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Using positron e111issio11 tonzograplzy witlz 
Jl11orodeoxygl11cose (18FOG or FOG), u1e compared tlze 
effects of zolpidem (10 111g), an i111idazopyridi11e hypnotic, 
whic/1 is rclati'uc!y selective for the BZ1 or omega receptor 
and placebo 011 cerebral glucose 111etabolism during the.first 
11011-REM sleep period of 12 young 11or111a/ rnlunteers. 
Plasma zolpide111 plwmzacokinetics uaried considerably 
among subjects, and plasma concentrations were lower tlzan 
11sually reported. In general, the effects of zolpidem 011 local 
cerebral glucose 111etabolis111 uaried directly zuith plasma 
concentrations of :olpide111. Zolpide111 induced changes in 
local cerebral gl11cosc metabolism ,uere 111wue11ly distrib11tcd 
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tlzrouglzout t/ze brain and ,l'ere greater in subcortical areas 
tlza11 lateral cortical areas. Significant negative correlations 
were found between c/zange in local absolute glucose 
metabolic rate ( calrnlated by subtracting individual data on 
placebo nights from that on zolpidem niglzts) and plasma 
concentration of zolpidem for the following areas: medial 
frontal cortex, cingulate gyrus, putamen, thalamus, and 
lzippocampus. Tlze effects of zolpidenz on local cerebral 
glucose metabolism were partially but not closely related to 
the reported density of BZ1 receptors. 
[Neuropsyclwpharmacology 15:302-313, 1996] 

Zolpidem is a relatively new imidazopyridine sleeping 
pill, Hypnotic effects have been demonstrated in nor­
mal volunteers (Scharf 1991; Fairweather et al. 1992), 
acute and chronic insomniacs (Jonas et al. 1992; Shaw et 
al. 1992), the elderly (Roger et al. 1993), and with chronic 
treatment (Maarek et al. 1992). Unlike the currently pre­
scribed benzodiazepine hypnotics in the United States 
(flurazepam, triazolam, temazepam, quazepam, esta­
zolam), zolpidem apparently has little effect on EEG sleep 
patterns, such as sleep stages 3 and 4 (delta), which are 
typically decreased by the traditional benzodiazepines. 
In addition, even though it has a short half-life of ap­
proximately 2 to 3 hours, similar to that of triazolam, 
zolpidem has been infrequently associated with some 
of the side effects reported with triazolam or other 
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short-half-life benzodiazepines, such as rebound in­
somnia or amnesia. Likewise, zolpidem apparently has 
few anxiolytic, anticonvulsant, or muscle relaxant ef­
fects, which are also characteristic properties of the ben­
zodiazepines. 

The pharmacological differences between zolpidem 
and the benzodiazepines have been attributed to the 
relative selectivity of receptor subtype binding of zolpi­
dem compared with the benzodiazepines. Although it 
differs in chemical structure from the benzodiazepines, 
zolpidem does bind mainly to the BZ1 or omega1 ben­
zodiazepine receptor subtype, one of three benzodiaz­
epine receptor subtypes. In contrast to the benzodiaz­
epine hypnotics, zolpidem does not bind tightly to the 
other two benzodiazepine receptor subtypes, omega2 

and omega3 (Langer et al. 1988). Modulation of the 
GABAA receptor chloride channel macromolecular com­
plex by the alpha subunit apparently determines the 
three different receptor subtypes (Langer et al. 1988; 
Bena\·idcs et al. 1993a, 19936; Marksitzer et al. 1993; 
Mertens et al. 1993; Wafford et al. 1993). The BZ1 recep­
tor presumably conveys the sedative effects of these 
two classes of hypnotics, whereas the anxiolytic, anti­
com·ulsant, and muscle-relaxant properties are medi­
ated by the other receptor subtypes. The omega 1 recep­
tors have been localized primarily in layer IV of the 
sensorimotor cortex, cerebellum, substantia nigra, olfac­
tory bulb, and inferior colliculus (Benavides et al. 
19936). In addition, however, binding of [3H]-zolpidem 
to omega1 receptors is enhanced by GABA irrespective 
of the relati\·e proportion of omega 1 receptors in vari­
ous sites, including the lateral geniculate, olfactory tu­
bercle, red nucleus, cingulate, and frontal-parietal corti­
ces (Ruano et al. 1993). 

In this study, H'e compared the effects of zolpidem 
and placebo on cerebral glucose metabolism rate 
(CGMR) during non-REM sleep in normal volunteers. 
To our knowledge it is the first study of the effect of any 
drug on cerebral glucose metabolism during sleep in 
humans. This study is one of a series of studies we have 
conducted on the relationships behveen CGMR and 
normal sleep-wake patterns in monkeys (Kennedy et al. 
1982; Nakamura et al. 1983), normal \·olunteers (Buchs­
baum et al. 1989), and depressed patients (Ho, Gillin, 
Buchsbaum, Wu, and Bunney, unpublished data), as 
well as the effect of sleep deprivation on CGMR in nor­
mal volunteers (Wu et al. 1991a) and depressed patients 
(Wu et al. 1992). We and others have previously re­
ported that CGMR, cerebral blood flow or oxygen me­
tabolism is significantly reduced, by about 25'\, to 35°10, 
during non-REM sleep compared with wakefulness in 
monkeys (Kennedy et al. 1982; l\akamura et al. 1983), 
rat (Ramm and Frost 1983) and cat (Ramm and Frost 
1986), and normal humans (Buchsbaum et al. 1989; 
Madsen et al. 1991 a, 1991 b; Franzini 1992; Maquet et al. 
1992). 
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In one previous study in rats, Piercey et al. (1991) 
compared the effects of zolpidem and triazolam on 
2-deoxyglucose metabolism and concluded that both 
drugs depressed brain metabolism in the same areas of 
the brain, that the effects of zolpidem were not medi­
ated solely by BZ1 receptors, and that areas rich in BZ2 
receptors may be more functionally significant than ar­
eas rich in BZ1 receptors. The generalizability of this 
study to the effects of hypnotic drugs on human brain 
metabolism during sleep remains unknown, especially 
because the doses of zolpidem and triazolam were high 
(zolpidem, 10-30 mg/kg; triazolam, 0.3-1 mg/kg) and 
difficult to extrapolate to those used in humans as 
sleeping pills. 

In this study, we predicted that zolpidem would 
have little or no effect compared with placebo on 
whole-brain CGMR during the first period of non-REM 
sleep. We did predict that zolpidem would reduce local 
glucose metabolism in areas relatively rich in omega1 
receptors or where it has been reported that GABA po­
tentiates the binding of zolpidem. 

METHODS 

Tweh·e male normal controls (mean age, 22.5, SD = 1.6, 
11 white, 1 Hispanic) were studied by positron emission 
tomography (PET) and polysomnography during the 
first non-REM sleep period of the night following dou­
ble-blind administration, in random order, of either 
zolpidem (10 mg) or placebo capsules approximately 20 
minutes before bedtime. Subjects had been previously 
evaluated by complete medical and psychiatric history, 
physical and laboratory examinations, and a baseline 
sleep study for adaptation to the sleep laboratory and 
for screening for sleep apnea and nocturnal myoclonus. 
None of the normal controls had a history of sleep dis­
orders or serious medical, neurological, or psychiatric 
problems, alcohol or substance abuse, recent shiftwork 
or unusual sleep-wake schedules, or use of sleeping 
pills or other psychoactive medications. 

Subjects received placebo on one night and zolpidem 
(10 mg PO) on another night in a double-blind, ran­
dom-order design. At least 6 days separated the two 
study nights. Zolpidem tartrate or placebo powder was 
administered in identical-appearing gelatin capsules, 
which were prepared by Lorex Pharmaceuticals (Skokie, 
[L) especially for this study. Subjects maintained their 
normal sleep-wake patterns and retired shortly after ap­
proximately 2300. 

Polygraphic Sleep Recordings 

Subjects were adapted to sleeping with polygraphic re­
cording of EEG, EOG, submental EMG, and EKG and 
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with an intravenous catheter for one night before the 
actual two study nights, as described in our previous 
study of CGMR during sleep in normal volunteers 
(Buchsbaum et al. 1989). Polygraphic recordings were 
obtained and visually scored according to the criteria of 
Rechtschaffen and Kales (1971), as previously described 
(Buchsbaum et al. 1989). 

EEG was also recorded on electronic tape for later 
period and amplitude analysis (Pass Plus, Delta Soft­
ware, San Francisco, CA). The EEG data were digi­
talized at 200 Hz, and the following frequency bands 
were analyzed: 0.3-1.0, 1-2, 2-3, 3--4, 4-8, 8-12, and 12-
20 Hz. 

PET Scanning 

Before PET scanning, an individually molded, thermo­
static plastic head holder was made for each subject, to 
minimize head movement and to ensure accurate and 
reproducible positioning on the second night compared 
with the first night. Repeated studies with magnetic res­
onance imaging (MRI) have indicated an average repo­
sitioning error of about 2 mm (Buchsbaum et al. 1992a). 
Test-retest correlations for FDG PET show that it is a 
highly reliable method (Bartlett et al. 1991). For the PET 
procedure, subjects slept alone in a dark, quiet individ­
ual bedroom and were studied according to previously 
described methods (Buchsbaum et al. 1989). Intrave­
nous lines of 0.9% saline drip were inserted into both 
arms; a 3-m polyethylene tube extended out of the room 
so that FDG could be administered in one arm and 
blood could be withdrawn from the other arm without 
disturbing the subject. The arm used for blood with­
drawal was wrapped in a hot pack for arterialization of 
venous blood and was used to withdraw blood samples 
(2 ml) to determine the kinetics of both FDG and zolpi­
dem. Polygraphic tracings of EEG, EOG, EMG, and 
EKG were continuously monitored by visual observa­
tion and were recorded on electronic tape for later com­
puterized measurement of period and amplitude. Ap­
proximately 20 to 25 minutes after the onset of stage 2 
sleep, FDG (4-5 mCi) was administered intravenously 
over 30 seconds in one arm, while blood samples were 
withdrawn from the other arm. After approximately 32 
minutes of FDG uptake, the subject was awakened and 
transferred to the adjacent scanning room. Nine planes 
(CTI '.\JeuroECAT) at 10-mm increments and parallel to 
the canthomeatal line (CM) were done between 45 and 
100 minutes after FDG injection. 

Scans were performed with both septa and shadmv 
shields in a configuration with measured in-plane reso­
lution of 7.6 mm and 10.9 mm resolution in the :::-di­
mension (axial). A calculated attenuation correction and 
smooth filter were used. The scanner was calibrated 
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each scan day, with a cylindrical phantom and com­
pared with well-counter data. 

Scan Slice Selection and Processing 

Scans were transformed to glucose metabolic rate as de­
scribed elsewhere (Buchsbaum et al. 1989). Regional 
glucose use was expressed in two ways, as absolute 
CGMR in mmol/100 g/minute (in 11 subjects for tech­
nical reasons), and as relative CGMR (in 12 subjects) 
(ratio of regional CGMR to whole-brain mean CGMR 
for lateral cortex and to whole-slice mean CGMR for 
subcortical regions of interest). Lateral cortical regions 
of interest were measured using our "peel" technique 
(Buchsbaum et al. 1984). Ratios are reported relative to 
whole brain and slice to match earlier publications and 
to maintain a uniform comparison in other studies in 
which full brain metabolic rate is not collected. The cor­
relation between ratios calculated both ways is in the 
0.95 to 0.97 range. The slices were outlined with a 
boundary-finding algorithm, and a 2-cm-wide ring of 
cortex was identified and divided into lobe and gyral 
regions as described in Buchsbaum et al. (1989). This 
procedure yielded four cortical gyri or segments in each 
of the four lobes (frontal, parietal, temporal, and occipi­
tal) in each hemisphere for a total of 32 cortical areas. 
This proportional circumferential method has been 
widely used in functional brain imaging research (see 
review by Harris et al. 1991) and avoids the problems of 
obtaining areas of interest that lie outside the brain in­
herent in methods that rely on linear distances pro­
jected from the midline measured in millimeters. Sub­
cortical and medial cortical areas were measured using 
the same atlas and stereotaxic method as described in 
Buchsbaum et al. (1989). Slices were registered across 
conditions using the automatically located edge. The 
accuracy of the current stereotaxic method against 
group MRI data is reported elsewhere (Buchsbaum et 
al. 1992a). 

Zolpidem Plasma Levels 

Blood samples for zolpidem were collected just before 
administration of capsules and afterwards at 5, 15, 30, 
45, 60, 75, and 90 minutes. They were spun for plasma 
at the end of each recording session and were frozen 
until assayed, approximately 3 to 4 months following 
the last PET scan study. The assay was done by high­
performance liquid chromatography (HPLC) with fluo­
rescence detection (Guinebault et al. 1986). The relation­
ship between peak height ratio and concentration of 
zolpidem was linear in the curve ranges from 1.0 to 440 
ng/ml (r > .999). The variability of the back-calculated 
mean concentrations of the calibration standards ranged 
from 0.4% to 3.7% for zolpidem. The between-day vari-
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ability did not exceed 2°/4,. The limit of detection was es­
tablished to be 1 ng/ ml. 

Statistics 

CGMR data for cerebral cortex were analyzed first by 
four-way multivariate analysis of variance (MANOVA) 
in a drug- (placebo versus zolpidem) by-lobe- (frontal, 
parietal, temporal, occipital) by-hemisphere- (right, left) 
by-plasma-level-group (above and below median) de­
sign. For the medial cortical and subcortical structures, 
we correlated plasma concentration of zolpidem in each 
subject with change in CGMR (zolpidem minus placebo 
nights) for all brain areas. 

RESULTS 

Plasma Zolpidem Concentrations 

The plasma concentration for zolpidem (mean ::': SD) is 
shown in Figure 1. The individual variation was high, 
reflecting great individual differences in rates of ab­
sorption. The peak plasma concentrations of zolpidem 
were generally low, ranging from zero to 192 ng/ml. 
The highest concentration for each subject averaged 105 
106 ng/ml (mean ::': SD). Plasma zolpidem levels for 
each subject were also averaged during the 30 minutes 
following the administration of FDG; the mean ::': SD 
for the 12 subjects was 56 47 ng/ ml. 

FDG was administered intravenously to subjects 64 ::': 
19 minutes (mean ::': SD) after the oral administration of 
zolpidem. When we examined the relationship between 
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Figure 1. Plasma zolpidem concentrations (mean ::': SD) 
after administration of zolpidem 10 capsule by mouth. Zol­
pidem or placebo were administered about 20 minutes 
before lights-out time (about 2300 to 2315). FOG was admin­
istered about 20 to 25 minutes after onset of Stage 2 sleep, 64 ::': 
19 minutes after oral administration of zolpidem. 
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plasma concentrations of zolpidem and changes in local 
cerebral metabolism induced by zolpidem compared 
with placebo, the results were essentially the same 
whether we used the individual subject's mean plasma 
zolpidem level during either the 90 minutes after oral 
administration of zolpidem or the 30 minutes of FDG 
uptake. Therefore, the results presented in this article 
used the mean of all zolpidem values administration. 
We determined the effect of plasma zolpidem concen­
trations in two ways: (1) by dividing the subjects into 
low-plasma zolpidem and high-plasma zolpidem groups, 
based on a median split; and (2) by Pearson product­
moment correlations between drug plasma levels and 
change in metabolic rate (zolpidem night minus pla­
cebo night) for each subject. 

Polygraphic Sleep Recordings 

As shown in Table 1, neither visually- scored sleep mea­
sures nor computer-scored EEG baseline crossings dif­
fered significantly between placebo and zolpidem nights. 
The change in sleep latency or in the number of EEG 
baseline crossings within each frequency bin per epoch 
(zolpidem minus placebo nights) did not correlate sig­
nificantly with the zolpidem plasma levels either. For 
technical reasons, the amplitude of EEG could not be 
analyzed by computer-assisted methods. 

Absolute Glucose Metabolic Rate and Plasma 
Zolpidem Concentrations 

Figure 2 shows a typical scan of cerebral glucose metab­
olism in normal subjects while awake and in the first 
period of non-REM sleep after placebo and zolpidem 
administration. Table 2 presents cortical values for ab­
solute CGMR for whole brain and cortical areas. Whole 
cortex absolute metabolic rates were not statistically 
different on placebo and zolpidem nights by ANOVA 
(placebo versus zolpidem, F = 0.11, df = 1,9, p = .75), 
even when the interaction with plasma level group was 
examined (drug condition by plasma level group, F = 
0.39, df = 1,9, p = .54). There was a trend level effect 
only for the condition-by-lobe-by-segment-by-hemi­
sphere interaction (F = 1.98, Huynh-Feldt-corrected df = 

9,81, p = .0525). The addition of plasma level group 
(above and below median) did not yield statistical sig­
nificance for any interaction term with drug condition, 
and the simple interaction for the high plasma level 
group of drug condition by lobe by segment by hemi­
sphere was also a trend (F = 1.95, Huynh-Feldt­
adjusted df = 9,81, p = .0567; low plasma level group, F = 
0.86, p = .56, ns). 

The areas of the brain that showed significant corre­
lations between plasma zolpidem levels and change in 
absolute values of glucose metabolic rate (zolpidem mi­
nus placebo nights) are shown in Figure 3. These results 
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Table 1. Polygraphic Sleep Measures and EEG Baseline Crossings on Experimental FDG 
Infusion Nights with Placebo and Zolpidem (10 mg) 

Sleep Measures" 

Goodnight time 
Sleep Latency 
Sleep onset to FDG iniusilln 
Total time post-FDG intusion 
Stage 1 sleep 
St,,ge 2 sleep 
Stage 3 sleep 
Stage -I sleep 
Awake or moYement time 

Baseline EEC crossings (Heu) 
follo\\"ing FDC or placebo 

0.3 tu< I 
l.lltu <:: 
2.ll tll <:', 

3.ll tll <--I 
-1.ll tn c_:-; 
8.U tu< 12 

12.0 tu 20 

Placebo 

23:11 :+: 1:05 

17 :+: 10 
27 :': 11 
37 9 

1 I 

18 - 3 
2=2 

1-l = 12 

I = 1 

8.28 .:... 2.lJ9 

30.87.:. 7.hO 

22.15 :+: -1.20 

13.35 -~ 3.75 

36.09 _e_ 12.39 

25.26 _+ 8.50 

139.01 - h-1.18 

Zolpidem 

23:01 :+: 1:11 

16 :+: 8 

22 :+: 9 

32 :+: 2 

I :+: 1 
11 :+: 8 

2 :+: 2 
18 :+: 9 

I ::- I 

10.13 :+: -l.35 

29.73 :+: -l.35 

20.55 :+: -1.37 

15.31 :+: -1.56 

31.9-l :+: 9.23 

25.80 :+: 11.08 

161.12 :+: 156.63 

'Sleep dc1t,1 ,11-e in minute,, e:--cept Coodnight tinw (mililM\' time) 

indicate that the higher the plasma concentration of 
zolpidem, the greater the reduction of absolute local ce­
rebral glucose metabolic rate compared with placebo in 
selected areas of the brain. Among the 63 brain areas in 
each hemisphere that were explored (126 total correla-

hons), 25 correlations were significant at the p < .05 

two-tailed test level for absolute values, and all were 
negative. The negative correlations were concentrated 

in the medial frontal cortical and cingulate regions (five 
slice levels, anterior and posterior), frontal white mat-

Figure 2. Comparison of absolute CGMRs in typical normal volunteers during wakefulness and the first non-REM period 
(following placebo and zolpidem, 10 mg). Scans are all shown on the same absolute metabolic scale from 51.0 micromoles 
glucose/lllOg/minute (white) through red-\·iolet, with Yiolet beginning at 8.1 micromoles/lOOg/minute. The awake subject 
was not part of the present study but is shown to demonstrate that cerebral glucose metabolic rate during wakefulness is sig­
nificantly higher than during non-REM sleep (Buchsbaum et al. 1989). The two scans taken during non-REM sleep suggest 
slightly lower localized cerebral glucose metabolic rate on the zolpidem night than on the placebo night. 
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Table 2. CGMR (mmol/100 g/minute) during the First Non-REM Period on Placebo 
and Zolpidem Nights 

Structure Placebo Zolpidem 

Whole brain 19.2 :+:: 3.4 19.4=4.9 
Frontal lobe 20.:; :+:: 3.1 20.4 :+:: 4.0 
Parietal lobe 20.2 = 2.~ 20.1 :+:: 4.6 
Temporal lobe 16.7 :+: 3.5 16.2 :+:: 3.4 
Occipital lobe 196 3.1 19.1 :+:: 4.2 

ter, putamen, thalamus, and hippocampus. ;\Jo lateral 
cortical area showed a significant correlation between 
change in metabolic rate and plasma concentration of 
zolpidem. 

Relative Metabolic Rate and Plasma 
Concentrations of Zolpidem 

Analyzing relati\·e metabolic rate in the cortex similarly 
yielded only one trend-le,·el interaction vvith plasma 
level group (median split) and drug condition (drug 
condition by plasma le,·el class by lobe by hemisphere, 
F = 3.83, df = 3,8, p = .057). Because we might expect 
an effect only in the high-plasma group, we examined 
simple interactions in the high-plasma le\·el group only 
and found the drug condition by lobe by hemisphere 
interaction significant (F = --!.86, df = 3,8, p = .03). The 
relati,·e metabolic rate tended to decrease more on the 
left than the right hemisphere and more in the lateral 
temporal and occipital than parietal and frontal regions 
in the subgroup with plasma zolpidem concentrations 
abm·e the median (Table 3). 

The correlations between plasma concentrations of 
zolpidem and changes in selected local rclati\'e cerebral 
glucose metabolic rates are shown in Table 4. The areas 
of the riglzt hemisphere with significant ncgilfiI'e correla­
tions (two-tailed test) included the paracentral lobule, 
medial frontal gyrus, frontal white matter, precuneus, 
posterior putamen, and midbrain (Table 3). Areas with 
significant ncgatic'l' correlations in the left hemisphere 
included the posterior thalamus and anterior cingulate. 
Significant positi, 1c correlations were found in the right 
anterior thalamus, left frontal matter, and left superior 
colliculus. 

DISCUSSION 

These results suggest that zolpidem modifies absolute 
CGMR in some, but not all, neuroanatomical areas dur­
ing non-REl\;1 sleep in normal volunteers in direct rela­
tionship to plasma concentrations of zolpidem. Zolpi­
dem-induced changes in local absolute and relative 
cerebral glucose metabolism were not uniform, how­
e,·er, throughout the brain. The effects tend to be great­
est in subcortical and midline cortical areas rather than 

lateral cortical areas. Zolpidem plasma concentrations 
were correlated with reduced absolute and relative met­
abolic rates in the cingulate. In addition, they were cor­
related with the relatiYe metabolic rate in the cerebel­
lum (p < .05 by a one-tailed test). In animals, both areas 
have high densities of BZ1 receptors. On the other hand, 
several other areas that are high in BZ1 receptors, such 
as the frontal-parietal and sensorimotor cortex, were 
apparently unaffected. In addition, glucose metabolism 
in some areas, such as the thalamus and putamen, that 
have relatively few BZ1 receptors, was also lower. 

The relatively localized effects of zolpidem in this 
study raises questions of (1) where and how zolpidem 
acts in the brain; and (2) how well changes in local cere­
bral glucose metabolism, as measured by PET in hu­
mans, reflects both the mechanisms of action and the 
clinical effects of zolpidem. 

The limitations of this study preclude definitive an­
swers for these questions at this time. The variance of 
plasma concentrations of zolpidem in our study was 
greater and the peak was less than expected on the basis 
of earlier results. For example, in a previous study in 20 
normal young volunteers, plasma concentrations fol­
lowing oral administration of zolpidem (10-mg capsule) 
reached their maximum ,·alue at 1.2 ::':: 0.2 hours (infor­
mation on file, lnvestigational Drug Brochure, June, 
1988, Lorex Pharmaceuticals, Skokie, IL). Peak values 
were 143 ::::: 18 ng/ml; bioavailability was 67.5 ::':: 5.5%. 
Similar findings ha,·e been reported after oral adminis­
tration of zolpidem tablets, 10 mg (Thenot et al. 1988). 
The plasma half-life was reported to be 1.7 ::':: 0.2 hours, 
respecti,·elv. In our study, plasma concentrations of 
zolpidem reached their maximum slightly earlier, about 
60 minutes after the oral dose, and mean plasma con­
centrations remained constant for the next 30 minutes. 
Peak ,·alues (highest concentration for each subject), 
however, were l 05 ::':: 106 ng/ml, about 75'½, of the value 
reported in the earlier reports. Plasma zolpidem con­
centrations in our subjects were approximately 56 ::':: 47 
ng/ml during the 30 minutes following the administra­
tion of FDG. The variability of zolpidem concentrations 
was impressive, with mean values during the FDG up­
take ranging from near zero (three subjects) to 165 ng/ 
ml. Because FDG was administered about 1 hour after 
the oral administration of zolpidem, the FDG uptake 
period overlapped with the maximal mean plasma (and 
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Table 3. Relative CGMR on Placebo and Zolpidem Nights 

Placebo Zolpidem 

Left Right Left Right 

Frontal 1.1-! = 0.07 1.15 :+: 0.09 1.14 :+: 0.07 
1.08 :+: 0.08 
0.89 :+: 0.13 
1.06 :+: 0.08 

1.17 :+: 0.07 
1.16 = 0.08 
0.94 :+: 0.15 
1.08 :+: 0.09 

Parietal Ul9 :+: 0.10 1.17 :+: 0.09 
Temporal 0.91 :+: 0.11 0.93 = 0.13 
Occipital 1.09 :+: 0.10 1.10 :+: 0.10 

MANOVA, treatment condition X hemisphere X lobl', F = -t8h, df = 3,8, I' = .03. 

presumably brain) concentrations of zolpidem. In a 
study of rats, zolpidem was present in the brain at con­
centrations of about 30% to 50'¼, of the plasma concen­
trations. Elimination from brain paralleled that in 
plasma (Garrigou-Gadenne et al. 1989). We have no ex­
planation for the near-zero plasma zolpidem concentra­
tions in three subjects, for the high variance in plasma 
pharmacokinetics, or for the generally low mean and 
peak plasma concentrations. 

The unusually low concentration of zolpidem in our 
subjects limits the generalizability of our findings. Un­
like some previous studies with zolpidem (10 mg) in 
normal volunteers (Lund et al. 1988; Merlotti et al. 

1989), we did not find reduced sleep latency or other 
significant effects on sleep parameters, including EEG 
crossings. Most of our cerebral metabolic findings 
emerged only after we correlated plasma concentra­
tions of zolpidem with change in local cerebral metabo­
lism. Even if we assume that the test-retest reliability for 
anatomical localization in FOG PET studies is high, the 
inherent anatomic resolution of PET may be insensitive 
to local metabolic activity. Insofar as our subjects had 
lower plasma concentrations of zolpidem than usually 
expected, our study may have underestimated the mag­
nitude to which zolpidem typically affects brain glu­
cose metabolism at customary plasma concentrations 

Table 4. Medial Cortical and Subcortical Brain Regions: Change in Relative Values 
(zolpidem minus placebo nights) in Selected Regions of Interest as a Correlate of Plasma 
Concentrations of Zolpidem 

Slice Level (% of brain height) Left Right 

7-1°0 Paracentral lobule 0.223 0.580* 
68°0 Post medial frontal gvrus 0.467 0.365 

Precuneus 0.241 -0.466 
61()() Medial frontal gyrus -0.503 0 . .349* 

Precuneus 0.191 -0.S.14* 
5-:J:I\, Frontal white matter 0.606* 0.127 

v!edial frontal gyrus -0400 0.308 
Middle cingulate -0.401 0.442 

-1-""7{) 
I " Frontal white matter 0.158 0.497 

Medial frontal gyrus -(l.-+95 0.466 
41 no Frontal white matter 0.442 0.043 

Posterior putamen -0.000 -0.555* 
Anterior thalamus 0.060 0.583* 
Medial thalamus 0.041 0.234 
Lateral thalamus -0.360 -0006 
Posterior thalamus -0.524* -0.414 

34"o Anterior cingulate -0.537* -0.088 
C,1udate nucleus 0.471 -0.222 
Clobus palidus 0.151 -0.456 
Superior culliculus 0.720* 0.264 

28 1
\) Frontal white matter 0.280 -0.760* 

21 "o Hippocampus 0.401 0.376 
.\1idbrain -0.472 -0.584* 
Anterior cerebellum -0.489 -0.503 

'r · -0.532. I' < .05 fur two-tailed test for hypothesis of largl'r metabolic decrease (zolpidem minus pla­
cebo) associated with higher plasma drug le,el on the acti\'e compound study day; I'> .532 for positi,·e cor­
relation with plasma zolpidem levels (p < .05. two-tailed test), r = .4'i8. p < .05 for one-tailed test. For a theo­
retical Bonferroni adjustment, r < - .823 or r > .823, I' < .000-!. 
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during non-REM sleep. 
Moreover, because of the large numbers of correla­

tions performed between regions of interest and plasma 
concentrations of zolpidem, the possibility of false-posi­
tive findings is high and the results should be inter­
preted as exploratory. Nevertheless, the data indicate 
that local G'vlRC is sensitive to plasma drug levels. 

Other im·estigators have used PET to study the ef­
fects of benzodiazepines on localized cerebral activity 
during \vakefulness, for example, changes in LCGMR 
in the occipital and parietal areas following administra­
tion of clorazepate in patients with generalized anxiety 
disorder (Buchsbaum et al. 1987; Wu et al. 1991b). De 
Wit et al. (1991) also reported larger reductions of meta­
bolic rate in cortex than thalamus following administra­
tion of benzodiazepines in normal \vaking controls, al­
though in a small sample Foster et al. (1987) noted only 
a general metabolic decrease associated with benzodi­
azepine treatment. The distribution of benzodiazepine 
receptors in occipital cortex and subcortical structures 
was not altogether dissimilar in studies using radioac­
tive ligands for the benzodiazepine receptor with PET 
(see re\·iew by Maziere and Maziere 1990). Using a 
beta-carboline suggested to preferentially bind to the 
BZ1 site, they obserwd that it displaced the labeled re­
ceptor ligand preferentially in the cerebellum, an area 
we also detected as regionally changed by zolpidem. It 
is noteworthv that the brain areas that showed the 
greatest change in metabolic rate are those areas found 
to hm·e the highest density of benzodiazepine receptors 
in human autopsy studies (see Buchsbaum et al. 1987 
for review). 

Similar regional metabolic/ receptor density relation­
ships have been shown for the dopamine system in a 

number of studies of the effects of neuroleptic medica­
tion and glucose change in the basal ganglia (see Buchs­
baum et al. 1992b ). Because BZ 1 receptors are distrib­
uted um'venly across the brain, \Ve reported a sun·ey of 
different neuroanatomical sites. Although a fev,· areas 
are small, no more than one FWHM in each hemisphere, 
large (30°0-50°0) changes in metabolic rate might be de­
tected at this sample size. Because no whole human 
brain sun·ey exists of different types of BZ receptor 
density, a simple regression line analysis of metabolic 
rate change against BZ 1 receptor density was not possible. 

E\·en though some previous studies have demon­
strated objective shortening of sleep latency with zolpi­
dem (10 mg) in normal young volunteers (Lund et al. 
1988; \1erlotti et al. 1989), others, consistent with our 
own, did not observe shorter sleep latency (Nicholson 
and Pascoe 1986; Blois and Gaillard 1988; Brunner et al. 
1991 ). Using spectral analvsis of the EEG during non­
REM sleep, Brunner et al. (1991) reported that zolpidem 
(10 mg). reduced power density in approximately the 
theta/alpha (-l-10 Hz) frequency range and spindlt'/ 
beta (1-l.2S-15 Hz) range during the first 2 hours of 

j\jfLRlll'SYCHOl'HAR\lACOLOGY 1996-VOL. 15, NO. 3 

sleep in normal volunteers. To our knowledge, no pre­
vious investigators have reported the effects of zolpi­
dem on the zero crossing EEG measures. For technical 
reasons, we were unable to perform a more comprehen­
sive analysis of the EEG. 

Our results have implications for the mechanisms by 
which hypnotics exert their sleep-promoting effects in 
patients with insomnia and in normal controls. Gener­
ally, treatment of insomnia involves three different stra­
tegies: (1) correction of circadian or biological rhythm ab­
normalities, as with adherence to an appropriate, 
regular sleep-wake cycle, therapeutic use of light-dark 
cycles or, possibly, melatonin; (2) reduction of arousal 
mechanisms, such as management of physical and psy­
chic pain or distress or sleep in a safe and quiet environ­
ment; and (3) enhancement of sleep-promoting mecha­
nisms at the appropriate bedtime, such as sleep hygiene 
and administration of sleeping pills. 

Although some benzodiazepines may affect circa­
dian rhythms in animals, it is not clear that this effect is 
clinically important in humans or that zolpidem affects 
circadian rhythms (Copinschi et al. 1995). Our study 
suggests that zolpidem may act through the two other 
interrelated factors, reducing physiological arousal mech­
anisms and enhancing physiological sleep-promoting 
mechanisms. 

First, insofar as cerebral metabolism is directly re­
lated to arousal mechanisms, the sleep-inducing effects 
of zolpidem are apparently associated with reduced ce­
rebral metabolism and arousal mechanisms. Horne and 
Shackell (1987), 1\1cGinty and Szymusiak (1990), and 
others have suggested that non-REM sleep and, in par­
ticular, delta sleep are enhanced when brain tempera­
ture falls. To our knowledge, no studies of cerebral me­
tabolism have been conducted in non depressed insomniac 
patients during sleep. Bonnet et al. (1991, 1992) have hy­
pothesized, however, that whole-body hypermetabolic 
rates during sleep are elevated in primary insomniac 
patients. In a study of depressed patients, we report 
that overall cerebral glucose metabolic rate is signifi­
cantly higher during the first non-REM period in de­
pressed patients than in normal controls (Ho, Gillin, 
Wu, Burmey, and Buchsbaum unpublished data). Other 
i1westigalors ha\'e reported that core body temperature 
is elevated during sleep in depressed and insomnia pa­
tients (A\·ery et al. 1986; \.ionroe 1967). Because sys­
temic glucose utilization is highly correlated with cere­
bral glucose metabolism during non-REM sleep (Boyle 
et al. 199-l), it is possible that higher cerebral glucose 
metabolism increases core body temperature and whole­
body metabolism during sleep more in insomniac pa­
tients compared than in normal controls. A testable set 
of hypotheses for future studies includes: (1) Insomniac 
patients ha\·e higher core body metabolism, higher 
whole-body metabolic rates, and increased whole-brain 
CGMR during non-REM sleep (and possible REM 
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sleep) than normal controls; (2) Zolpidem or other hyp­
notic agents correct abnormally high rates of whole­
brain, localized CGMR, or whole-body metabolism in 
patients with insomnia; (3) because hypnotic-induced 
improvement in sleep in insomniac patients appears to 
vary directly with the severity of sleep disturbance 
prior to treatment (Gillin et al. 1980), the hypnotic-in­
duced reduction of metabolism may vary with the se­
verity of objective insomnia. 

Second, zolpidem may directly promote sleep-induced 
physiological mechanisms in the brain. Many neuroan­
atomical areas are implicated in the regulation of non­
REM sleep, including the cerebral cortex, basal fore­
brain, anterior hypothalamus, thalamus, and tractus 
solitarias, whereas projections from the posterior hypo­
thalamus, dorsal tegmentum, the reticular activating sys­
tem, and, possibly, the suprachiasmatic nucleus maintain 
cortical arousal and EEG desynchronization during wake­
fulness and REM sleep. Nevertheless, no neuroanatom­
ical center has been shown to be uniquely necessary for 
non-REM sleep, REM sleep, or wakefulness. Insofar as 
zolpidem affects BZ1 receptors, it may be enhancing or 
mimicking the effects of GABA, which are known to be 
involved in sleep-promoting processes in the thalamus 
and elsewhere. 

The observation that local CGMR in the hippocam­
pus, an area involved in memory, was lower is interest­
ing in light of reports indicating that benzodiazepine and 
imidazopyridine hypnotics may induce amnesia. In 
summary, zolpidem appears to decrease local absolute 
CGMR in selected brain areas during non-REM sleep in 
normal \·olunteers proportionately to plasma zolpidem 
concentrations. The reduction of local CGMR was not 
uniform across the brain and was modestly related to the 
known regional distribution of BZi receptors. Further 
studies arc needed to determine the effect of zolpidem 
and other hypnotics on cerebral metabolism during sleep 
in normal controls and in patients with sleep disorders. 
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