. Rechtschaffen, A. Kales, A Manual of Standardized Terminology, Techniques
and Scoring System for Sleep Stage of Human Subjects, Brain Research Institute,
Los Angeles, 1968, 53 pp.



	fMRI differences between early and late stage-1 sleep
	Acknowledgements
	References


