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The Effect of Sleep Deprivation on Cerebral
Glucose Metabolic Rate in Normal Humans
Assessed with Positron Emission Tomography
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Summary: This study is the first report on the effects of total sleep deprivation (about 32 h) on regional cerebral
glucose metabolism during wakefulness in man, using positron emission tomography (PET) with F-18 deoxyglucose
{(FDQG). Sleep deprivation leads to a significant reorganization of regional cerebral metabolic activity, with relative
decreases in the temporal lobes and increases in visual cortex. Absolute glucose metabolic measurements indicate
a decrease in thalamus, basal ganglia, white matter, and cerebellum. No overall decrease in whole brain metabolism
was noted after sleep deprivation. As expected, sleep deprivation significantly reduced visual vigilance as assessed
by the continuous performance test and this decrease was correlated significantly with reduced metabolic rate in
thalamic, basal ganglia, and limbic regions. Key Words: Vigilance—Continuous performance test—Sleep—PET —
Humans—Sleep deprivation—Regional cerebral glucose metabolism.

Studies of total or selective stage sleep deprivation
have not fully clarified the functions or mechanisms
of normal sleep (1-4). Sleep deprivation shortens sleep
latency (5), enhances electroencephalographic (EEG)
delta waves during recovery sleep (6), alters average
evoked responses (7,8), interferes with performance on
tasks requiring motivation and sustained attention (1,9),
and activates epileptic EEG patterns and seizures in
some patients (10,11). It also has a brief but significant
antidepressant effect in about 50% of depressed pa-
tients (12). In contrast to these effects of short-term
sleep deprivation, prolonged sleep deprivation (for 2
weeks or more) has a hypermetabolic effect and causes
death in rats (13,14).

Slow wave sleep decreases both whole body meta-
bolic rate (15,16) and cerebral metabolic rate in rhesus
monkey (17,18) and man (19) as measured by the
2-deoxyglucose (2-dG) method and positron emission
tomography (PET) with F-18 deoxyglucose (FDG). Ce-
rebral blood flow is also diminished (20), suggesting
diminished cerebral metabolic rate. Adam (21) hy-
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pothesized that cellular work was decreased during sleep
thus allowing a net anabolic activity increase. This
decrease in cellular work might imply a decrease in
metabolism. Thus, the initial observations on cerebral
metabolic rate in the monkey are consistent with the
rest or restoration theory of sleep (21-23).

To our knowledge, the effects of sleep deprivation
on cerebral metabolism have not previously been re-
ported. In an early study, however, Mangold et al. (24),
using the nitrous oxide method, reported nonsignifi-
cantly reduced cerebral blood flow in fatigued (about
20 h sleep deprived) subjects compared to well-rested
subjects. In addition, Nakamura et al. (18) found no
difference in 2-DG cerebral metabolism between rested
and sleepy monkeys (who had just been awakened from
sleep).

METHODS

In this study, eight normal controls (six males, two
females, mean age = 25.3 years) were studied with two
separate FDG PET scans. Seven of the eight subjects
had their first PET scan after a night of normal sleep
and the second PET scan several weeks to months later
following all night sleep deprivation. All subjects re-
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ceived a psychiatric interview, physical examination,
and routine laboratory screening. All subjects were free
of physical and mental disorders. None had a first de-
gree relative with a major psychiatric illness. All sub-
jects are right-handed. '

Sleep deprivation and task

Subjects were sleep deprived under continuous su-
pervision from approximately 0700 h until after the
scanning procedure the following afternoon at 1300-
1700 h. The FDG PET procedure has been described
previously (25). During the uptake of FDG the subjects
did the continuous performance test (CPT), a visual
vigilance task (26), which they had practiced previ-
ously. This requires a button press response to stimuli
occurring at 3-s intervals, ensuring that subjects remain
awake during FDG uptake.

Plasma glucose concentration measured after a nor-
mal night’s sleep (mean 77 + 12 mg/dl) and after sleep
deprivation (mean 78 + 11 mg/dl) did not differ.

Image collection

Approximately 45 min following the injection of
FDG, nine slice images were obtained on the
NeuroECAT scanner in the Brain Imaging Center of
the Department of Psychiatry, University of Califor-
nia, Irvine as described elsewhere. The scan was trans-
formed to glucose metabolic rate according to the mod-
el of Sokoloff et al. (27), using our adaptaion of the
program developed by Sokoloff. Kinetic constants and
lumped constant from Phelps et al. (28) were used.

Image analysis

Cortical metabolic rates were measured using our
cortical peel technique (19), which is shown in Figure
1. First, each PET slice is visually matched to an an-
atomical slice in the Matsui and Hirano atlas without
knowledge of sleep condition. Next, a strip of pixels
around the circumference of each slice is identified by
computer algorithm and the proportional distance on
the strip corresponding to the cortical area identified.
Pixels in the cortical edge are averaged across all slices
in which the cortical area appears in the atlas. In this
way, we obtain values for the metabolic rate of the four
lobes of the brain for each hemisphere.

Subcortical structures were assessed using stereotax-
ic coordinates derived from the same neuroanatomical
atlas (29), as we have previously described (30). The
region of interest is 3 x 3 pixels or 6 X 6 mm. This
area fits well within most structures listed in the tables,
allowing minor variation from person to person. The
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accuracy of this application for the basal ganglia is
adequate as discussed elsewhere (30). It should also be
noted that random deviations from the true coordi-
nates due to head shape and tilt variation between
scans would tend to create type I statistical error, rath-
er than producing spurious findings. Data were ana-
lyzed both as absolute metabolic rate (umol/100 g/min)
and as relative rates (region of interest divided by whole
slice metabolic rate). Because individual whole brain
metabolic rates vary widely, relative metabolic rates
may reveal regional changes with greater statistical
power (31,32). The data were analyzed with repeated
measures analysis of variance (ANOVA) to minimize
the chance of type I error with multiple ¢ tests on many
brain regions. The dimensions were previous night’s
sleep condition (normal sleep vs. sleep deprived), brain
structures (with eight brain systems as described be-
low), and hemisphere (left, right). This approach allows
testing for sleep deprivation effects on the whole brain,
brain system regional differences, and hemispheric ef-
fects of sleep deprivation in one systematic operation.
We used the Huynh-Feldt corrected degrees of free-
dom. All significant interactions are reported. Follow-
up simple interactions are given to further define the
effects and simple effects analysis are reported to fa-
cilitate future direct comparison of our data with those
of other investigators.

We divided the brain into eight main systems and
averaged acrose several regions of interest: lateral cor-
tex (average of frontal, temporal, parietal and occipital
lobes), medial cortex (frontal —Brodmann area 32, rec-
tal gyri; parietal —paracentral; occipital—precuneus,
calcarine; and medial temporal), limbic system (amyg-
dala, hippocampus, and cingulate), basal ganglia (cau-
date, putamen, globus pallidus), thalamus, white mat-
ter (frontal white matter, corpus callosum, and optic
radiations), midbrain, and cerebellum.

RESULTS
Psychophysical performance

As expected, vigilance performance significantly de-
clined after sleep deprivation (d’ = 2.05) compared
with normal sleep (d' = 2.53, ¢t = 2.47,df = 7, p <
0.05).

Whole brain metabolism

Mean cerebral metabolic rate across the nine slices
(weighted for the number of pixels/slice) did not change
significantly with sleep deprivation (15.6 umol/100
g/min before, 14.5 umol/100 g/min afterward) (Figs.
2 and 3).
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TABLE 1. Relative regional metabolism before and after
sleep deprivation®

TABLE 2. Relative regional metabolism before and after
sleep deprivation®

Sleep
Baseline deprived Difference
System/structure X SD X SD X SD
Cortical surface 1.06 0.03 1.06 0.04 0.006 0.04
Frontal lobe 1.17 005 1.13 005 -0.03 0.05
Parietal lobe 1.08 0.08 1.16 0.09 0.08 0.11
Temporal lobe 0.95 0.06 0.88 0.06 —-0.07 0.05¢

Occipital lobe 1.04 0.04 1.08 0.03 0.04 0.03%

Medial cortex 1.15 0.09 1.18 0.06 0.03 0.09
Limbic 094 005 095 0.10 0.01 0.11
Thalamus 1.08 0.05 094 0.18 -0.14 0.19
Basal ganglia 1.15 0.08 1.08 009 -007 0.13
White matter 0.76 0.11 079 0.19 0.03 0.10
Midbrain 0.89 0.12 0.89 0.15 -0.001 0.09
Cerebellum 1.10 0.19 0.99 0.14 0.11  0.107

< Three-way ANOVA with condition (baseline, sleep deprivation),
hemisphere (left, right) and structure (eight system/structures). Sig-
nificant condition by structure interaction (F = 3.5; df = 4.30,30.09;
p = 0.0165). Three-way ANOVA done the same way with structures
only from the cortical surface (frontal, parietal, temporal, occipital)
showed a significant condition by lobe interaction (F = 9.03; df =
1.37,9.56; p = 0.0099).

b p < 0.05, simple effects analysis, baseline vs. sleep deprivation.

Brain systems

After sleep deprivation, the thalamus, basal ganglia,
and cerebellum metabolic ratios show a decrease,
whereas little change is seen in the cortical surface as
a whole, limbic system, medial cortex, or midbrain
metabolic ratios after sleep deprivation. These findings
were confirmed by ANOVA (see Table 1, significant
condition by structure interaction, F = 3.5; df =
4.30,30.09; p = 0.0165).

A significant brain system by hemisphere by con-
dition interaction was also seen for brain metabolic
ratios (Table 2). Three-way ANOVA with condition
(baseline, sleep deprivation), hemisphere (left, right)
and structure (eight structures) showed significant con-
dition by structure by hemisphere interaction (multi-
variate T-square, df = 1,7; p = 0.0011) for Table 2.
Significant decrease was seen in left but not in right
thalamic ratios after sleep deprivation.

A similar three-way ANOVA for absolute metabolic
rates did not show a significant condition effect or in-
teraction. Simple effects analysis confirmed a signifi-
cant decrease in thalamic system and cerebellum (see
Table 3), not dissimilar to the relative metabolic rate
data.

Cortical lobes

A three-way ANOVA (sleep condition by lobe by
hemisphere) showed a significant condition by lobe
interaction for absolute (condition by lobe interaction,
TSQ =7.3;df = 3,5; p = 0.02; see Table 3) and relative

Baseline Sleep Deprived Difference

System X SD X SD X SD
Cortical surface

Left 1.04 0.04 1.06 0.05 0.01 0.05

Right 1.07 0.05 1.07 0.05 —0.002 0.04
Medial cortex )

Left 1.16 0.11 1.18 0.07 0.02 0.13

Right 1.13  0.09 1.18 0.05 0.05 0.09
Limbic system

Left 0.92 0.06 0.96 0.09 0.05 0.09

Right 0.96 0.05 0.93 0.12 —0.02 0.14
Thalamus

Left 1.08 0.08 0.91 0.19 —0.17 0.19%

Right 1.08 0.09 0.97 0.18 —0.12 0.23
Basal ganglia

Left 1.17  0.07 1.06  0.09 -0.11 0.13

Right 1.12  0.13 1.09 0.11 -0.03 0.14
White matter

Left 0.69 0.06 0.79 0.20 0.09 0.18

Right 0.83 0.19 0.80 0.21 -0.03 0.08
Midbrain

Left 0.85 0.11 0.88 0.17 0.03 0.17

Right 094 0.18 0.90 0.16 0.03 0.11
Cerebellum

Left 1.07 0.18 099 0.14 —0.08 0.13

Right .13 0.22 0.99 0.17 -0.14 0.13%

2 Three-way ANOVA with condition (baseline, sleep deprivation),
hemisphere (left, right) and structure (eight) showed significant con-
dition by structure by hemisphere interaction (multivariate T-square;
df = 1,7; p = 0.0011). Follow-up simple interaction two-way ANO-
VA (condition by structure) for the left hemisphere showed a two-
way interaction (F = 3.63; df = 6.6,46.1; p = 0.004). The right
hemisphere showed no significant interaction. Follow-up simple in-
teraction two-way ANOVA (condition by hemisphere) for the cer-
ebellum showed a two-way interaction (F = 9.12; df = 1,7; p = 0.02).
The other brain systems showed no significant interaction.

tp < 0.05, simple effects analysis, baseline vs. sleep deprivation.

(TSQ = 9.49; df = 3,5; p = 0.02; see Table 1) values.
Frontal and temporal lobes showed a significant de-
crease in absolute metabolic rate whereas the parietal
lobes showed an increase and occipital lobes showed
no change. Similar results were seen for relative met-
abolic ratios for the cortical lobes as was seen with
absolute glucose metabolic rates. Simple effects anal-
ysis confirmed a decrease in relative temporal lobe
metabolism and an increase in relative occipital lobe
metabolism.

Regional metabolic correlation with task

In this study, the greater the decrease in attention
scores from rest to sleep deprivation, the greater the
reduction in absolute metabolic rates (data combined
for right and left side). These correlations were positive
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constitutents of the four lobes of the cortical surface, are shown by dividing lines along the perimeter. Figure 1 continued at right.

in all brain areas of Table 1 and reached p < 0.01 in
the amygdala (r = 0.90), thalamus (» = 0.93), caudate
(r = 0.83), and putamen (r = 0.90). No lateral cortical
lobe correlations reached significance.

DISCUSSION

In comparison to the changes in cerebral metabolic
rates seen in nonrapid eye movement (NREM) sleep

Sleep, Vol. 14, No. 2, 1991

or rapid eye movement (REM) sleep (19), sleep de-
privation appears to be distinct from NREM sleep and
REM sleep. Unlike NREM sleep where a large decrease
from waking was observed, the lateral cortical areas
did not decrease with sleep deprivation. However, in
central gray regions, sleep deprivation shows a decrease
(of approximately 14%) in metabolism, which is in-
termediate compared to the drop seen with NREM
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TABLE 3. Absolute regional metabolism before and after
sleep deprivation®

Sleep

Baseline Deprived Difference

System/structure X SD X SD X SD
Cortical surface 236 3.6 223 43 -1.3 43
Frontal lobe 259 39 236 44 -23 46
Parietal lobe 24.0 4.1 244 52 0.4 5.6
Temporal lobe 21,1 33 184 3.5 -27 33
Occipital lobe 23.1 32 225 4.1 -0.6 4.1
Medial cortex 273 34 269 49 -04 352
Limbic 189 25 172 23 -1.7 25
Thalamus 256 42 203 3.1 -53 49
Basal ganglia 259 33 220 27 -39 37
White matter 20.1 34 19.2 4.6 -09 27
Midbrain 18.1 29 157 3.0 -24 28
Cerebellum 20.3 3.9 16.3 4.2 —4.0 3.0¢

¢ Three-way ANOVA with condition (baseline, sleep deprivation),
hemisphere (left, right) and structure (eight system/structures) showed
no significant interactions with condition. Three-way ANOVA done
the same way with structures only from the cortical surface (frontal,
parietal, temporal, occipital lobes) showed significant condition by
structure interaction (F = 6.11; df = 1.35,9.45; p = 0.0275). Follow-
up tests of simple interactions by two-way ANOVA (condition by
hemisphere) for each lobe revealed no significant effects.

¢p < 0.05, simple effects analysis.

sleep (of approximately 25%). In contrast to the de-
creases seen in NREM sleep and sleep deprivation,
REM sleep shows relative increases in medial cortical
areas in comparison to the awake state.

Because the order effect in this study (baseline vs.
sleep deprivation) was not randomized, we realize that
changes in brain metabolism reported here may reflect
effects other than sleep deprivation, including accom-
modation and changes in anxiety levels. However, PET
studies have been done indicating high reliability for
repeat PET scans (33). Consequently, although our
subjects were not perfectly counterbalanced with re-
spect to order, we feel that effect of order was smaller
than all-night sleep deprivation.

Because we did not continuously monitor EEG or
other physiological measures of sleep, we cannot ex-
clude the possibility that subjects experienced micro-
sleep epidoses during sleep deprivation or CPT. How-
ever, subjects were observed during the uptake to ensure
that their eyes remained open and looking at the visual
stimuli. Furthermore, the subjects did press the button
to respond to stimuli at 3-s intervals, indicating that
microsleep episodes would have to have been extreme-
ly short.

On the basis of the rest theory of sleep, we might
have predicted that sleep deprivation would increase
cellular work relative to the sleeping state. Increased
cellular work could be reflected by increased metabolic
rate. As the studies of prolonged sleep deprivation in
the rat suggest, whole body metabolic rate increases
dramatically without sleep (13), although the effects on
brain metabolism have not yet been reported. The re-

sults of the present study are inconsistent with this
prediction. Thus, in keeping with the data on single
cell activity during sleep (23), the present data do not
support a simple linear hypothesis relating sleep, short-
term sleep deprivation, and cerebral metabolism.

As a preliminary interpretation of these data, we
assume that sleep deprivation dampens brain arousal
mechanisms. For example, the reduction in absolute
metabolic rate at the midbrain might cause absolute
deactivation of the rostrally projecting arousal systems
to basal ganglia, thalamic, limbic, and temporal cor-
tical areas. Decrements in metabolic rates in limbic,
basal ganglia, and thalamic areas were particularly as-
sociated with poor CPT performance. At the same time,
however, the brain was faced with state-dependent de-
mands, in the present study, to remain awake and to
perform the CPT. Thus, subjects who suffered the least
decrement on the CPT showed the least change in re-
gional metabolic rate. In addition, in this particular
study, sleep deprivation significantly increased relative
metabolic rate in the occipital cortex but decreased in
the temporal cortex. These differential effects may re-
flect the CPT, which placed greater demands upon the
visual than the auditory system. Alternatively, subjects
who were motivated enough to overcome the decreases
associated with sleep deprivation may have been able
to perform better on the CPT. No cause and effect
relationship, however, can be inferred at this time.

According to this interpretation, the effects of sleep
deprivation on cerebral neurophysiology are a com-
promise between nonspecific deactivating influences
upon brain arousal systems and state-dependent de-
mands upon specific brain functional systems.
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