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Summary
To assess dynamic changes in brain function throughout the cortices, paralleled those observed in centrencephalic struc-

tures during both REM sleep and SWS. A functional disso-sleep–wake cycle, CBF was measured with H2
15O and PET in

ciation between activity in higher order, heteromodal37 normal male volunteers: (i) while awake prior to sleep
association cortices in the frontal and parietal lobes and uni-onset; (ii) during Stage 3–4 sleep, i.e. slow wave sleep (SWS);
modal sensory areas of the occipital and temporal lobes(iii) during rapid eye movement (REM) sleep; and (iv) upon
appeared to be characteristic of both SWS and REM sleep. SWSwaking following recovery sleep. Subjects were monitored
was associated with selective deactivation of the heteromodalpolysomnographically and PET images were acquired
association areas, while activity in primary and secondarythroughout the course of a single night. Stage-specific con-
sensory cortices was preserved. SWS may not, as previouslytrasts were performed using statistical parametric mapping.
thought, represent a generalized decrease in neuronal activity.Data were analysed in repeated measures fashion, examining
On the other hand, REM sleep was characterized by selectivewithin-subject differences between stages [pre-sleep wake-
activation of certain post-rolandic sensory cortices, whilefulness–SWS (n 5 20 subjects); SWS–post-sleep wakefulness
activity in the frontoparietal association cortices remained

(n 5 14); SWS–REM sleep (n 5 7); pre-sleep wakefulness–
depressed. REM sleep may be characterized by activation of

REM sleep (n 5 8); REM sleep–post-sleep wakefulness (n 5 widespread areas of the brain, including the centrencephalic,
7); pre-sleep wakefulness–post-sleep wakefulness (n 5 20)]. paralimbic and unimodal sensory regions, with the specific
State-dependent changes in the activity of centrencephalicexclusion of areas which normally participate in the highest
regions, including the brainstem, thalamus and basal forebrainorder analysis and integration of neural information.
(profound deactivations during SWS and reactivations duringDeactivation of the heteromodal association areas (the
REM sleep) are consistent with the idea that these areas areorbital, dorsolateral prefrontal and inferior parietal cortices)
constituents of brain systems which mediate arousal. Shifts inconstitutes the single feature common to both non-REM and
the level of activity of the striatum suggested that the basalREM sleep states, and may be a defining characteristic of
ganglia might be more integrally involved in the orchestrationsleep itself. The stages of sleep could also be distinguished
of the sleep–wake cycle than previously thought. State-by characteristic differences in the relationships between the
dependent changes in the activity of limbic and paralimbicbasal ganglia, thalamic nuclei and neocortical regions of

interest.areas, including the insula, cingulate and mesial temporal

Keywords: REM sleep; non-REM sleep; slow wave sleep; rCBF; PET

Abbreviations: ANCOVA 5 analysis of covariance; ANOVA5 analysis of variance; EOG5 electro-oculography; rCBF5
regional CBF;∆rCBF 5 change in rCBF; REM5 rapid eye movement (sleep); SPECT5 single photon emission computed
tomography; SPM5 statistical parametric mapping; SWS5 slow wave sleep
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Introduction
Despite a century of research, the fundamental changes and post-sleep wakefulness in normal volunteers, with each

subject serving as their own control.that occur within the human brain during sleep remain a
mystery. Animal studies have generated a wealth of data
concerning the activity of deep brain and cortical structures
during the sleep–wake cycle through the use of invasiveMethods
techniques such as microelectrode stimulation, or recordingSubjects
and cannulation of discrete anatomic nuclei (ParmeggianiThis study was conducted using a protocol approved by the
et al., 1985). However, because the use of microinvasiveNIH NINDS review board. Informed consent was obtained
techniques limits the available sample space, a globalfrom all subjects, according to the declaration of Helsinki,
picture of regional interrelationships within the brain hasafter the potential risks, hazards and discomfort associated
failed to emerge. In addition, the results of such studieswith the study were explained. Subjects included 37 healthy
may be species specific and their relevance to human sleepmale volunteers, 24.56 3.1 years of age (mean6 SD, range
is therefore uncertain. 20 –32 years). Thirty-three were right-handed; the other four

The modern study of sleep in human subjects beganwere left-handed, or performed skilled manual functions with
with the introduction of the surface EEG. This non-invasiveeither hand. All subjects, on the basis of history, physical
technique, along with EMG and electro-oculography (EOG),examination and baseline laboratory evaluation were judged
has been used to define and study the various stages ofto be free of medical, neurological and psychiatric illnesses
sleep (Rechtschaffen and Kales, 1968). However, thewhich might affect brain function. Subjects with a history of
relationship between EEG patterns recorded at the scalpsleep disorders, or who had used prescription medications
and functional activity within cortical and subcortical within 1 month prior to the PET procedure, were excluded
structures remains unclear. from the study.

PET is a non-invasive technique which yields information
about functional activity within all regions of the brain
simultaneously, and thus constitutes an excellent means ofSleep deprivation schedules
studying sleep. The non-invasive nature of the methodAll subjects underwent sleep-deprivation or sleep-restriction
allows direct investigation of metabolic or biochemical procedures prior to the PET studies. Twelve subjects were
processes which might be unique to the human brain, andscanned in the daytime, following 24–54 h of total sleep
permits simultaneous visualization and quantification ofdeprivation. Twenty-five subjects were scanned at night. One
functional activity in individual regions of the cortex, was studied following 43 h of total sleep deprivation, and
subcortical structures and brainstem, across the sleep–the remaining 24 underwent the following sleep–wakefulness
wake cycle. regimen: on Day 1, 8 h of sleep (23.00–07.00 hours) with

Sleep studies have been carried out using the FDG (2-selective REM sleep deprivation (brief wakings initiated at
fluoro-2-deoxyglucose)-PET method (Heisset al., 1985; the first sign of REM sleep); on Day 2, 2 h of sleep (01.00–
Buchsbaum et al., 1989; Hong et al., 1995), but this 03.00 hours) with REM sleep deprivation; on Day 3: between
technique necessitates the integration of data collected over16 and 24 h of continuous wakefulness prior to the night-
a period of 30 min or longer, and is therefore not idealtime PET study. To verify the absence of sleep during
for independently characterizing the shorter-lived sleepthe sleep deprivation portions of the study, ambulatory
stages. Likewise, studies using single photon emissionpolysomnographic recordings (EEG from C3 and C4, EMG
computed tomography (SPECT) blood-flow agents (Madsenand EOG) were made using Oxford Medilog 9000 recorders.
et al., 1991a; Asenbaumet al., 1995), are not ideal either. For on-line monitoring during REM sleep deprivation

procedures, polysomnographic signals from the OxfordAlthough it is possible to segment individual sleep stages
recorders were routed through a Nihon Kohden electro-more accurately with certain SPECT blood-flow agents,
encephalograph (Model EEG-4317B).their longer half-lives do not readily permit multiple

studies of different sleep stages throughout a single
scanning session.

In contrast, the H215O-PET method represents the bestPolysomnographic monitoring
technical approach currently available. Acquisition timesFollowing the sleep deprivation period, subjects were
are brief, making it possible to visualize functional brain positioned in the PET scanner and polysomnographically
activity during discrete sleep stages. In addition, the 123-monitored (Grass Model 8–10D polygraph) for the duration
s half-life of 15O makes it possible to study multiple sleep of the study, with electrode placements at C3 and C4 sites,
stages in the same individual during a single night. Wethe outer canthus of each eye, and the submentalis muscle.
therefore used this method to identify the regional CBFSubjects’ eyes were patched, and head motion was restricted
(rCBF) patterns that are specifically associated with rapidduring the scans by the use of a thermoplastic mask fitted to

each subject’s head and attached to the scanner bed. Subjectseye movement (REM) sleep, non-REM sleep, and pre-
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Fig. 1 A timeline illustrating the relationships between polysomnographic monitoring, H2
15O injection, blood sampling and PET data

collection.

were instructed to remain awake for the first scan. If they dynamically during this 4-min period (12 10-s scans
followed by four 30-s scans). Studies were separated byappeared to be falling asleep the polysomnographer would

wake them within 1–2 s, and the wakefulness scan was then intervals ofù12 min. Emission data were corrected for
attenuation by means of a transmission scan obtained at therepeated. Following the wakefulness study, subjects were

allowed to sleep. PET scans were performed during Stage same levels.
Arterial blood was sampled automatically throughout the3–4, i.e. slow wave sleep (SWS), and REM sleep. These

stages were identified polysomnographically using the sleep- scanning period, and PET scans and arterial time–activity
data were used to produce rCBF images employing a rapidstage scoring procedure of Rechtschaffen and Kales (1968).

For inclusion in the present analyses, each PET scan had to least squares method (Koeppeet al., 1985). At the completion
of each scan a final arterial blood sample was collected andoccur during a sleep stage that was uniformly maintained

(i.e. was free of arousals and stage shifts) from 40 s before, pCO2 measurements were performed (Fig. 1). These measures
were utilized for pCO2 correction of measured CBF rates, asto 40 s after the arrival of the H215O bolus in the brain

(Fig. 1). A second waking study was performed at the described below.
end of the sleep period, followingù15 min of continuous
wakefulness. The two wakefulness scans were performed
under the assumption that the first would probably reflectImage averaging and spatial normalization

PET scans were registered and analysed using statistical‘hypnogenic’ processes in effect prior to sleep induction,
while the second would reflect the effects of the intervening parametric mapping (SPM) software (MRC Cyclotron Unit,

Hammersmith Hospital, London, UK). The 15 original PETperiod of recovery sleep.
Not all 37 subjects provided complete sets of sleep/ planes of section were trilinearly interpolated to yield 43

planes in which voxels were approximately cubic. For eachwakefulness data; pre-sleep wakefulness scans were obtained
in 32 subjects; Stage 3–4 scans in 22 subjects; REM-sleep subject, final parametric rCBF images were registered using

image-alignment software in order to minimize the effects ofscans in 10 subjects and post-sleep-wakefulness scans in 22
subjects. The number of subjects included in the pairwise head movement. Images were smoothed with a Gaussian

filter (20 3 20 3 12 mm in thex, y and z axes) in ordercontrasts (i.e. the number in whom scans were obtained for
each pair of sleep–wakefulness stages) were as follows: to accommodate inter-subject differences in anatomy, and

stereotaxically normalized using a nonlinear transformationpre-sleep wakefulness–SWS, 20 subjects; SWS–post-sleep
wakefulness, 14 subjects; SWS–REM sleep, seven subjects; to produce images of 26 planes parallel to the anterior–

posterior commissural line in a common stereotaxic spacepre-sleep wakefulness–REM sleep, eight subjects; REM
sleep–post-sleep wakefulness, seven subjects; pre-sleep (Fristonet al., 1989) with a voxel size of 23 2 3 4 mm,

cross-referenced with a standard anatomical atlas (Talairachwakefulness–post-sleep wakefulness, 20 subjects.
and Tournoux, 1988).

Scanning methods
PET scans were performed on a Scanditronix PC2048–15BAbsolute and normalized rCBF values

For analysis of absolute rCBF, images were first correctedtomograph (Uppsala, Sweden) which has an axial and in-
plane resolution of 6.5 mm. Fifteen planes, offset by 6.5 mm for changes in measured pCO2 (Reiman et al., 1986). In

several instances, PET data collection was completed during(centre to centre), were acquired simultaneously, parallel to
the cantho-meatal line. When a target stage was identified a sleep stage that was uniformly maintained, but a stage shift

or intervening arousal occurred prior to collection of arterialpolysomnographically, 30 mCi of H215O were injected as an
intravenous bolus. Scans were initiated automatically when blood for measurement of pCO2. In these instances, pCO2

was estimated using data which had been collected in thethe radioactive count rate in the brain reached a threshold
value (~20 s after intravenous injection) and continued for remaining subjects; pCO2 values obtained during any one

stage were regressed on levels obtained during a second4 min (Fig. 1). Sixteen scan frames were collected
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stage, and the derived regression equation was used to frequently more apparent when normalized values are
analysed, i.e. when inter-subject differences in global flowestimate values for subjects in whom pCO2 values in the

second stage were missing. are controlled for. In the present analysis, both absolute and
normalized datasets were evaluated conjointly.For evaluation of absolute pCO2-corrected CBF, images

were analysed without further treatment. Global flow rates When comparing two sleep stages, absolute pCO2-
corrected global flow rates were in each instance evaluatedwere calculated for each subject by averaging grey matter

pixel values for scans obtained during each stage. Between- first. If significant between-stage differences in global flow
were detected, normalized blood-flow rates are reported butstage differences in global CBF were evaluated separately

by analysis of variance (ANOVA). interpreted in context. For example, if only decreases were
observed in absolute CBF rates in comparing two sleep stages,Analyses of normalized rCBF were performed in two

ways. Using the first method, differences in global CBF were only decreases in normalized comparisons were considered as
indices of real change. On the other hand, increases incontrolled for by analysis of covariance (ANCOVA) with

measured global flow as the covariate. This permitted normalized flow rates (in the context of absolute decreases)
were interpreted as identifying brain regions in which absolutecalculation of an adjusted-error variance associated with

mean flow in each voxel (Fristonet al., 1990). Using the values deviated the least, i.e. regions associated with
invariance or minimal, non-significant decreases in absolutesecond method, the global rate was used to normalize each

image, generating reference ratios (regional : global CBF) rCBF. On the other hand, if significant differences in absolute
pCO2-corrected global flow were not detected, normalizedon a pixel-by-pixel basis.

Stage-specific changes in rCBF were evaluated for comparisons are simply reported as indices of relative change.
absolute, ANCOVA-corrected and reference-ratio-normalized
data sets, using thet statistic calculated for all voxels in
parallel (Fristonet al., 1991). The resulting set of values, Evaluation of hemispheral differences in rCBF
transformed toZ-scores, constitutes a statistical parametricA modification of SPM software was used to evaluate
map (SPM{Z}). For these comparisons the profile of hemispheral differences in the magnitude of regional
significant rCBF change was defined as the subset of voxelsactivation or deactivation. Stage-related differences in
exceeding a threshold of 2.57 in absolute value (equivalentnormalized rCBF for each contrast were compared between
to P , 0.005). homologous pixels in right and left hemispheres (defined by

Selected rCBF values were extracted from individual PETreversing the sign of thex-coordinate in Talairach space),
scans in a separate procedure, for purposes of illustration.using a voxel-wise error variance calculated for such
Coordinates of representative centrencephalic, paralimbic anddifferences in each contrast. Right–left differences exceeding
neocortical regions were selected using the Talaraich atlasa threshold of 2.57 in absolute value are reported, as indicated,
and adjusted using the canonical PET template contained inin Tables 1–4.
SPM. Regional values were derived, using these coordinates,
from stereotaxically normalized, reference-ratio-adjusted
images, smoothed with a 203 20 3 12 mm Gaussian filter

Resultsas described above. Values for homologous regions in right
Non-REM sleepand left hemispheres (obtained by reversing the sign of the

x-coordinate in Talairach space) were averaged. Data werePresleep-wakefulness to SWS
Compared with pre-sleep wakefulness, Stage 3–4 (deep sleep,obtained from all subjects in whom the various sleep or

wakefulness stages were acquired, and therefore were not SWS) was characterized by a global reduction in pCO2-
corrected CBF of 26.0% (P , 0.001; Fig. 2). Since onlylimited by the subject numbers to which the pairwise contrasts

were restricted. These data were not used for statistical reductions were observed in the analysis of absolute flow,
only reductions in normalized flow rates were considered ascomparisons, but to illustrate changes in normalized rCBF

across the sleep–wake cycle. indices of real change; increases in normalized flow rates,
on the other hand, identified brain regions in which absolute
values were associated with invariance or minimal, non-
significant differences (Table 1).

Complementary evaluation of absolute and Among centrencephalic structures (Fig. 3; Table 1) the
most significant reductions in ANCOVA-corrected rCBFnormalized data

Differences in absolute CBF rates, when detected, may be during Stage 3–4 sleep were found in the posterior putamen,
with significant, but less robust, reductions evident in themore meaningful than changes in normalized rates. This is

particularly true in the present study, in which sleep stage caudate nucleus. Significant decreases were detected
throughout the midbrain (larger in the tegmentum than thecontrasts were characterized by significant shifts in global

flow rates, information which is obscured when data are periaqueductal grey), with smaller decreases in the lower
pontine tegmentum. SWS was associated with significantnormalized. On the other hand, significant differences are

often more readily detected and regional heterogeneity is reductions in rCBF throughout the basal forebrain (caudal
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Table 1 Slow wave sleep (SWS) versus pre-sleep wakefulness

Regions Brodmann Z-score Talaraich coordinates ∆rCBF
area

x y z

Centrencephalic
Cerebellum

Hemisphere –4.77 –34 –78 –28 –5.33
Vermis 3.18 2 –58 –12 2.89

Brainstem
Pons –3.53 –4 –36 –28 –5.39
Midbrain tegmentum –5.34 –14 –18 0 –7.72
Midbrain PAG –4.77 –4 –24 –4 –7.45

Thalamus
Ventral posterior –5.56 –16 –20 4 –8.22
Pulvinar –5.16 –14 –24 8 –8.53
Centrum medianum –5.30 –8 –20 0 –9.76
Dorsomedial –4.24 –6 –18 8 –11.69

Basal ganglia
Ventral striatum –4.15 16 6 –8 –4.60
Caudate –4.54 12 6 8 –4.55
Putamen –6.09 –26 –4 –4 –5.07

Basal forebrain
AH-POA –4.19 –2 –8 –4 –5.81
Caudal orbital –3.44 14 18 –16 –4.00

Paralimbic–limbic
Temporal polar

Temporal pole 38 –2.65 44 16 –8 –2.93
Insula

Anterior insula –4.98 38 6 0 –6.11
Posterior insula 2.68 –40 –22 4 1.40

Cingulate
Anterior cingulate 32 –4.08 –4 24 28 –6.32
Posterior cingulate 23 3.34 10 –58 8 3.74

Neocortical
Prefrontal

Medial orbital –3.75 18 58 –4 –3.47*
Medial prefrontal 10 –4.06 16 58 12 –2.83
Lateral orbital 11 –4.37 26 48 –12 –4.38
Dorsolateral prefrontal 46 –4.47 –42 36 16 –3.52
Opercular 45 –3.88 44 22 8 –3.34

Unimodal sensory
Superior temporal gyrus 22 3.27 –56 –22 4 2.86
Inferior temporal gyrus 37, 19 3.40 –46 –48 –4 2.68
Fusiform gyrus 37, 19 3.62 20 –58 –8 3.99
Lateral occipital 18, 19 3.52 –36 –76 12 3.70
Striate 17 4.73 10 –82 4 8.16

Heteromodal sensory
Middle temporal–STS 21 4.73 –46 –34 0 5.19
Angular gyrus 39 –3.30 52 –42 24 –2.48
Supramarginal gyrus 40 –3.47 50 –44 28 –4.02

Regions in which ANCOVA-corrected rCBF levels differ from baseline are tabulated along with
Z-scores (representing local maxima or minima and associated Talairach coordinates);∆rCBF 5 change
in rCBF (ml/100 g/min, normalized to a mean of 50). PAG5 periaqueductal grey; STS5 superior
temporal sulcus; AH-POA5 anterior hypothalamus-pre-optic area. Instances in which rCBF responses
exceeded threshold in one hemisphere only and significant differences between right and left
hemispheres were detected (Z . 2.57 in absolute value) are indicated with asterisks (*right hemisphere
alone).

orbital cortex, anterior hypothalamus–preoptic area and in more dorsal regions of the neocerebellum or in the
cerebellar vermis, where positiveZ-scores indicatedventral regions of the striatum). Significant decreases were

also observed in the inferior cerebellar hemispheres, but not invariance in absolute flow.
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Table 2 REM sleep versus slow wave sleep (SWS)

Regions Brodmann Z-score Talaraich coordinates ∆rCBF
area

x y z

Centrencephalic
Cerebellum

Vermis 2.57 –24 –56 –12 2.96
Brainstem

Pons 2.61 –8 –36 –28 10.97
Midbrain tegmentum 3.09 14 –12 0 8.94
Midbrain PAG 2.61 –10 –28 –4 10.88

Thalamus
Ventral lateral 3.02 14 –12 4 8.56
Centrum medianum 2.59 8 –16 0 10.24
Pulvinar 3.32 –14 –24 8 8.01
Anterior 2.82 12 –4 8 6.68

Basal ganglia
Ventral striatum 2.82 –6 16 –8 5.49
Caudate 7.98 –8 8 12 6.06
Putamen 3.63 22 –12 0 5.75

Basal forebrain
AH-POA 2.87 4 –6 –8 9.18
Caudal orbital 7.98 –2 20 –4 5.61

Paralimbic–limbic
Mesial temporal

Parahippocampal gyrus 37 3.37 –26 –48 –8 4.94
Hippocampus 3.13 –24 –34 –4 4.33

Temporal pole
Temporal polar 38 2.79 42 4 –8 2.83

Insula
Anterior insula 2.97 36 2 –4 4.09
Posterior insula –2.74 –38 –24 0 –5.41

Cingulate
Anterior cingulate 32 3.42 –6 40 8 5.30
Posterior cingulate 23 –4.52 –8 –36 28 –2.60

Neocortical
Prefrontal

Medial prefrontal 10 2.97 6 56 16 4.47
Lateral orbital 11 –3.36 –26 52 –4 –2.79
Dorsolateral prefrontal 46 –2.80 –38 34 12 –3.26
Opercular 45 –3.47 –46 26 0 –3.09*

Unimodal sensory
Superior temporal gyrus 22 2.57 46 0 –4 4.47
Inferior temporal gyrus 37, 19 3.17 –38 –58 –12 2.11
Fusiform gyrus 37, 19 3.22 –30 –54 –8 3.29*

Heteromodal sensory
Middle temporal–STS 21 –2.90 –44 –46 0 –3.38
Angular gyrus 39 –4.52 28 –74 24 –3.00

Regions in which ANCOVA-corrected rCBF levels differ from baseline are tabulated along with
Z-scores (representing local maxima or minima and associated Talairach coordinates;∆rCBF 5 change
in rCBF (ml/100 g/min, normalized to a mean of 50). In no instances were significant differences
between right and left hemispheres detected. PAG5 periaqueductal grey; STS5 superior temporal
sulcus; AH-POA5 anterior hypothalamus-pre-optic area. Instances in which rCBF responses exceeded
threshold in one hemisphere only and in which significant differences between right and left
hemispheres were detected (Z . 2.57 in absolute value) are indicated with an asterisk (*left hemisphere
alone).

SWS was also characterized by reduced CBF throughout in regions of the thalamus related to prefrontal (dorsomedial
nucleus) motor cortex (ventrolateral nucleus,Z-score 5the thalamus. The most statistically robust decreases were

found in the sensory relay nuclei and the centrum medianum, –4.28;∆rCBF 5 –8.66 ml/100 g/min; Talairachx 5 –12,
y 5 –14, z 5 8) or limbic cortices (anterior nucleus, –3.48;while less robust changes in rCBF (∆rCBF ) were observed
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Table 4 Post- versus pre-sleep wakefulness

Regions Brodmann areaZ-score Talaraich coordinates ∆rCBF

x y z

Hippocampus –3.51 –34 –30 –8 –2.00
Dorsolateral prefrontal 9 –2.58 30 34 32 –1.58
Superior temporal gyrus 22 –2.97 58 –34 8 –1.52
Inferior temporal gyrus 37, 19 –3.49 56 –50 –4 –2.00
Lateral occipital 18, 19 –2.70 40 –76 12 –2.74
Striate cortex 17 –2.75 –12 –98 –8 –3.51
Middle temporal–STS 21 –3.10 56 –46 0 –2.00
Angular gyrus 39 –2.57 –48 –64 24 –2.36

Cerebellum 2.64 –2 –46 –4 2.20
Pons 2.72 10 –42 –28 3.95
Caudate 3.09 –10 –6 20 4.42
AH-POA 2.79 –8 4 –12 3.07

Regions in which ANCOVA-corrected rCBF levels differ from baseline are tabulated along with
Z-scores (representing local maxima or minima and associated Talairach coordinates). NegativeZ-scores
indicate instances in which values during post sleep wakefulness are less than those during pre-sleep
wakefulness.∆rCBF 5 change in rCBF (ml/100 g/min, normalized to a mean of 50). In no instances
were significant differences between right and left hemispheres detected. STS5 superior temporal
sulcus; AH-POA5 anterior hypothalamus pre-optic area.

–5.61 ml/100 g/min; –12, –6, 12). While decreases of the
greatest magnitude were observed in the dorsomedial
thalamus, constituting the largest reductions in both
ANCOVA-corrected and absolute flow rates (∆rCBF 5
–24.55 ml/100 g/min,x 5 –2, y 5 –20, z 5 8), the inter-
subject variance in this region was relatively high. When a
subtractive approach is used, such as that applied in the
present study, the centre of an activated area can often be
located with relative precision despite the limited spatial
resolution of the PET technique (Foxet al., 1986). However,
it should be made clear that the peaks of activity in individual
thalamic nuclei reported here represent local maxima
(or minima) and not explicit anatomical structures.

SWS was associated with significant deactivation of
paralimbic regions of the brain (Fig. 3; Table 1) including
the anterior cingulate cortex, the anteroinferior portions of
the insula and related regions of the temporal pole. Decreases
in ANCOVA-corrected rCBF in mesial temporal structures
including the hippocampus, parahippocampal gyrus and
amygdala did not reach statistical significance. In both the
posterior insula and posterior cingulate cortices, on the other
hand, positiveZ-scores indicated invariance in absolute
CBF rates.

In the neocortex, changes in rCBF were heterogeneous
(Fig. 3; Table 1). Significant decreases were detected only in

Fig. 2 Bar graph illustrating global CBF during stages of sleep higher order, heteromodal association cortices. These were
and wakefulness. Bars represent absolute pCO2-corrected CBF

evident throughout the prefrontal association areas includingrates (ml/100 g/min, mean6 SEM). *P , 0.001 versus pre-sleep
the frontal operculum, lateral orbital and dorsolateralwakefulness,P , 0.04 versus REM sleep,P , 0.02 versus post-

sleep wakefulness; **not significant versus pre-sleep and post- prefrontal cortices, and were greatest in the orbital and
sleep wakefulness,P , 0.04 versus SWS; ***P , 0.002 versus inferior prefrontal regions. Changes in the medial orbital and
pre-sleep wakefulness,P , 0.02 versus SWS, not significant medial prefrontal cortices were smaller and were detected in
versus REM sleep. The pCO2 values for each stage were as

the right hemisphere only. In parallel with deactivation offollows: pre-sleep wakefulness, 41.66 0.9 mmHg (mean6
the frontal association cortices, rCBF rates in heteromodalSEM); SWS, 45.56 0.7; REM sleep, 40.36 2.8; post-sleep

wakefulness, 40.86 0.9. sensory association areas of the inferior parietal lobule, in
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Fig. 3 Brain map illustrating decreases in rCBF during slow wave sleep (SWS), when compared with pre-sleep wakefulness as baseline.
The statistical parametric (SPM{Z}) map illustrating changes in rCBF is displayed on a standardized MRI scan. The MRI data were
transformed linearly into the same stereotaxic (Talairach) space as the SPM{Z} data. Using Voxel View Ultra (Vital Images, Fairfield, Ia.,
USA), SPM and MRI data were volume-rendered into a single three-dimensional image. The volume sets are truncated and displayed at
selected planes of interest. Planes of section are located at –27 mm (A), 0 mm (B), 113 mm (C) and127 mm (D) relative to the
anterior commissural–posterior commissural line. Values areZ-scores representing the significance level of changes in normalized rCBF
in each voxel; the range of scores is coded in the accompanying colour table, with light purple designating significant negativeZ-scores
of –4.5 and below. Significant decreases in rCBF during SWS were observed in centrencephalic structures including pons (A,
arrowhead), midbrain (B, short arrow), basal ganglia (B, long arrow;C, medium arrowhead), thalamus (C, short arrow), caudal orbital
cortex–basal forebrain (B, small arrowhead) and cerebellum (A, arrow). Similar decreases were also found in paralimbic regions of
interest including anterior insula (B, medium arrowhead) and anterior cingluate cortices (C andD, small arrowheads). SWS was
associated with significant reductions in rCBF in heteromodal association cortices of the orbital (B, medium arrow), dorsolateral
prefrontal (C, medium arrow;D, small arrow) and inferior parietal lobes (D, medium arrow), but not in unimodal (visual or auditory)
occipitotemporal sensory cortices (seeTable 1).

the angular and supramarginal gyri, were also significantly (7.98; 9.04; 14, –10, 8), midbrain (4.83; 8.93; 8, –16, –4),
cerebellar hemispheres (4.31; 8.4; –32, –74, –28), anteriorreduced during SWS.

On the other hand, unimodal sensory areas of the temporal cingulate (4.27; 5.7; 2, 36, 4), lateral orbital (4.32; 4.48; 18,
46, –12) and dorsolateral prefrontal cortices (3.38; 3.35; 36,and occipital lobes (including primary and secondary visual

and auditory association cortices in the superior temporal 52, 4). Mirroring the changes observed in the pre-sleep
wakefulness–SWS contrast, the greatest elevations in absolutegyri, striate cortex, fusiform, lateral occipital and inferior

temporal gyri) were associated withZ-scores which indicated CBF rates when SWS was compared with post-sleep
wakefulness, were found in the dorsomedial thalamusinvariance in absolute flow rates (Table 1). Relatively small

decreases in the peri-rolandic areas (the primary motor cortex (∆rCBF 5 119.05 ml/100 g/min,x 5 4, y 5 –16,z 5 8).
At the same time, sensory areas of the temporal andand unimodal somatosensory regions of the parietal cortex)

did not reach statistical significance. In contrast to the frontal occipital lobes were associated with negativeZ-scores, in
this case indicating minimal differences in absolute flow ratesand parietal association cortices, activity in heteromodal

temporal regions (Brodmann areas 20 and 21 in middle between SWS and post-sleep wakefulness studies: lateral
occipital cortex (Z-score 5 –5.89; ∆rCBF 5 –4.5 ml/100temporal gyrus and superior temporal sulcus) did not decrease.
g/min; Talairachx 5 –32, y 5 –75, z 5 12), striate cortex
(–4.53; –7.88; 16, –84, 4), inferior temporal (–3.95; –2.51;
44, –62, –4), middle temporal (–3.53; –2.66; –38, –58, 0)SWS versus post-sleep wakefulness

When post-sleep wakefulness studies were compared with and superior temporal gyri (–3.25; –4.7; –52, –24, 0).
SWS, the significant changes mirrored those outlined above;
compared with SWS, post-sleep wakefulness was
characterized by a global increase in pCO2-corrected CBF

REM sleepof 11.4% (P , 0.02; Fig. 2). The most robust elevations in
normalized rCBF in post-sleep wakefulness were observedSWS to REM sleep

The transition from SWS to REM sleep was characterizedin the putamen (Z-score 5 7.98; ∆rCBF 5 7.90 ml/100
g/min; Talairachx 5 –18, y 5 0, z 5 4), pons (7.98; 8.37; by a global increase in pCO2-corrected CBF of116.8%

(P , 0.04; Fig. 2). Since only increases were observed in–2, –42, –24), basal forebrain (7.98; 7.52; 4, 2, 4), thalamus
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Fig. 4 Brain map illustrating increases in rCBF during REM sleep when compared with slow wave as baseline, prepared using methods
outlined in the legend to Fig. 3. Values areZ-scores representing the significance level of changes in normalized rCBF in each voxel; the
range of scores is coded in the accompanying colour table, with red designatingZ-scores of 3.5 and above. Planes of section are located
at –25 mm (A), 11 mm (B), 18 mm (C) and127 mm (D) relative to the anterior commissural–posterior commissural line. Significant
increases in rCBF during REM sleep were observed in centrencephalic structures including pons (A, arrowhead), midbrain (B, long
arrow), basal ganglia (B, short arrow;C, small arrowhead), thalamus (C, medium arrowhead) and caudal orbital cortex–basal forebrain
(B, medium arrowhead). Increases were also found in paralimbic regions including the anterior insula (B, small arrowhead), anterior
cingluate (C, small arrow;D, medium arrow) and mesial temporal (parahippocampal) cortices (B, medium arrow). REM sleep was
associated with significant elevations in rCBF in unimodal sensory cortices including inferior visual association [fusiform–inferotemporal
(B, large arrowhead) and lateral occipital (C, long arrow)] and auditory association cortices (C, medium arrow), as well as the medial
prefrontal cortex (D, small arrow). On the other hand, activity in heteromodal association cortices of the orbital, dorsolateral prefrontal
and inferior parietal lobes, did not differ from levels observed during SWS (seeTable 2).

the analysis of absolute flow, only increases in normalized hippocampal formation and parahippocampal gyri, the
anteroinferior portions of the insula and the anterior cingulateflow rates were considered as indices of real change; decreases

in normalized flow rates from SWS to REM sleep, on the cortices (Fig. 4; Table 2). The posterior insular and posterior
cingulate cortices, on the other hand, were associated withother hand, identified brain regions in which absolute values

were associated with invariance or minimal, non-significant negativeZ-scores, indicating invariance in absolute blood-
flow rates.change in the transition from SWS to REM sleep (Table 2).

Among centrencephalic structures (Fig. 4; Table 2), the In the neocortex, changes in rCBF were again hetero-
geneous (Fig. 4; Table 2). In the frontal cortex, significantmost significant increases in rCBF were again seen in the

basal ganglia, greater in the caudate nuclei than the putamen. increases in CBF during REM sleep were detected only in
the medial prefrontal cortices. In the remaining frontalSignificant increases were also observed in the basal forebrain

(anterior hypothalamus, caudal orbital cortex and ventral association areas (i.e. lateral orbital, dorsolateral prefrontal
and opercular cortices, areas in which CBF had beenregions of the striatum), and in the midline anterior cerebellum

and vermis. Significant increases were evident in all regions attenuated in the transition from wakefulness to SWS) activity
remained attenuated during REM sleep; i.e. these regionsof the brainstem. The greatest increase in both ANCOVA-

corrected and absolute flow rates (∆rCBF 5 115.72 ml/100 were associated with negativeZ-scores which indicated
invariance in absolute flow rates.g/min, x 5 –4, y 5 –40,z 5 –28), was found in the pontine

tegmentum. Similarly, activity in the heteromodal association cortices
of the inferior parietal lobule, which decreased significantlyIn the thalamus, increases in rCBF were greatest in

the sensorimotor nuclei, limbic-related nuclei of anterior in the transition to SWS, did not differ during REM sleep from
the levels which were observed during SWS. In heteromodalthalamus and centrum medianum. While activity in the

dorsomedial nucleus increased as well, inter-subject regions of the temporal lobe, Brodmann areas 20 and 21 in
middle temporal gyrus and superior temporal sulcus, negativevariability in this region was relatively high (as was the case

in the transition from wakefulness to SWS), and the associatedZ-scores indicated statistical invariance, i.e. absolute values
did not differ from levels observed during SWS (Table 2).Z-score (2.40;∆rCBF 5 10.11 ml/100 g/min; Talairachx 5

4, y 5 –10,z 5 4) was of borderline significance. On the other hand, significant increases in rCBF during
REM sleep were observed in post-rolandic unimodal sensoryCompared with SWS, REM sleep was characterized by

activation of paralimbic and limbic areas, including the cortices (Fig. 4; Table 2) including visual association areas
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(mesial and inferior temporal cortices) and auditory sleep, in the pons, midbrain, caudate nucleus, cerebellar
vermis, hippocampus and parahippocampal gyrus, anteriorassociation cortices of the superior temporal gyrus.
cingulate, and fusiform and inferior temporal gyri. Activity
was significantly lower during REM sleep than during post-
sleep wakefulness in prefrontal association (dorsolateral,REM sleep versus wakefulness studies

Although there was a trend toward higher global CBF rates orbital and opercular) and inferior parietal (angular and
supramarginal) association cortices, as well as posteriorduring REM sleep than post-sleep wakefulness, and lower

rates during REM sleep than pre-sleep wakefulness studies, insular and posterior cingulate cortices. Figure 5 illustrates
relative increases in rCBF in the latter regions when post-absolute rCBF values in REM sleep did not differ significantly

from those measured during either period of wakefulness sleep wakefulness studies are contrasted with REM sleep as
baseline, i.e. the relative increases which were observed(Fig. 2). In the absence of significant differences in absolute

flow, significant increases and decreases in ANCOVA- in these areas during the transition from REM sleep to
wakefulness. Differences between the ‘REM sleep–post-corrected rCBF values are interpreted as indices ofrelative

change. sleep wakefulness’ and ‘REM sleep–pre-sleep wakefulness’
comparisons, e.g. in basal forebrain–caudal orbital regions,When REM sleep-activity is compared with activity in

each of the other states separately (Table 3), the associated may reflect differences between pre- and post-sleep studies
themselves (seebelow).spatial distributions are remarkably congruent; rCBF rates in

regions which were activated during REM sleep (compared
with non-REM sleep) were also relatively higher in REM
sleep than in either pre-sleep or post-sleep wakefulness

Sleep deprivation, post-recovery wakefulnessstudies. That is, regional cerebral activity during REM sleep
studieswas not only elevated above the relatively low levels observed

during SWS, but above wakefulness levels as well. Pre- versus post-sleep wakefulness
Global pCO2-corrected CBF rates were significantly lowerCompared with pre-sleep wakefulness studies, the largest

elevations in normalized rCBF during REM sleep were found during post-sleep than during pre-sleep wakefulness studies,
showing a relative decrease of 17.5% (P , 0.002; Fig. 2).in the pontine tegmentum. Other centrencephalic areas in

which normalized activity during REM sleep exceeded These differences may represent either increases in CBF due
to sleep deprivation or decreases brought about by interveningwakefulness levels included the midbrain, the basal forebrain–

caudal orbital regions, caudate nucleus, and cerebellar vermis. recovery sleep (or both).
Since only decreases during post-sleep wakefulness,However, unlike the SWS–REM sleep comparison,

normalized rCBF in the thalamus did not differ significantly compared with pre-sleep wakefulness, were observed in the
analysis of absolute flow, only decreases in normalized flowfrom levels measured during wakefulness.

In paralimbic regions, activity during REM sleep exceeded rates were considered as indices of real change (Table 4).
These were found, for the most part, in the neocortex, andpre-sleep wakefulness levels in the hippocampus and

parahippocampal cortices, and in the anterior but not posterior decreases were greatest in unimodal areas of the occipital
and temporal lobes, and in visual (striate, occipital, andcingulate cortex. Normalized rCBF rates in the posterior

insula were significantly lower during REM sleep than during inferotemporal association) cortices. Decreases were also
observed in the superior temporal auditory associationpre-sleep wakefulness. While activity in the anterior insula

was higher during REM sleep than SWS, elevations in cortices. rCBF in the hippocampus was also significantly
lower following recovery sleep, constituting the mostanterior insular activity when REM sleep was compared with

pre-sleep wakefulness did not reach statistical significance. statistically robust difference in the comparison of the two
periods of wakefulness.In the frontal lobe, normalized activity in the medial

prefrontal cortex was significantly higher during REM sleep, Similar, but less robust, decreases were observed in
heteromodal association regions of the neocortex; in thewhile activity in the lateral orbital, dorsolateral prefrontal

and frontal opercular cortices was significantly lower during frontal opercular, orbital and dorsolateral prefrontal regions,
middle temporal gyrus–superior temporal sulcus, and theREM sleep than pre-sleep wakefulness. Activity in the

heteromodal association cortices of the inferior parietal lobule inferior parietal lobule, activity was elevated during pre-sleep
wakefulness and reduced following recovery sleep (Table 4).was similarly reduced during REM sleep. On the other hand,

as was the case in the SWS–REM sleep contrast, normalized In contrast, centrencephalic structures, including brainstem,
basal ganglia, basal forebrain and cerebellum, were associatedrCBF was significantly higher during REM sleep than during

pre-sleep wakefulness in post-rolandic unimodal sensory with positiveZ-scores, indicating invariance in absolute
blood-flow rates (Table 4).areas including the visual association areas of the fusiform

and lateral occipital gyri. To determine whether differences in pre-scan sleep
deprivation schedules impacted on CBF values measuredWhen REM sleep and post-sleep wakefulness studies were

compared, a similar pattern was evident (Table 3). There during specific sleep stages, data from groups of subjects
who underwent an average of 39 h of continuous wakefulnesswere robust elevations of normalized rCBF, during REM
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(n 5 6) were contrasted with data from subjects who had e.g. in the frontal operculum and fusiform gyrus in the SWS–
REM sleep contrast and in the pons in the REM sleep–post-been allowed a 2-h non-REM sleep nap 20 h prior to the

scans (n 5 13). There were no differences between the sleep wakefulness contrast, such lateralized differences in
rCBF were not commonly observed.groups when either global or regional CBF values were

evaluated for pre- or post-sleep wakefulness studies, or SWS.
(REM sleep scans were acquired only in the latter group, thus
similar comparisons could not be made for this sleep stage).Discussion

The state-dependent changes in CBF which we observed
indicate that fundamental differences in the functional
organization of the brain characterize, and underlie theComparison of ANCOVA-corrected and
transitions between, wakefulness, non-REM sleep and REM

reference-ratio-normalized tests of significance sleep. Our results are in a number of instances consistent
Previous studies (e.g. Ramsayet al., 1993) suggest that with those of previous studies (Madsenet al., 1991a, b) but
induced changes in global CBF affect task- or state-dependentthere are also differences, due to variations in methodology
changes in regional CBF in an ‘additive’ fashion, making and design, which suggest a complex and perhaps more
ANCOVA correction an appropriate method of normalization.comprehensive picture of brain function throughout the sleep–
However, in view of the large scale shifts in global CBF wake cycle.
which we observed, we decided to determine whether or not
our results would be affected by the choice of normalization
procedure, by comparing ANCOVA-corrected (additive) andGlobal changes in CBF
reference-ratio-normalized (proportional) values derived fromCBF levels, corrected for changes in arterial pCO2, are
the same data set. presumed to reflect energy consumed in cerebral synapses,

The pre-sleep wakefulness to SWS transition, whichover and above levels required to support basal neuronal and
resulted in the largest shift in global CBF, was selected forglial metabolism (Jueptner and Weiller, 1995). Therefore, the
the complementary analysis; in this case, average global CBFglobal or overall changes we observed suggest that there is
values (derived for each subject during each stage) were useda generalized decrease in synaptic activity in the transition
to normalize rCBF values. Reference ratios (local value :from wakefulness to non-REM sleep, a restoration of synaptic
global mean) were calculated for each pixel in the imagefunction during REM sleep and a secondary generalized
as outlined above, and SPM between-stage contrasts weredecrease in synaptic function upon waking (following
performed using these images. Results of the ANCOVA-recovery sleep).
corrected and reference-ratio analyses were then compared.The earliest studies of CBF and metabolism during sleep
The estimated smoothness of the derived SPMs werewere difficult to interpret, due to extant technical and
essentially the same: 10.68 FWHM (full width half maximum) methodological limitations. For example, in some instances
for the reference ratio, and 10.10 mm FWHM for the increases in CBF during both non-REM and REM sleep were
ANCOVA-corrected contrast (the effective FWHM for all reported (Mangoldet al., 1955; Reivichet al., 1968; for
ANCOVA-corrected contrasts reported here were betweenreview seeFranzini, 1992). However, it is now reasonably
10 and 12 mm). Maximum and minimumZ-scores calculated well established that SWS is associated with a decrease in
in both reference-ratio- and ANCOVA-corrected analysesglobal CBF, and REM sleep with values which are similar
were within the same range (15.17, –6.09 for ANCOVA and to those observed during wakefulness (Madsen and Vorstrup,
15.74, –5.42 for reference-ratio normalizations), and the1991; Madsenet al., 1991b; Madsen, 1993; Franzini, 1992).
regional distribution of theseZ-scores were congruent. We The present results are consistent with these more recent
may therefore conclude that our results are independent offindings (Fig. 2). In addition, the stage-specific changes in
the method used to correct for global CBF changes. pCO2 which we recorded (Fig. 2, legend) are consistent with

changes previously reported (Robinet al., 1958; Douglas
et al., 1982).

The evaluation of global flow rates also produced aLeft–right differences in rCBF
Significant lateralization of state-related rCBF changes was somewhat paradoxical finding; when pre- and post-sleep

wakefulness studies were compared, even brief periods ofrarely encountered (Tables 1–4, indicated by asterisks). In a
limited number of instances, differences between sleep and recovery sleep appeared to be associated with a decrease in

global CBF when subjects awoke. This is consistent with atwakefulness stages were detected in only one hemisphere,
accompanied by significant differences between hemispheres least one report in which rapid decreases in CBF velocity

were detected following electroencephalographic arousal,when these were tested directly. The most robust lateralized
effect (z 5 2.75) was seen in the pre-sleep wakefulness– using ultrasound techniques (Hajaket al., 1994).

However, the importance of global changes in CBF whichSWS contrast in which significant decreases in medial
prefrontal cortex were detected in the right hemisphere alone. take place throughout the sleep–wake cycle is not entirely

clear. Since sleep-stage-related changes in blood flow,Other than for scattered asymmetric hemisphere responses,
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and thus in synaptic function, appear to be regionally A ventral branch of the ascending reticular activating
system continues into the basal forebrain, and constitutes anheterogeneous, it is probably most meaningful to identify the

areas in which these differences are manifest, and to make alternate route by which reticular afferents may regulate
cortical activity (Kanai and Szerb, 1965). The basal forebrainan effort to characterize the regional patterns associated with

these state-dependent changes in cerebral activity. is the origin of widespread cholinergic projections to
neocortex and paralimbic regions of the brain, which appear
to play a role in cortical EEG desynchronization, and thus
arousal (Semba, 1991).Regional changes in CBF

In the present study, the elements of both dorsal andFunctional significance of rCBF activation
ventral ascending systems were deactivated during SWS

patterns (compared with wakefulness; Table 1), and this may account
As a means of summarizing and ultimately modelling state-for the relatively increased arousal threshold that characterizes
dependent differences in cerebral activity, the brain regionsthese deepest stages of non-REM sleep.
involved can be parsed into functional categories: (i) In contrast, significant increases in rCBF were evident
centrencephalic and subtentorial structures include theduring REM sleep (compared with SWS) in elements of both
cerebellum, brainstem, basal ganglia, thalamus and the basalascending systems (Table 2), consistent with the notion of a
forebrain (which encompasses the substantia inominata,generalized activation of arousal systems during this stage.
ventral regions of the striatum, anterior hypothalamus–However, when REM sleep was compared with either pre- or
preoptic area and caudal orbital surface of frontal lobe); (ii)post-sleep wakefulness studies (Table 3), activity in brainstem
paralimbic, limbic and other proiso-cortical regions includeand basal forebrain was, in each instance, significantly
mesial temporal (amygdala, hippocampus and parahippo-elevated above wakefulness levels, while activity in the
campal gyri), insular and cingulate cortices; (iii) neocorticalthalamus was not. This suggests that preferential activation
regions include higher order (heteromodal) associationof the ventral, or cholinergic, portion of the reticular outflow
cortices, peri-rolandic and primary and secondary post-pathway may be a distinguishing feature of REM sleep.
rolandic sensory cortices. Evaluation of hemispheral differ- Certain changes in the activity of centrencephalic structures
ences suggest that these regional, state-dependent changesappeared to be specific for REM sleep and may be related
are for the most part bilateral, therefore this discussion willto events uniquely associated with this sleep stage (Callaway
not focus on lateralized effects. et al., 1987). For example, activity in both the pons and

mesencephalon decreased during SWS (compared with
wakefulness; Table 1) and increased during REM sleep
(compared with SWS; Table 2); however, increases in theCentrencephalic structures

Significant changes were systematically detected throughout pontine tegmentum during REM were greater than those in
the mesencephalon when compared with SWS or eithercentrencephalic regions in all sleep–wake stage contrasts,

except for the comparison of pre- and post-sleep wakefulness period of wakefulness (Table 3). This is consistent with the
hypothesis that cholinergic neurons of the rostral pons arestudies. (Tables 1–3; Figs 3 and 4). This is not surprising,

since centrencephalic regions are purported to represent core specifically activated during this stage (Mitaniet al., 1988).
It has been shown, for example, that these neurons increaseelements of the major ascending systems which regulate

arousal or the level of consciousness. their activity five- to tenfold during the generation of PGO
waves (McCarley and Hobson, 1971).The work of Bremer (1935) and Mourozzi and Magoun

(1949) led to the idea that the rostral brainstem’s isodendritic Similarly, activity in the cerebellar hemispheres was
significantly depressed in the transition from wakefulness tocore, i.e. the ponto-mesencephalic reticular formation

(Mesulamet al., 1983b; Mitani et al., 1988), represents the SWS (Table 1), consistent with the reduction of sensorimotor
function that characterizes this stage (Williamset al., 1964).base of an ascending reticular activating system which

controls the excitability of the forebrain, and thus regulates However, during REM sleep, while blood flow in the
cerebellar hemispheres remained relatively low, activity inthe state of consciousness. This concept has been supported by

recent investigations using contemporary techniques (Munk the vermis increased significantly; normalized flow values in
this region were elevated above levels observed during bothet al., 1996; Steriade, 1996).

There appear to be two major routes by which the brainstem SWS and wakefulness (Table 3). A selective increase in
activity of the vermis during REM sleep is not unexpectedreticular formation exerts its effects upon the cortex (Fig. 6)

(Scheibel and Scheibel, 1967; Robertsonet al., 1973; Fuller, since it represents the principal cerebellar target of the
vestibular system, which is thought to play a cardinal role1975). A dorsal branch projects to the intralaminar thalamus,

a direct diencephalic extension of the reticular core (Jasper, in both the generation of the rapid eye movements and
presynaptic inhibition of segmental motor neurons during1949; Brodal, 1981) that is situated so as to regulate cortical

activity (i) through direct neocortical projections, (ii) through REM sleep (Pompeiano, 1967; Vellutiet al., 1985).
It should be mentioned that a number of rCBF increasesits associations with other thalamic nuclei or (iii) via its

substantial projections to the basal ganglia. observed in centrencephalic structures during the transition
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Fig. 5 Brain map illustrating increases in rCBF during post-sleep wakefulness when compared with REM sleep as baseline, prepared
using methods outlined in the legend to Fig. 3. Values areZ-scores representing the significance level of changes in normalized rCBF in
each voxel; the range of scores is coded in the accompanying colour table, with red designatingZ-scores of 3.5 and above. Planes of
section are located at –25 mm (A), –5 mm (B), 19 mm (C) and127 mm (D) relative to the anterior commissural–posterior commissural
line. The rCBF in heteromodal association cortices of the orbital (B, small arrow), dorsolateral prefrontal (C andD, small arrows), and
inferior parietal lobes (D, medium arrow), which had decreased at the onset of SWS and remained depressed during REM sleep,
increased significantly during the transition from REM sleep to post-sleep wakefulness. Similar increases were seen in the cerebellar
hemispheres (A, small arrow). Activity in centrencephalic, paralimbic and post-rolandic sensory association cortices, on the other hand,
was relatively higher during REM sleep than during post-sleep wakefulness (seeTable 3).

sleep–wake architecture? Our data suggest that these nuclei
may in fact play a fundamental role, since changes in striatal
activity were the most statistically robust, and in this sense
appeared to dominate the transitions from wakefulness to
non-REM sleep, and non-REM to REM sleep.

It is not unreasonable to hypothesize a salient role for the
basal ganglia in the sleep–wake cycle, for their function is
clearly not limited to the motor domain. The basal ganglia
appear to be involved in a wide range of attentional, sensory
and cognitive processes (Marshallet al., 1980; Dunnet,
Iversen, 1982; Schneider, 1987) and they also, perhaps via
the action of their dopaminergic afferents (Porrinoet al.,
1984; Onginiet al., 1985; Montiet al., 1988), play a role in
regulating levels of behavioural responsiveness and arousal
(Kirkby, 1973; Hassler, 1979; McNamaraet al., 1983).
Indeed, early ablation experiments demonstrated that sleep
behaviours can be fundamentally, and in some cases
permanently, disrupted by lesioning of the striatum and
overlying cortex (Villablanca, 1972). Activity of striatal
neurons varies systematically throughout the sleep–wake
cycle (Moiseevaet al., 1969; Sayers and Stille, 1972; Sarkadi
et al., 1974), and release of acetylcholine in the basal ganglia
has been shown to decrease significantly during SWS, andFig. 6 A schematic diagram illustrating dorsal and ventral

pathways of the ascending reticular activating system. to increase to levels higher than wakefulness during REM
sleep (Gadea-Ciriaet al., 1973).

If the basal ganglia do play a material role in the sleep–
from SWS to REM sleep, while significant, were not aswake cycle, what anatomical pathways might subserve these
statistically robust as those observed in the midbrain,effects? First, the ventral striatum (nucleus accumbens and
thalamus, basal forebrain and, in particular, in the basalolfactory tubercle) extends well into, and may represent
ganglia. constituent elements of, the basal forebrain itself (Heimer

and Alheid, 1991).What function might the basal ganglia have in orchestrating
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Secondly, as outlined previously, the reticular activating pedunculopontine nucleus is thought to be integrally involved
in the initiation of REM sleep and may constitute a finalsystem regulates forebrain activity, in part, via projections to

the intralaminar thalamus. Yet, the exact mechanism by which common path for the propagation of PGO spikes (Sakai
et al., 1976; McCarley and Ito, 1983; Vertes, 1984). Thethis region of the thalamus exerts its effects upon the cortex

has not been established. While direct cortical projections basal ganglia are therefore in position to gate the transfer of
PGO waves from the brainstem to the thalamus and forebrain.have been demonstrated (Jones and Leavitt, 1974; Royce

et al., 1989) the basal ganglia are also in a unique position Furthermore, the pedunculopontine nucleus projects to the
intralaminar thalamus as well back to the core nuclei. Thus,to transmit information from the intralaminar thalamus to the

forebrain (Fig. 6). If the density of afferent and efferent processes evolving during REM sleep could readily affect
activity within the basal ganglia themselves.projections is an indication of functional significance, this

route might indeed be an important one. Early research sought a role for the basal ganglia in sleep
processes (Moiseevaet al., 1969; Sayers and Stille, 1972;The massive projection from intralaminar nuclei to the

striatum constitutes the largest efferent outflow from this Villablanca, 1972; Gadea-Ciriaet al., 1973; Sarkadiet al.,
1974). Indeed, the notion that the basal ganglia, through theirregion of the thalamus (Powell and Cowan, 1956; Sadikot

et al., 1990) and represents one of the principal afferent connections with the intralaminar and nonspecific thalamic
nuclei, might mediate the effects of the reticular activatinginputs to the basal ganglia, as dense as the projections from

neocortex (Dray, 1980). In addition to the striatum proper, system was once commonly entertained (Hassler, 1964).
However, when subsequent studies demonstrated direct (albeitthere are also dense IL thalamic projections to other elements

of the basal ganglia core and outflow nuclei (Royce and restricted) projections from the intralaminar thalamus to the
neocortex (Jones and Leavitt, 1974; Royce and Mourey,Mourey, 1985).

The major outflow nuclei of the basal ganglia project, in 1985; Royceet al., 1989) interest in the potential significance
of basal ganglia circuitry waned. It is now ignored in mostturn, to the ventral anterior and ventromedial nuclei of the

thalamus, projections which are as abundant as the basal contemporary models of sleep, waking and consciousness.
A role for the basal ganglia in REM sleep was ultimatelyganglia’s ‘motor’ output to the ventrolateral thalamus (Kemp

and Powell, 1971; Kimet al., 1976; Herkenham, 1979). The discounted when it became clear that these nuclei were not
essential for maintenance of cyclical phenomena whichventral anterior and ventromedial nuclei themselves project

widely to the entire cortical mantle. These nonspecific nuclei constitute the REM–non-REM sleep cycle: While it may be
strongly influenced by the activity of supratentorial afferentsare, in fact, core elements of a generalized thalamocortical

system (Hanberyet al., 1954; Herkenham, 1986) which (Callawayet al., 1987), the REM sleep oscillator is clearly
located in the pontine tegmentum, and REM–non-REM sleepappears to be the final common pathway for the cortical

recruiting response (Starzl and Magoun, 1951; Sasakiet al., oscillations will persist in the absence of the striatum or
other core nuclei of the basal ganglia (Siegel, 1985).1970; Sasaki, 1975; Glennet al., 1982), i.e. EEG

synchronization similar to that observed during drowsiness However, our results suggest that the search for a material
role for the basal ganglia in sleep might be appropriatelyand sleep, which can be induced by stimulation of the

intralaminar thalamus (Morison and Dempsey, 1942; Phillips resurrected. Although fundamental oscillations will persist in
their absence, the basal ganglia may be responsible foret al., 1972). In addition, these nonspecific nuclei may mediate

EEG desynchronization as well (Steriade, 1981). The basal orchestrating the downstream, supratentorial effects set in
motion by the simple change-of-state ‘switches’ in theganglia are therefore in a position to integrate and gate

information passing from the reticular core through the brainstem, choreographing within the forebrain, the impact
of processes initiated in the centrencephalic core.intralaminar thalamus, and thus to facilitate either

synchronization or desynchronization of cortical activity.
The basal ganglia are also in a position to regulate activity

within the ascending reticular activating system itself. TheParalimbic and limbic structures
We found that rCBF in paralimbic areas of the brain wasmajor outflow nuclei have massive projections back to

the intralaminar thalamus as well as to the pontine and systematically related to changes in the state of consciousness
(Tables 1–3; Figs 3 and 4). State-dependent activation ormesencephalic reticular formation (Nauta, 1979; McGuiness

and Krauthamer, 1980). Thus, the connections between deactivation of these regions was seen in all wake–sleep or
sleep-stage comparisons, including the contrast between pre-brainstem, intralaminar thalamus and basal ganglia could

regulate arousal or attentional tone at multiple levels. and post-sleep wakefulness. In general, these changes were
as robust as those observed in centrencephalic regions.Additionally, connections of the basal ganglia provide a

mechanism by which these nuclei might modulate REM Limbic core structures, such as amygdala and hippocampus,
play an direct role in the expression of drive and affect, andsleep. The core nuclei of the basal ganglia, including pallidum,

substantia nigra and subthalamic nucleus, each project to in the homeostatic control of autonomic and endocrine
function (Brodal, 1981). Paralimbic regions, such asthe pedunculopontine nucleus, one of the major ascending

cholinergic nuclei in the rostral brainstem’s reticular parahippocampal gyrus, anterior insula, temporal polar and
anterior cingulate cortices, on the other hand, are areas offormation (Mesulamet al., 1983b; Mitani et al., 1988). The



1188 A. R. Braunet al.

transitional cortex which serve as a site of information 1996) reported REM sleep-associated increases in rCBF
in limbic–paralimbic structures which were in some casesexchange between neocortex and the limbic system proper,

thus serving as an interface between the external and internal identified (anterior cingulate cortex) and in some cases
not (amygdala) in the present study. However, that studymilieus (Mesulam, 1985).

During deep non-REM sleep, activity in the hippocampus contrasted REM sleep scans with all non-REM sleep data
obtained, i.e. combining SWS and wakeful-state scans data,and amygdala did not change (compared with pre-sleep

wakefulness), while activity in paralimbic structures whereas we employed state-specific contrasts. The two studies
may therefore not be directly comparable.decreased dramatically, i.e. rCBF rates in the anterior insula,

temporal polar and anterior cingulate cortices were at their
nadir during this stage. This suggests that during non-
REM sleep, the limbic core structures may be functionallyNeocortical regions

The results of previous PET studies have suggested that non-disconnected from brain regions which directly mediate their
interactions with the external environment. The notion that REM sleep is characterized by a homogeneous decrease in

metabolism in the neocortex, and thus a global decrease innon-REM sleep may serve a homeostatic or restorative
function is well established (Steriade, 1992; Horne, 1988), cortical synaptic activity (Heisset al., 1985; Maquetet al.,

1990). Our results reveal that the situation may be moreand it is possible that a state in which limbic structures are
effectively disengaged from the external milieu could be a complex. The changes in CBF we observed in the neocortex

were not uniform, but were markedly heterogeneous, differingprecondition for such recuperation. The disengagement of
vegetative or endocrine machinery might also serve as a conspicuously in higher order frontoparietal association areas

and unimodal occiptotemporal sensory cortices (Table 1;diathesis in which internally generated events, such as the
phasic secretion of growth hormone during SWS (Takahashi Fig. 3). This functional dissociation, which was manifest at

sleep onset and persisted throughout the sleep–wake cycleet al., 1968), or the restoration of wakefulness-depleted
neuronal glycogen stores (Benington and Heller, 1995) can (including REM sleep; Tables 2 and 3), may be a defining

characteristic of sleep itself.occur.
REM sleep, on the other hand, was associated with During normal awake consciousness, the prefrontal cortices

perform the highest order processing of neural information,profound activation of both the paralimbic belt and the limbic
core. Increases in rCBF in lateral paralimbic regions derived integrating sensory, cognitive and limbic information,

organizing meaningful, temporally sequenced behaviouralfrom paleocortex (temporal polar and anterior insular cortex),
while significant, were not as statistically robust as those responses and subserving working memory. The inferior

parietal cortices are involved in cross-modal association ofin medial regions derived from archicortex (hippocampus,
parahippocampal gyri and anterior cingulate cortex). perceptual material necessary for higher cortical activities

such as language. The onset of non-REM sleep was associatedThe potential function of limbic activation during REM
sleep is not clear, but is phenomenologically consistent with with dramatic and specific deactivation of these regions.

Activity levels in post-rolandic unimodal sensory cortices,the autonomic activation and lability observed during REM
sleep (Hobson, 1969), and could be related to the rich on the other hand, were preserved during SWS. These regions

are involved in lower level processing of modality-specificemotional content of dreams reported during this sleep stage.
In addition, activation of the hippocampus–parahippocampal information and serve as an obligatory relay for the transfer

of this information to other regions of the brain. Our resultssystem could be related to the purported impact of REM
sleep on memory processes (Crick, and Mitchison, 1983; suggest that these areas may possibly be characterized by

a minimum, perhaps self-generating, level of activity belowSmith, 1985; Karniet al., 1994), or amnesia for REM sleep-
related phenomenaper se(Goodenoughet al., 1965). which they will not drop, i.e. an effective ‘floor effect’,

during non-REM sleep.What physiological processes might account for the
deactivation of paralimbic structures during SWS, and their Taken together, these data indicate that regions constituting

the first cortical relay for exteroceptive stimuli may remainsubsequent reactivation during REM sleep? Immuno-
histochemical studies suggest a potential mechanism. The active or ‘alert’ during SWS, but are dissociated from regions

‘downstream’ with which they are functionally coupledparalimbic cortices are the recipient of a rich cholinergic
innvervation by basal forebrain structures, more dense than during wakefulness. In other words, while primary and

secondary sensory areas may remain active during SWS, thethe cholinergic projections from basal forebrain to neocortex
(Mesulamet al., 1983a; Rye et al., 1984). The changes in higher order association cortices to which they project,

regions in which sensation acquires a larger meaning, aresynaptic tone within the paralimbic belt might therefore be
driven by the robust state-dependent changes in basal relatively silent.

A similar functional dissociation was observed in moreforebrain activity. In addition, paralimbic regions project
back to the basal forebrain, so the effects might be reciprocal, primitive proisocortical regions to which the frontoparietal

and occipitotemporal cortices project. Activity in the anteriorconstituting arousal mechanisms which feed forward upon
themselves. portion of the insula, paralimbic cortex associated with the

prefrontal system, decreased during SWS (Table 1; Fig. 3),A recently published H215O-PET study (Maquetet al.,
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while the posterior portion of the insula, functionally presentation of comparably loud, but less meaningful, stimuli
will not (Langford et al., 1974).associated with post-rolandic unimodal sensory cortices,

remained active (Mesulam and Mufson, 1986). Similarly, The functional dissociation between activity in fronto-
parietal and occipitotemporal systems persisted during REMactivity in the anterior cingulate, which is functionally related

to the prefrontal cortex and plays an associative or executive sleep (Tables 2 and 3). There were marked increases in
activity in discrete post-rolandic cortical areas during REMrole, decreased during SWS; activity in the posterior

cingulate, which is more closely related to post-rolandic sleep, more prominent in secondary than in primary sensory
cortices, and most pronounced in the auditory and visualunimodal sensory systems and serves a sensory or evaluative

function (Vogt et al., 1992), remained unchanged (Table 1; systems. The marginal differences which were detected in
somatosensory and somatomotor regions might be due toFig. 3).

What mechanisms might account for the focal deactivation greater inter-subject variability in the activity of peri-rolandic
structures (the largest coefficients of variation were observedof frontoparietal association areas and preservation of activity

in the unimodal sensory cortices? The non-uniform cortical in peri-rolandic regions in all stages of sleep), or to the reduced
sample space, i.e. a relative undersampling of Brodmann areasprojections of the intralaminar thalamus may play a role.

Direct projections from intralaminar thalamus are more 5 and 7, the lateral premotor cortex and supplementary motor
area. Similarly, the frontal eye fields (Brodmann area 8,abundant in the frontal and parietal association areas, while

projections to the unimodal visual and auditory regions are superior dorsolateral prefrontal cortex), where changes in
rCBF might be expected to subserve eye movementsrelatively sparse (Kaufman and Rosenquist, 1985; Macchi

and Bentivoglio, 1986; Berendse and Groenewegen, 1991); associated with REM sleep, were not adequately sampled in
the majority of subjects.cortical recruiting responses induced by stimulation of the

intralaminar thalamus appear to be restricted to frontal, Within the temporal and occipital cortices, however, REM
sleep-induced increases in rCBF were conspicuous. Thecingulate and posterior suprasylvian areas, and are absent in

the unimodal sensory cortical regions (Starzl and Magoun, rCBF was significantly increased in visual association areas
(Brodmann area 19, 37), as well as the anterior auditory1951; Sasaki, 1975). Thus, attenuated activation of the

intralaminar thalamus by the brainstem reticular formation association areas (Brodmann area 22, although increases
were not as robust there as in the visual areas).during non-REM sleep might be expected to have a

disproportionate effect on the frontoparietal regions, perhaps In contrast to the REM sleep-related activation of these
post-rolandic sensory cortices, heteromodal areas including‘sparing’ the occipitotemporal cortices.

However, it is not likely that synaptic activity in the the dorsolateral prefrontal cortex, lateral orbital cortex and
inferior parietal lobule (each of which was deactivated at theunimodal sensory areas is maintained by ongoing thalamic

transmission of sensory information from the periphery, onset of non-REM sleep) remained inactive during REM
sleep. Similarly, activity in the heteromodal portions of thebecause the sensory relay nuclei of the thalamus are inactive

during SWS as well. It is more likely that unimodal sensory temporal lobe, i.e. the anterior middle temporal gyrus and
superior temporal sulcus, did not increase during REMactivity is preserved within local circuitry or represents

intracortical or transcollosal transfer of information. (versus non-REM) sleep.
Increased activity in the visual cortex and decreasedWhat function, if any, might be served by the persistence

of activity in post-rolandic sensory fields during non-REM activity in the inferior prefrontal regions observed in the
present study are consistent with the results of a previoussleep? It may simply be that the maintenance of synaptic

activity reflects a relatively low need for recuperative benefits SPECT study of REM sleep (Madsenet al., 1991a), and
decreased rCBF in prefrontal areas during REM sleep hasof SWS in these regions compared with that of the higher

order association cortices. On the other hand, persistence of been reported in a recent PET study as well (Maquetet al.,
1996). The present results, however, suggest that changespost-rolandic cortical synaptic activity may keep these

systems prepared or ‘primed’ for sudden arousal. There may observed during REM sleep are part of a larger and more
comprehensive pattern of brain activity which is manifestbe adaptive or survival value associated with sustaining an

essential level of activity which would enhance effective throughout the course of the sleep–wake cycle:
As illustrated in Fig. 7, the onset of SWS was associatedfunctioning when thalamocortical activity is re-established.

This would be particularly true when waking occurs rapidly, with decreases in neuronal activity in all brain regions, with
the exception of the unimodal, post-rolandic sensory corticesin response to a sudden threat from the environment.

Persistence of activity in the unimodal sensory cortices (typified in this case by the auditory cortices of the superior
temporal gyrus). The most precipitous decreases in themay play a role in stimulus-induced arousal itself. That is,

this activity may support a discriminative function at the neocortex were found in the heteromodal regions, i.e. the
prefrontal cortex and inferior parietal lobule (seealso Fig. 3).level of the secondary sensory cortices themselves, permitting

an individual in this sleep stage to evaluate the salient features Deactivation of the heteromodal cortices may be a constituent
feature of sleep itself; during REM sleep (Figs 4 and 7), whileof a stimulus. Consistent with this notion, it has been shown

that the presentation of one’s own name will result in rCBF in centrencephalic, paralimbic, limbic and unimodal
sensory regions increased, activity in the prefrontal andbehavioural and electroencephalographic arousal, whereas
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1995), increased significantly during REM sleep to levels
above those detected during either SWS or wakefulness
(Tables 2 and 3; Fig. 3), although these increases were not
as statistically robust as those in the sensory areas.

While not as intensively studied at this point as the
lateral convexities, the medial prefrontal cortices appear to
subserve functions which may be related to REM sleep. They
are functionally related to the mesencephalic activa-
tion system (Luria, 1980), and are clearly involved with
processes of arousal and attention (Cummings, 1985). In
addition, structural lesions within this region can produce
confabulation, the impulsive production of fabricated
information, unbridled by reason or social context, in patients
with amnesia (Bensonet al., 1996). Thus, participation of
the medial prefrontal cortex could be related to the bizarre,
albeit uncritically experienced narrative imagery of dreams.

Cortical–subcortical interactions in REM and
non-REM sleep
The thalamus and cortex have evolved in close relationship
with one another in the course of vertebrate evolution, and
the thalamic nuclei and the cortical regions with which
they are interconnected may be considered as functionally
contingent systems. Viewed in this way, the evaluation of
cortico-thalamic interactions during the sleep–wake cycle
may be more revealing than the study of either element
independently.

In the transition from wakefulness to non-REM sleep,
decreased activity in the dorsolateral prefrontal and lateral
orbital regions was matched by a corresponding reduction in
the dorsomedial nucleus of the thalamus, with which these
cortical areas are reciprocally connected (Table 1). Thus, the
prefrontal cortex –dorsomedial thalamic system appeared to

Fig. 7 Line graph illustrating changes in rCBF in selected be deactivated in a coherent manner. Similarly, parahippo-
centrencephalic, paralimbic and neocortical regions of interest campal cortex, anterior cingulate cortex and the anterior
throughout the sleep–wake cycle. Values are normalized, averaged

nucleus of the thalamus appeared to be deactivated as aand scaled as outlined in the Material and methods section.
system during non-REM sleep (Table 1).Talairach coordinates used to extract regional data from individual

In contrast, sensory nuclei of the thalamus, i.e. pulvinar,PET scans are as follows: pons,x 5 64, y 5 –32,z 5 –28;
caudate,x 5 67, y 5 13, z 5 0; dorsomedial (DM) thalamus, geniculate, and ventral posterior areas, were deactivated while
x 5 67, y 5 –15,z 5 8; prefrontal cortex,x 5 644, y 5 40, activity levels in post-rolandic sensory cortices did not change
z 5 0; auditory association cortex,x 5 65, y 5 31, z 5 0;

(Table 1). In other words, the sensory thalamus and relatedsupramarginal gyrus (SMG),x 5 647, y 5 –44,z 5 40; anterior
regions of the neocortex appear to be ‘uncoupled’ at sleepcingulate cortex,x 5 69, y 5 41, z 5 8.
onset. On the other hand, in the transition from non-REM to
REM sleep (Table 2), prominent increases in activity in the
sensory thalamus were matched by increases in portions ofinferior parietal cortices remained depressed, increasing only

at the onset of wakefulness (Figs 5 and 7). In other words, the occipital and temporal cortices. This suggests that the
sensory thalamus and neocortex may become functionallyREM sleep may consititute a state of generalized brain

activity with the specific exclusion of executive systems ‘recoupled’ during REM sleep.
Communication between the sensory thalamus and cerebralwhich normally participate in the highest order analysis and

integration of neural information. cortex may be necessary to bind together sensory information
reaching the brain in a manner that is experienced asIn contrast while dorsolateral prefrontal and lateral orbital

cortices remained inactive, rCBF in the medial prefrontal consciousness (Joliotet al., 1994; Pare and Llinas, 1995).
The breach of coherence in this thalamocortical systemcortices, the prefrontal area with the richest limbic

connections (Damasio and Anderson, 1993; Partiotet al., may be a defining property of ‘unconsciousness’ which is



Regional CBF during sleep and wakefulness 1191

Fig. 8 Line graph illustrating changes in rCBF in elements of (A) limbic and (B) prefrontal corticostriatal–thalamocortical circuits
throughout the sleep–wake cycle. Values are normalized, averaged and scaled as outlined in Material and Methods section. Talairach
coordinates used to extract regional data from individual PET scans are as follows: nucleus accumbens,x 5 610, y 5 8, z 5 –8;
anterior thalamus,x 5 68, y 5 –7, z 5 8; anterior cingulate cortex,x 5 69, y 5 41, z 5 8; caudate,x 5 67, y 5 13, z 5 0;
dorsomedial (DM) thalamus,x 5 67, y 5 –15,z 5 8; prefrontal cortex,x 5 644, y 5 40, z 5 0.

characteristic of non-REM sleep, as opposed to REM sleep intrinsic striatal neurons, since, at least during wakefulness,
most of these neurons are silent until extrinsically activatedor wakefulness.

Relationships of cortical and subcortical regions can be (Richardsonet al., 1977; Wilson, 1990). A likely source of
such extrinsic input during REM sleep would be thelooked at in another way, by considering the concurrent

activity of cortex, thalamus and basal ganglia. It has been intralaminar thalamus (Fig. 9, number 4) which, as noted
above, is the source of a massive projection by whichproposed (Alexanderet al., 1986; Parent and Hazrati, 1995),

that there are multiple, parallel circuits connecting information may be transferred from the reticular activating
system to the basal ganglia (Powell and Cowan, 1956; Sadikotfunctionally related regions of the striatum, thalamus and

frontal or cingulate cortices, the so-called corticostriatal–et al., 1990). In fact, it has been proposed that the intralaminar
thalamus might ‘gate’ or selectively activate the variousthalamocortical loops.

Our findings suggest that, in general, these circuits, e.g. corticostriatal–thalamocortical circuits (Groenewegen and
Berendse, 1994); such selective activation might, in part,the ‘limbic’ loop connecting ventral striatum, anterior

thalamus and paralimbic cortices, appear to be activated in shape the regional activations manifest during REM sleep.
What might be the functional significance of the fragmentedan integrated fashion during REM sleep (Table 2; Fig. 8A).

However, the prefrontal or ‘association’ loop, connecting activation of the prefrontal circuit during REM sleep? It is
possible that this reflects a ‘systems check’ and/or alertingthe caudate, dorsomedial thalamus and prefrontal cortices

(Table 2; Fig. 8B), appears to be activated only in a partial function of REM sleep. Our results suggest that deactivation
of the lateral orbital and dorsolateral prefrontal cortices, theor fragmentary way.

Significant increases in rCBF were detected in both dorsal single most salient feature common to both non-REM and
REM states, may be a defining characteristic of sleepper se.and ventromedial portions of the caudate (they are, in fact,

the most statistically robust increases observed during REM Reduced CBF in these regions may be indicative of, or may
represent a necessary precondition for, recuperation duringsleep), while activity in the dorsolateral prefrontal and lateral

orbital cortices did not change. Thus, during REM sleep, the sleep. Activation during REM sleep might thus serve as a
means of checking the readiness of frontal regions forcaudate may be operating in a ‘stand-alone’ mode,

independent of activity in its primary source of neocortical waking. Activation of the caudate during REM sleep without
corresponding activation of the lateral prefrontal cortices andafferents.

It is not likely that this represents spontaneous activity of dorsal thalamus (Fig. 9, numbers 1, 2 and 3) might indicate
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later in the sleep period would be characterized by increasing
coherence of prefrontal, dorsomedial thalamic and striatal
activity, which could also underlie the time-of-night
dependent changes in the length and complexity of REM
sleep dream reports (Snyder, 1970; Cipolli and Poli, 1992).
Future studies should include comparison of REM episodes
across the sleep period.

Pre- versus post-sleep wakefulness
The most conspicuous differences in the comparison of pre-
and post-sleep wakefulness studies were large decreases in
absolute pCO2-corrected blood-flow levels, with global CBF
significantly lower during post-sleep than pre-sleep
wakefulness (Fig. 2). Indeed, in this contrast, differences in
absolute rather than normalized rCBF rates were the more
statistically robust (i.e. they generated the largestZ-scores),
a finding unlike the more typical case, in which normalized
comparisons were generally associated with the lower
probabilities of error. This suggests a generalized, relatively
uniform decrease in CBF following recovery sleep.

The post-sleep wakefulness depression of CBF was not
entirely homogeneous, however. The analysis of normalized
rCBF identified regionally specific decreases, and ultimately
suggests that a dissociation between activity in limbic,Fig. 9 A schematic illustration of cortical and subcortical

connections of the caudate nucleus. DM5 dorsomedial thalamic paralimbic and neocortical regions on one hand, and
nucleus; PPN5 pedunculopontine nucleus; RF5 rostral pontine centrencephalic regions of interest on the other, may
and mesencephalic reticular formation; S. Nigra5 substantia characterize sleep deprivation and/or recovery (Table 4).
nigra.

There were no apparent differences in the activity of
centrencephalic structures, including the basal forebrain,
brainstem, basal ganglia and thalamus, when pre- and post-a need for additional sleep, and ultimately result in the end

of the REM sleep period and the re-initiation of SWS. The sleep wakefulness studies were compared (Table 4), i.e.
positive Z-scores indicated a relative invariance in absolutetermination of REM sleep could be brought about by the

basal ganglia themselves, mediated by projections from flow rates. Thus, our results suggest that activity in these
regions appears to be related to wakefulnessper se, withoutoutput nuclei to the pedunculopontine nucleus (Fig. 9, number

6), and the reappearance of SWS could be initiated via the differences attributable to sleep deprivation or intervening
sleep. Indeed, activity in centrencephalic structures relateddense projections from the output nuclei to the intralaminar

thalamus and reticular formation (Fig. 9, numbers 5, 7 and 9). to arousal might be expected to remain constant in the
comparison of wakefulness studies, representing a constituentOn the other hand, ‘matched’ increases in activity in

caudate, lateral prefrontal cortex and dorsomedial thalamus, characteristic of conscious wakefulness.
In contrast, activity in limbic and neocortical regions wasi.e. reintegration of this corticostriatal–thalamocortical circuit,

might indicate physiological readiness for wakefulness or it clearly affected by the intervening period of sleep. Decreases
in activity during post-sleep wakefulness were manifest inmight actually constitute wakefulness in itself. In this case,

the degree to which activity in the prefrontal cortex and post-rolandic unimodal sensory regions, i.e. in the auditory
and visual cortices of the temporal and occipital lobesdorsal thalamus are functionally coupled with activity in the

caudate might represent a fundamental difference between (Table 4), even though activity in these regions did not
change during the transition from wakefulness to SWS andREM sleep and normal waking consciousness.

It may be important to note that our data were generally increased during REM sleep. Activity in the prefrontal and
parietal association cortices was also lower during post-sleepacquired during the first REM sleep episode, and our findings

could be biased by this. All of the results we report, including than pre-sleep wakefulness, although activity in these regions
had apparently rebounded from the low levels observedpartial integration of the corticostriatal–thalamocortical

circuitry, might be characteristic of REM sleep episodes during both REM and non-REM sleep. Compared with
pre-sleep wakefulness, activity was also reduced in thewhich occur early in the sleep period and may therefore be

distinctly different from what would be seen later following hippocampus following recovery sleep. Decreases during
post-sleep wakefulness were most statistically reliable hereseveral non-REM–REM sleep cycles. If our hypothesis is

correct, it might be predicted that REM episodes occurring and in the inferior and middle temporal gyri.
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It is not clear at this point whether such differences actually State-dependent differences in the activity of limbic and
paralimbic regions parallelled those observed inrepresent increases in CBF due to sleep deprivation or

decreases brought about by the intervening period of recovery centrencephalic structures, and differentiated pre- and post-
sleep wakefulness states as well. This suggests that limbicsleep (or both). If interpreted as the consequence of sleep

deprivation, increased activity in mesial temporal and and paralimbic areas play a significant role in all state
transitions. Variations in the activity of these regions mayneocortical regions might represent the functional correlates

of hypnogenic processes which precede sleep onset. However, relate to the affective, emotional, autonomic and endocrine
phenomena associated with both REM and non-REM sleep.if interpreted as changes due to the effect of recovery sleep,

decreased activity in limbic and neocortical structures may Significant, regionally heterogeneous differences in
neocortical activity constituted a salient feature of eachreflect recuperative or restorative effects of sleep, manifest

at the onset of wakefulness. sleep stage. A functional dissociation between activity in
frontoparietal association and post-rolandic unimodal sensoryAn abrupt reduction in CBF upon waking, although

somewhat paradoxical, would not be entirely unexpected. As areas appears to be characteristic of both REM and non-
REM sleep. SWS is associated with selective deactivation ofnoted above, a previous study (Hajaket al., 1994) reported

rapid reductions in cerebral arterial blood flow immediately higher order frontoparietal association areas and preservation
of activity in primary and secondary sensory cortices. REMfollowing waking from sleep. Furthermore, changes observed

in that study represented decreases from values measured sleep is characterized by selective activation of certain
unimodal sensory cortices (along with centrencephalic,during both non-REM sleep and pre-sleep wakefulness, at

which time subjects werenot sleep-deprived. These findings paralimbic and limbic regions of the brain) to the exclusion
of frontoparietal association systems. That is, REM sleepsuggest that the differences we observed might reflect a

physiological consequence of arousal from recovery sleep appears to represent a generalized activation of the brain
without the participation of regions normally responsiblemore accurately than the effects of sleep deprivation.

Nevertheless, it should be mentioned that, in the absence for the highest order analysis and integration of neural
information. Deactivation of the heteromodal associationof fully rested, midday baseline data, all of the differences

we report here might represent, at least in part, functional areas represents the single feature common to both non-REM
and REM states, and may be a defining characteristic ofchanges related to sleep deprivation. That is, it is possible

that subjects failed to obtain adequate recovery sleep in the sleep itself.
Altered relationships between cortical and subcortical brainPET scanner, and were still relatively ‘sleep deprived’ upon

waking at the end of the scanning session. Further regions appear to differentiate the various stages of sleep.
SWS is characterized by what may be a functional dis-investigations will be necessary in which non-sleep-deprived

subjects are studied prior to, and following, an adequate connection of thalamic relay nuclei and post-rolandic sensory
cortices. REM sleep may be characterized by a partialperiod of recovery sleep. Similarly, potential circadian effects

on sleep–wake architecture were not systematically excluded or fragmented activation of corticostriatal–thalamocortical
association circuitry. The difference between activation duringin the present study, and future investigations should evaluate

rCBF patterns associated with sleep during different portions REM sleep and activation during normal waking conscious-
ness might be the degree to which the lateral prefrontalof the circadian cycle. Finally, it should be stressed that this

was an exploratory study, which evaluated a large number cortex and dorsomedial thalamus are functionally coupled
with associated regions of the basal ganglia.of regional variables, and was undertaken to generate rather

than test hypotheses; the results will need to be replicated.
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