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A NUMBER OF INVESTIGATORS HAVE PROPOSED 
THAT INCREASED SLOW WAVE SLEEP (SWS), AS MEA-
SURED VISUALLY, OR ITS SPECTRAL POWER DENSITY 
counterpart, slow wave activity (SWA), represent ongoing 
cortical recovery from prior wakefulness. Moreover, NREM 
sleep periods with more SWS/SWA are hypothesized to be pe-
riods of relatively heightened neurophysiologic restoration or 
recuperation.1,2 The hypothesized role of SWS in sleep homeo-
static regulation has been the result of a number of findings, in-
cluding: (1) SWA increase in proportion to the duration of prior 
wakefulness,3 (2) reduced SWA during nocturnal sleep follow-
ing afternoon/evening naps,4 (3) the decline in SWA across a 
night of sleep,5 and (4) increased SWS following fragmented 
sleep.6 The two-process model of sleep regulation views height-
ened SWS/SWA as reflecting Process S, the homeostatic com-
ponent.7 Some authors have proposed that increased SWS/
SWA, represents ongoing cortical recovery from prior wakeful-
ness activities. That is, periods with more SWS/SWA have been 
widely hypothesized to be a time of relatively heightened neu-
rophysiologic restoration or recuperation.8,9 Tononi and Cirelli10 

hypothesize more specifically that SWS/SWA reflect synaptic 
changes necessary to conserve energy, save space for future 
synaptic growth, and to enhance signal-to-noise ratio.

On the other hand, most investigations of selective depriva-
tion of SWS or stage 4 alone have failed to support the concept 
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of enhanced recuperative “value” of SWS relative to other sleep 
stages. Neither performance nor alertness has been found to be 
impaired after reduction of SWS by approximately 25% to 90% 
relative to baseline.11-14 Significant methodological limitations 
probably contribute to the negative findings of these studies. 
For example, in one study12 more than a 50% reduction in SWS 
was observed in the “control” condition (i.e., designed to retain 
SWS), versus an 85% reduction in the “no-SWS” condition. 
With the additional influence of approximately 55-65 experi-
mental arousals per night, finding differences in performance 
between two conditions with 50% and 85% reductions of SWS 
would be unlikely. Other studies by Lubin et al.13 and Johnson 
et al.14 deprived subjects of stage 4 only, not SWS, and therefore 
considerable SWS occurred. Compared to baseline, SWS was 
reduced by 78% and 63% in the 2 studies, respectively. More-
over, the sample size per condition in both studies was small 
(N = 4 and 7, respectively). The statistical power to detect dif-
ferences in performance associated with sleep stage differences 
when sleep is highly disrupted by the experimental procedures 
is likely to be exceedingly low. Similar concerns exist for the 
other SWS deprivation studies.11

Drugs with varying mechanisms of action have been found 
to increase SWS and/or SWA, including several antagonists of 
5HT2A receptors,15,16 gabapentin and pregabalin, which are alpha-
2-delta calcium channel modulators,17,18 tiagabine,19-21 a selective 
GABA reuptake inhibitor, and gaboxadol (GBX), a selective (for 
alpha4 delta receptors) extrasynaptic GABAA agonist.22 Whether 
the increases in SWS/SWA with one or more of these drugs re-
flect the same or similar neural processes to those which charac-
terize natural SWS/SWA is an important scientific question.

One experimental approach to testing whether pharmacolog-
ically enhanced SWS has a functional correlate involves pro-
duction of increased SWS simultaneously with sleep restriction. 
If enhanced SWS increases the restorative capacity of NREM 
sleep, the predictable consequences of sleep restriction, such 
as those documented by Dinges and colleagues,23,24 should be 
reduced or prevented. In a prior investigation using that experi-
mental approach, tiagabine 8 mg was found to enhance SWS 
and to markedly attenuate the deficit in sustained attention seen 
with sleep restriction, although physiologic sleep tendency was 
not altered by tiagabine.25

In the present study we investigated the impact of enhanced 
SWS/SWA with GBX 15 mg on behavioral, psychological, and 
physiological changes resulting from sleep restriction. GBX is 
a direct GABAA agonist which is selective for the extrasynapti-
cally located alpha4-delta receptor subtype.26 When activated, 
alpha4-delta receptors produce a tonic inhibitory conductance 
which is thought to result in a more stable inhibitory pattern, as 
compared to phasic synaptic inhibition.27 GBX has consistently 
increased SWS/SWA, in a dose-related manner, in adult and 
elderly healthy subjects and in primary insomnia patients.22,28-30

methodS

Study design and General methods

A randomized, double-blind, placebo-controlled, parallel 
groups design was used to compare GBX 15 mg and placebo. 
Each participant’s activities consisted of: (1) a screening office 

visit, (2) 8 consecutive nights/days of sleep laboratory proce-
dures: 2 screening/baseline nights and days; 4 sleep restriction 
nights and 2 days; 2 recovery nights and 1 day; and (3) end-
of-study procedures. Subjects received single-blind placebo 
(PBO) on screening /baseline nights as well as on both recovery 
nights. Subjects received PBO or GBX 15 mg in randomized 
double-blind fashion on the four sleep restriction nights. Study 
drug was administered 30 min prior to scheduled bedtime. For 
each subject the study period was a minimum of 11 days and a 
maximum of 28 days from initial screening to follow-up. The 
protocol was approved by the institutional review board of St. 
Luke’s Hospital. All subjects signed an informed consent and 
were compensated for participation. The study was performed 
in accordance with the Declaration of Helsinki and the Good 
Clinical Practice guidelines.

The study design and methods were jointly developed by 
authors (JKW, JG, PKS) and sponsor representatives. Full dis-
closure of the data was provided by the sponsor to the authors. 
Data analyses were performed by Dr. Snyder, a Merck employ-
ee, and key analyses were confirmed by Dr. Schweitzer. The 
writing of the manuscript and interpretation of study findings 
was the sole responsibility of the authors.

Subject Recruitment and Screening

Subjects were recruited via media advertisements. A general 
description of the study was provided and preliminary screen-
ing was conducted by telephone. Interested and qualified persons 
were scheduled for a clinical screening visit during which a thor-
ough explanation of the study was provided and subjects gave 
written informed consent. Clinical screening procedures included 
a sleep, psychiatric, and medical history; physical examination; 
ECG; clinical laboratory testing (hematology, chemistry, urinaly-
sis); and urine screen for drugs of abuse. These procedures in-
sured that subjects were free of chronic sleep disturbance, DSM-
IV psychiatric diagnoses including substance abuse in the past 2 
years, and current or recent medical illness. Females could not 
be pregnant or lactating and had to confirm the use of adequate 
contraceptive procedures throughout the study.

During the prior 2 months the subjects must have maintained 
a bedtime between 22:00 and 24:00 at least 5 nights per week, 
and usual nightly sleep duration between 6.5 and 9 h. A body 
mass index < 34 kg/m2 was also required.

Subjects could not work night or rotating shifts or have 
crossed more than 3 time zones in the prior 2 weeks. Subjects 
were also excluded if they used any psychotropic medication 
or sedating or alerting over-the-counter drugs during the prior 
2 weeks or 5 half-lives (whichever was longer), usually con-
sumed more than 500 mg caffeine per day, or were regular users 
of nicotine. Participation in a clinical research trial or weight 
loss program within 30 days, prior exposure to GBX, history of 
a positive test for human immunodeficiency virus, hepatitis B 
surface antigen, and/or hepatitis C virus were additional exclu-
sion criteria.

The screening visit also included training on performance tests 
used in the study, and completion of the Horne-Ostberg Morning-
ness-Eveningness Questionnaire31 and the Sleep Timing Ques-
tionnaire.32 Polysomnographic (PSG) screening was performed 
during the first 2 nights in the sleep laboratory, and a multiple 
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sleep latency test (MSLT) followed each screening PSG. On 
Night 1, respiratory recordings and leg electromyography were 
included. Participation was discontinued if on PSG Night 1 the 
apnea-hypopnea index was >10/h or the periodic leg movement 
arousal index was >10/h. On Night 2, total sleep time (TST) was 
required to be < 510 min (time in bed was 540 min), and the 
mean latency on the Day 2 MSLT was required to be > 7 min.

Seventy-one individuals signed informed consent. Six per-
sons withdrew consent prior to randomization. Twenty-three 
individuals failed screening (13 MSLT, 1 TST, 8 medical, 1 
positive drug screen) and one person was discontinued prior to 
randomization because enrollment was met. Forty-one healthy 
male and female subjects aged 18-55 inclusive, were random-
ized to the 2 study groups, 21 to PBO and 20 to GBX. Random-
ization was based on preliminary TST and MSLT scoring and 
confirmed subsequently by final scoring. Thirty-nine subjects 
completed all study procedures; 2 subjects terminated partici-
pation early for personal reasons, 1 following Night 6 and 1 
following Night 7. The 2 study groups were similar in age, sex 
distribution, body mass index, Horne-Ostberg Morningness-
Eveningness, and usual rise time and bedtime from the Sleep 
Timing Questionnaire (Table 1).

General Study procedures

Participation involved 8 consecutive nights and the inter-
vening 7 days from laboratory screening to study completion 
for each subject. PSG Nights 1 and 2 were screening/baseline 
nights. The MSLT on Day 2 served as a screening procedure. 
Baseline MSLT values were calculated as the mean of MSLTs 
on Days 1 and 2. Data from Days 1 and 2 served as baseline for 
other daytime measures. PSG recording time was 10 h on Night 
1 (22:00 to 08:00) and 9 h on Night 2 (23:00 to 08:00). The 
durations of the recordings on Nights 1 and 2 were selected to 
minimize the impact of prior sleep history. Single-blind placebo 
was administered on both nights to all subjects, 30 min prior to 
bedtime.

After all screening and baseline procedures were completed 
subjects were randomized to receive GBX 15 mg or matching 
placebo on all 4 sleep restriction nights (Nights 3-6). Group 
assignment was stratified to ensure approximate balance in age 
and sex distribution. Double-blind study drug was administered 
at 00:30 on Nights 3-6, and PSG start time was 01:00. Prelimi-
nary sleep scoring was performed in real time so that total sleep 
time would be as close as possible to 5 h on each sleep restric-
tion night. Night 3-6 PSGs were terminated at variable times 
when sleep duration was judged to be 5 h. Actual PSG termi-
nation time ranged from 06:05 to 06:30. Following the first 2 
sleep restriction nights (Nights 3 and 4), subjects were allowed 
to go about their normal routines from about 08:00 until ap-
proximately 22:30. They were monitored with actigraphy for 
compliance with the instruction not to sleep when out of the 
laboratory. They were cautioned about the effects of sleep loss 
on driving and other potentially dangerous activities. Follow-
ing the last 2 sleep restriction nights (Nights 5 and 6), subjects 
remained in the laboratory to complete the MSLT, subjective 
scales, neurocognitive tests, and mood measures, and collec-
tion of saliva, urine, and electrocardiographic samples (Days 
5 and 6).

All subjects received single-blind placebo on Nights 7 and 8 
at 21:30. PSGs were recorded from 22:00 to 10:00. Twelve hours 
were allotted to observe the potential differential effects of sleep 
restriction with and without GBX upon recovery sleep. On Day 
7, between Nights 7 and 8, MSLT, subjective scales, neurocogni-
tive tests, and mood measures were completed. Urine and saliva 
samples and electrocardiographic data were collected.

Alcohol was prohibited beginning 24 hours prior to labo-
ratory Night 1 for the duration of participation. Caffeine con-
sumption on study Days 3 and 4 was limited to a single drink 
within 1 h of morning awakening. No caffeine was allowed on 
the remaining study days. Vigorous exercise was prohibited on 
study Days 1, 2, 5, 6, and 7.

polysomnography

Digital PSG recordings were made on all 8 study nights. The 
recording montage for all nights included the following: right 
and left electrooculogram, submental electromyogram (EMG), 
electrocardiogram (V5), and 10 EEG derivations (C3-A2, C4-
A1, O1-A2, O2-A1, FP1-A2, FP2-A1, F3-A2, F4-A1, F7-A2, 
F8-A1). On Night 1, the recording also included nasal thermo-
couple, oximetry, respiratory movement, and right and left an-
terior tibialis EMG. Sampling rate for all EEG signals was 200 
Hz. All PSGs were scored according to standard methods33 us-
ing the C3-A2 derivation. Each subject’s PSGs were scored by 
a single scorer. Spectral analysis of the EEG reported here are 
from the C3-A2 recording.

daytime testing

multiple Sleep latency test

The MSLT evaluates sleep propensity by electrophysiologi-
cally measuring the latency to fall asleep at multiple times 

Table 1—Demographic and Baseline Characteristics of the Study 
Groups

  Placebo Gaboxadol
  (N = 21) (N = 20)
Mean (SD) Age in years 32.0 (9.9) 31.9 (10.2)
Sex 9 male, 10 male,
  12 female 10 female
Race 1 Asian, 3 black, 4 black,
  17 white 16 white
Mean (SD) BMI, kg/m2 25.8 (2.8) 26.6 (3.9)
Morningness-Eveningnessa:
 Moderate Morning, N 7 8
 Neither, N 12 11
 Moderate Evening, N 2 1
Sleep Timing:b  
 Mean Bedtime (SD) 23:15 (00:36) 23:08 (00:49)
 Mean Rise time (SD) 07:47 (00:50) 07:40 (01:02)
Mean (SD) Day 2 MSLT, min. 13.0 (4.1) 12.4 (4.4)
Mean (SD) Night 2 TST, min. 475.7 (37.8) 479.2 (26.6)

a From the Horne and Ostberg Questionnaire at baseline
b From the Sleep Timing Questionnaire at baseline
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Urine catecholamine determinations

These determinations were made from 2 contiguous 12-hour 
aliquots (22:00 to 10:00 and 10:00 to 22:00) on Night2/Day2, 
Night 6/Day 6, and Night7/Day 7. Subjects collected all urine 
for each aliquot in a single container which contained 6N hy-
drochloric acid (Fisher Scientific, Pittsburgh, PA) to preserve 
the specimen. At the end of each aliquot, approximately 50 mil-
liliters of the well-mixed specimen was poured into a sealed 
container and stored at −20°C until sent to Esoterix for analysis 
by high performance liquid chromatography.

procedural memory test

A Procedural Memory Test was administered at baseline 
and at the end of sleep restriction. The task required subjects to 
press a series of numeric keys in a predetermined sequence. The 
number sequence was continuously displayed throughout train-
ing and testing. Twelve 30-sec training trials occurred at 09:10 
on Days 1 and 5. Each training session used a single unique 
number sequence. Three 30-sec testing trials were conducted 
approximately 24 hours later on Days 2 and 6, using the number 
sequence from the prior training day. The number and accuracy 
of sequences were recorded.

cognitive testing Battery

A battery consisting of 14 individual tests (see appendix) was 
administered at 10:40, 14:40, and 16:40 on Days 1, 2, 5, 6, and 
7. Memory, attention, executive function, and other cognitive 
domains were assessed. Total testing time was 40 min.

Statistical analyses

The prespecified criteria for the full analyses set included all 
subjects who had a baseline value (which was used as a covari-
ate in all models), took the randomized study medication on at 
least one sleep restriction night, and had a sleep restriction value. 
All 41 subjects (20 GBX and 21 placebo) took study medica-
tion on all study nights and all were included in the full analysis 
set. MSLT and SWS were also analyzed using the per-protocol 
set (N = 33), which excluded data for subjects with predefined 
protocol violations. Prior to unblinding, the following protocol 
violations were noted: 4 subjects had TST > 510 min on Night 2 
(range 513.5–525 min with only one > 516 min) and one subject 
had mean MSLT on Day 2 of < 7 min (6.7 min). These violations 
occurred because randomization was based on preliminary scor-
ing. In addition, actigraphy indicated napping during the daytime 
likely occurred on the first and/or second sleep-restriction day 
in three individuals. Analyses excluding the 8 protocol violators 
produced the same group differences, at times with increased sig-
nificance levels, as compared to the full analysis set comparisons. 
Analysis of safety endpoints included all subjects as treated; in 
this study all 41 subjects received the correct treatment (i.e., that 
to which the subject was randomized).

For endpoints measured multiple times per day (MSLT, KSS, 
PVT and cognitive battery endpoints), a mixed model with an 
unstructured covariance matrix to account for the correlation 
between observations on the same subject over time was used 

throughout the day. MSLT subtests were conducted at 10:00, 
12:00, 14:00, 16:00, and 18:00 on Days 1, 2, 5, 6 and 7. The 
10:00 subtest was omitted on Day 7 because of the extended 
time in bed for recovery sleep PSGs. MSLTs were conducted 
using standard procedures34 and all MSLTs for the study were 
scored by a single scorer.

psychomotor vigilance test

The PVT is a simple reaction time test which measures sus-
tained attention and psychomotor function.35 The PVT was 
performed for 15 minutes at 08:25, 10:25, 12:25, 14:25, and 
16:25 on Days 1, 2, 5, 6, and 7; the 08:25 test was omitted on 
Day 7 because subjects were still in bed. Dependent variables 
include: mean reaction time (RT), 1/RT, number of lapses (re-
action time > 500 msec), square root transformed lapses [√x 
+ √(x+1)], mean of the slowest 10% reaction times, and mean 
of the fastest 10% reaction times. Ratings of sleepiness were 
collected on a visual analog scale immediately before and after 
each PVT session.

profile of mood States

The POMS is a self-administered questionnaire that mea-
sures 6 dimensions of affect or mood. Subjects rate how they 
feel “now” with respect to 65 adjectives on a 5-point scale (0 = 
“not at all,” 4 = “extremely”).36 The POMS was completed at 
13:50 on Days 2, 6, and 7.

Karolinska Sleepiness Scale

The KSS is a 9-point rating scale which provides a subjective 
measurement of sleepiness (1 = very alert, 9 = very sleepy).37 
The KSS was completed approximately 2 min prior to each 
MSLT subtest.

morning and evening Questionnaires

These were administered each evening and each morning 
and included visual analog scales for subjective ratings of 
daytime feelings including relaxation, energy, tiredness, and 
overall daytime function as well as ratings for sleep quality 
and the refreshing nature of sleep. Subjects also estimated 
sleep latency, sleep duration, and number of awakenings dur-
ing sleep.

Salivary cortisol Samples

Salivary cortisol samples were collected hourly from 14:20 
to 21:20 on Days 2, 6, and 7. No food or drink was allowed for 
30 min before each sample collection. Each subject inserted a 
cotton salivette (Sarstedt AG & Co., Numbrecht, Germany) into 
his or her mouth. The salivette was chewed until the subject 
could no longer prevent swallowing excess saliva produced. 
The salivette was then placed in a tube, weighed to assure ad-
equate saturation, and then stored at −20°C until shipped to 
Esoterix, Inc. (Calabrasas Hills, CA) for analysis by radioim-
munoassay.
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included in the ANCOVA performed using means for the entire 
day; Day 5 values were used as the mean of Days 5 and 6. A 
second subject, missing an 18:00 data point on Day 6, was also 
included in the analysis which included a factor for time of day, 
as well as in the ANCOVA. We included in the ANCOVA (for 
the MSLT, PVT, KSS, etc) all subjects having values for at least 
4 time points on a given day. Age, sex, and baseline values were 
used as covariates in all analyses.

Because the hypotheses of interest were directional in nature 
(e.g., GBX group would show higher MSLT scores and higher 
SWS values), one-sided significance tests were used with α 
equal to 0.05. Power calculations were conducted with the as-
sumption of one-sided statistical comparisons.

When statistical comparisons are being described the values 
reported in the text are least square means generated by the 
models (unless noted otherwise). Error estimates indicated by 
± refers to the standard error for least square means and for dif-
ference scores, and standard deviations for unadjusted means. 
In Tables 2-5 and Figures 1 and 3 unadjusted (observed) means 
and standard deviations are presented for the readers’ conve-
nience.

Mean power spectra were computed for each subject by 1-Hz 
bin (ranging from 1 to 32 Hz) relative to the average of baseline 

to evaluate treatment group differences while controlling for 
age, sex, and baseline value. A general linear model control-
ling for age, sex, and baseline value was used for endpoints 
measured once per day (PSG variables, morning and evening 
diary endpoints, POMS endpoints and overnight differences in 
the Procedural Memory Test). The mean over the last 2 sleep 
restriction days (at each time point for MSLT, KSS, PVT and 
cognitive battery endpoints) was used for the treatment value 
and the mean over the 2 baseline days (at each time point for 
MSLT, KSS, PVT and cognitive battery endpoints) was used 
for the baseline value. The PSG results were similar when the 
mean of all four sleep restriction nights was used as the treat-
ment value and PSG Night 2 alone was used as baseline. If the 
value for a time point was missing on one of the last 2 sleep 
restriction days then the value for the non-missing day was used 
rather than the mean. No imputation was made for missing data 
(at a time point) after the measures were averaged over the last 
2 sleep restriction days. For daytime measures, all data were 
missing for Day 6 for one subject. That same subject was miss-
ing the 18:00 data point on the MSLT on Day 5. The other time 
points on Day 5 for this subject were included from the analy-
sis which included a factor for time of day, since the model 
appropriately handles the missing data. This subject was also 
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Figure 1—Unadjusted (observed) mean minutes of slow wave sleep (Panel A), total sleep time (Panel B), minutes of stage 1 (Panel C), and 
shifts to wake or stage 1 (Panel D) on Nights 1-8 for both study groups. Error bars indicate standard deviations. Time in bed varied across 
Nights (9 h on baseline Night 2, approximately 5 h on Nights 3-6, 12 h on Nights 7 and 8). All subjects received placebo on Nights 1, 2, 7, 
and 8. Double-blind GBX 15 mg (filled symbols) or placebo (open symbols) were administered on Nights 3-6. SWS was significantly greater 
and stage 1 and shifts to wake or 1 were significantly less for the GBX group as compared to the placebo group on Nights 3-6 (P < 0.001 for 
each). Total sleep time did not differ between groups on any night. No variable differed between groups at baseline (Nights 1 and 2) or on 
recovery nights (7 and 8).
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Spectral analyses

Spectral analysis of the EEG produced power density find-
ings consistent with the visually scored increase in SWS with 
GBX. Figure 2 illustrates the group differences in relative (to 
the mean of baseline Nights 1 and 2) NREM power density dur-
ing the first 5 h of the recording for each sleep restriction night 
individually and for the average of Nights 5-6. The specific pre-
planned statistical comparisons were made between groups for 
the mean values of Nights 5-6, and differences between groups 
are shown in the figure. In general, GBX significantly increased 
relative power density, as compared to PBO, in all 1-Hz fre-
quency bins from 1 to 8 Hz.

Inspection of the placebo group data show that sleep restric-
tion alone produced mild numerical changes in relative spectral 
power density, with the spectral profile showing increases and 
decreases at approximately the same frequencies as seen with 
GBX, although at slow frequencies the magnitude of change 
was much smaller.

Group comparisons in relative spectral power density were 
also conducted using the average of all 4 sleep restriction nights 
and for each sleep restriction night alone. These analyses were 
in agreement with the data for Nights 5-6 presented above. Rel-
ative power was also calculated using 9 h of baseline and the 
group differences were essentially identical to those obtained 
using 5 h of baseline data. In all of these additional analyses, 
GBX produced relative spectral power increases as compared 
to PBO at all frequencies up to 8 Hz.

Self-reported Ratings of Sleep

GBX subjects reported fewer awakenings on average during 
Nights 5 and 6 than PBO (GBX 0.36 ± 0.15; PBO 0.97 ± 0.15; 
P = 0.003). There were no other group differences in subjective 
ratings of sleep including ratings of sleep quality and the restor-
ative nature of sleep. Unadjusted (observed) self-report mea-
sures of sleep for both groups on each study night are shown 
in Table 3.

multiple Sleep latency test

Baseline (Days 1 and 2) unadjusted mean MSLT values for 
the 2 groups were nearly identical and were consistent with nor-
mal alertness levels (PBO 12.4 ± 3.9; GBX 12.2 ± 4.2 min). Dur-
ing sleep restriction MSLT latencies were considerably reduced 
as anticipated; however, the GBX group was significantly less 
sleepy than the PBO group (P = 0.047; see Figure 3). The PBO 
group mean for Days 5 and 6 decreased to 5.8 ± 0.81 min during 
sleep restriction, whereas the GBX group mean latency was 7.8 
± 0.83 min. A supportive analysis on precomputed MSLT daily 
mean values using a general linear model (controlling for age, 
sex and baseline value), also indicated that the groups differed 
significantly (P = 0.033). Exclusion of protocol violators did 
not change these findings.

psychomotor vigilance test

Table 4 shows unadjusted (observed) mean data for each 
group for key PVT measures (Figure 4). There were no group 

Nights 1 and 2 during all NREM (Stages 1, 2, 3, and 4) epochs. 
Power density values at baseline were calculated for the entire 
(9 h) night and for the first 5 h of sleep and comparisons to 
sleep restriction nights were made with both. No correction was 
made for multiplicity.

Correlation and partial correlations (controlling for age and 
sex) were computed for changes from baseline in MSLT and 
changes from baseline in KSS versus changes from baseline 
in PSG variables including SWS and power density endpoints. 
Principal components analysis was used to reduce the number 
of power density ranges by identification of clusters of 1-Hz 
bins that accounted for significant portions of the variance. The 
frequency clusters reported in Table 5 are based on the results 
of this analysis.

MSLT was the a priori primary dependent variable and was 
used for power calculations. Assuming 20 evaluable subjects 
per group and a standard deviation of 2.5 min, the study was 
planned to have 80% power to declare significant (one-sided 
test, 5% level of significance) a 2-min difference between 
groups in change from baseline MSLT scores.

Effect sizes (i.e., Cohen’s d) were computed using parameter 
estimates from the regression models for exploratory endpoints 
such as those in the neurocognitive battery, self-reported sleep 
measures from the morning and evening diaries, and subscale 
endpoints from the POMS.

ReSUltS

Sleep Restriction period

polysomnography

Unadjusted (observed) mean PSG data for baseline, sleep re-
striction, and recovery nights for both groups are shown in Ta-
ble 2. Groups were numerically very similar at baseline. Least 
square mean TST during sleep restriction (Nights 3-6) did not 
differ between groups (PBO = 299.4 ± 0.94; GBX = 300.8 ± 
0.96 min; Figure 1) as predicted from the restricted time in bed. 
During sleep restriction the GBX group demonstrated signifi-
cantly more stage 4 and SWS (stage 3 plus stage 4) compared 
to the PBO group (P < 0.001 for both). GBX averaged 20.5 min 
more SWS on the last 2 sleep restriction nights (5 and 6) and 
21.8 min more SWS than PBO on all 4 sleep restriction nights 
(3 through 6). Compared to baseline, GBX averaged 17.2 more 
min of SWS on Nights 3-6, whereas the PBO group averaged 
1.8 more min than at baseline on Nights 3-6 (Figure 1). During 
sleep restriction as compared to PBO, GBX also had less stage 
1 sleep (7.1 ± 2.4 minutes less on Nights 5-6, P = 0.003 and 9.3 
± 2.1 min less on Nights 3-6, P < 0.001; Figure 1), less REM 
(9.7 ± 4.2 min less on Nights 5-6, P = 0.014 and 6.7 ± 3.2 min 
less on Nights 3-6, P = 0.022), fewer shifts to wake or stage 1 
(5.4 ± 2.1 fewer on Nights 5-6, P = 0.007 and 5.4 ± 1.8 fewer 
on Nights 3-6, P < 0.001; Figure 1), and a longer REM latency 
(13.7 ± 6.1 min longer on Nights 5-6, P = 0.015 and 11.8 ± 5.9 
min longer on Nights 3-6, P = 0.027). WASO did not differ 
between groups on Nights 5-6 (P = 0.26) but averaged 3.0 ± 
1.5 min less on Nights 3-6 with GBX (P = 0.03). There were no 
group differences for latency to persistent sleep (LPS), stage 2, 
or stage 3.
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introspective Sleepiness and mood

Mean KSS ratings showed a trend towards lower levels of 
sleepiness for GBX than PBO during sleep restriction. The 
mean KSS score for the PBO group averaged over Days 5 and 
6 was 6.7 ± 0.30 as compared to 6.0 ± 0.30 for the GBX group 
(P = 0.058). An ad hoc ANCOVA analysis using the general 
linear model on the precomputed daily means to compare the 
groups provided supportive evidence for this observation (P = 
0.036). Sleepiness ratings on a visual analog scale made prior to 
and following the PVT were also lower for GBX than for PBO 
(PBO = 6.5 ± 0.34, GBX = 5.7 ± 0.34, P = 0.044 for pre-PVT 
rating; PBO = 7.2 ± 0.33, GBX 6.1 ± 0.34. P = 0.02 for post-
PVT rating).

The Fatigue (PBO 12.8 ± 1.4; GBX 9.6 ± 1.5) and Vigor 
(PBO 8.7 ± 1.2; GBX 11.2 ± 1.3) scales on the POMS tended 

differences on most PVT measures. There was a slight decre-
ment in the mean of the fastest 10% reaction time in the GBX 
group compared to PBO (P = 0.007). This result was no longer 
significant when the protocol violators were excluded in an ad 
hoc analysis (P = 0.17).

To assess the effects of sleep restriction we examined the 
PBO group alone. The changes from baseline to sleep restric-
tion were numerically mild with a decline of approximately 
5% to 25% depending upon the variable measured. Significant 
changes from baseline to sleep restriction were seen for mean 
reaction time (P = 0.006), mean of the slowest 10% of reaction 
times (P = 0.007), mean of the fastest 10% of reaction times 
(P = 0.015), and mean 1/RT (P = 0.002). There was no signifi-
cant increase in number of lapses (P = 0.18); transformed lapses 
showed a trend toward a significant difference (P = 0.056).

Table 2—Observed Mean (SD) Polysomnography Variables for Gaboxadol (GBX) and Placebo (PBO) Groups on Nights 1-8

 Baseline Sleep Restriction Recovery
 Night 1 Night 2 Night 3 Night 4 Night 5 Night 6 Night 7 Night 8
PBO GBX PBO GBX PBO GBX PBO GBX PBO GBX PBO GBX PBO GBX PBO GBX
N=21 N=20 N=21 N=20 N=20 N=20 N=21 N=20 N=21 N=20 N=21 N=20 N=20 N=20 N=20 N=19
Total Sleep Time (min)
503.9 506.5 475.7 479.2 299.7 301.5 299.1 302.1 297.9 299.9 301.0 300.0 616.8 606.3 482.1 500.0
(75.4) (39.5) (37.8) (26.7) (5.2) (6.6) (9.1) (3.8) (9.6) (5.9) (3.5) (3.4) (69.5) (60.8) (61.6) (75.0)
Latency to Persistent Sleep (min)
31.0 26.9 18.0 17.0 15.5 12.0 10.0 6.5 6.6 5.6 8.5 6.9 21.9 26.3 60.7 69.6
(18.2) (17.5) (12.3) (11.0) (14.0) (9.9) (12.2) (5.5) (11.5) (7.0) (17.3) (7.3) (18.1) (22.3) (32.6) (50.0)
Stage 1 (min)
84.5 79.4 72.5 66.5 39.2 26.0 33.5 20.9 28.7 22.1 28.5 19.2 82.0 73.8 74.6 76.5
(24.1) (31.9) (29.5) (27.7) (17.9) (14.5) (13.7) (10.6) (13.6) (11.2) (13.7) (8.5) (33.4) (23.9) (23.5) (27.8)
Stage 2 (min)
254.2 256.9 239.3 232.2 138.5 123.9 137.0 120.5 127.4 121.8 126.5 112.3 307.2 295.9 243.0 249.6
(52.6) (40.2) (34.0) (32.8) (24.0) (34.3) (25.3) (36.5) (28.3) (34.0) (23.2) (38.9) (46.0) (32.2) (38.8) (40.2)
Stage 3 (min)
39.4 38.1 43.7 42.0 38.2 41.1 37.9 40.6 40.5 39.3 40.8 45.7 45.9 44.2 39.7 36.2
(17.4) (15.1) (19.0) (17.3) (19.5) (19.7) (18.9) (16.0) (17.9) (16.0) (16.6) (18.8) (22.5) (17.6) (19.2) (17.7)
Stage 4 (min)
23.7 31.0 23.2 35.8 25.6 48.6 23.7 58.6 26.5 53.2 29.5 52.8 27.7 37.9 19.8 30.9
(21.9) (25.0) (21.5) (26.7) (24.0) (32.9) (26.3) (35.0) (26.2) (32.6) (27.5) (37.3) (27.3) (31.6) (21.4) (26.5)
SWS (min)
63.0 69.0 66.9 77.8 63.9 89.7 61.6 99.1 67.1 92.6 70.3 98.5 73.6 82.1 59.4 67.1
(31.9) (31.9) (33.1) (34.7) (32.5) (36.7) (32.8) (34.2) (31.1) (35.5) (32.8) (39.1) (40.6) (40.6) (32.9) (33.1)
REM (min)
102.1 101.3 97.1 102.6 58.2 62.0 67.0 61.6 74.7 63.4 75.8 69.9 154.0 154.6 105.1 106.8
(31.0) (21.3) (25.0) (25.0) (11.6) (15.3) (13.7) (15.2) (16.8) (17.2) (16.2) (15.8) (31.0) (30.9) (25.5) (30.4)
Wake After Sleep Onset (min)
71.0 72.6 49.2 47.6 13.1 11.0 13.8 6.6 10.5 7.9 10.2 10.6 83.3 92.2 181.7 155.0
(70.1) (38.1) (37.9) (28.0) (8.5) (8.6) (19.3) (4.5) (8.8) (5.5) (7.2) (14.1) (66.5) (62.6) (65.6) (94.7)
Number of Shifts to Wake or S1
46.4 50.1 50.8 50.3 31.9 28.4 31.0 23.3 26.3 23.6 28.0 21.8 42.6 40.4 43.3 40.7
(14.5) (12.8) (11.7) (13.9) (11.0) (12.7) (9.5) (10.6) (11.1) (9.6) (10.2) (8.4) (14.7) (8.2) (13.4) (10.3)
Number of Awakenings
14.8 13.7 10.3 9.2 4.6 2.7 3.4 2.0 3.3 1.8 3.5 2.0 13.0 10.7 13.5 13.9
(6.6) (6.7) (6.2) (4.3) (3.3) (2.5) (3.5) (2.2) (3.3) (1.7) (2.7) (2.4) (9.3) (6.6) (8.1) (7.7)
Latency to Slow Wave Sleep (min)
29.9 28.7 20.6 16.6 19.7 16.2 15.4 13.6 15.8 16.7 15.7 16.9 33.4 24.0 25.3 26.9
(22.0) (21.7) (13.5) (5.4) (15.9) (7.2) (7.9) (4.6) (12.5) (13.6) (11.0) (12.0) (56.1) (14.7) (19.2) (18.9)
REM Latency (min)
93.2 100.7 63.3 66.6 57.8 66.6 57.8 66.7 47.5 70.6 48.8 53.5 67.5 56.7 85.0 63.2
(41.4) (37.1) (16.1) (22.9) (21.7) (24.1) (31.8) (31.6) (28.3) (30.2) (22.6) (8.5) (60.9) (9.3) (67.0) (20.8) 
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improvement with GBX. Additionally, substantial intersubject 
variability was characteristic of these measures. Because the 
current study was not powered to detect differences between 
groups on any neurocognitive measure, the effect size (Cohen’s 
d) for each measure (for the mean of Days 5 and 6) was calcu-
lated for 25 endpoints from the 14 tests in the cognitive battery 
to gain a global comparison of overall neurocognitive function. 
Seven of 25 measures exceeded a moderate Cohen’s d of 0.5 
and 6 of those 7 favored GBX. Nevertheless, no clear cognitive 
domain pattern was noted and no conclusions can be made from 
this exploratory analysis.

No differences between groups were found on any measure 
of the Procedural Memory Test. Mild to moderate effect sizes 
(0.2 to 0.5) on 4 measures of this test were in favor of GBX.

to favor the GBX group (P = 0.067 and 0.080, respectively). 
Differences on both scales were more evident (P = 0.030 and 
0.024) when the protocol violators were excluded in an ad hoc 
analysis.

cognitive test Battery and procedural memory test

Two of 25 measures made with the 14 tests of the cognitive 
battery showed a significant difference between the GBX and 
PBO groups, both in favor of GBX. These findings are con-
sistent with chance observations. The two significant findings 
were on motor transport time (P = 0.04) and the percent correct 
on the spatial 1-back memory task (P = 0.02). Examination of 
the data suggests that few of the measures showed a negative 
influence of sleep restriction on PBO, leaving little room for 
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Figure 2—Spectral power density profiles for the GBX group (filled symbols) and the placebo group (open symbols) for nights 3, 4, 5, and 
6 (Panels A-D, respectively) and averaged across Nights 5 and 6 (Panel E), relative to baseline (mean of Nights 1 and 2). Geometric mean 
values (± SD) for each 1-Hz bin are plotted. Baseline night values are represented by the abscissa at 1.0. Statistical comparisons were made 
only between groups for means of Nights 5 and 6 versus baseline. Horizontal lines above the frequency bin demarcations indicate statistically 
significant differences between groups (Panel E).
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self-report ratings. Following recovery sleep on Night 7, mean 
fastest 10% of reaction times was slightly slower for GBX than 
for PBO (P = 0.02), with less evidence of this effect when the 
protocol violators were excluded (P = 0.06). No other PVT 
measures differed between groups on Day 7.

association of mSlt, KSS, Sleep Stages, and Spectral power 
density

Table 5 contains Pearson partial correlation coefficients (ad-
justed for age and sex) describing the association of MSLT and 
KSS with sleep stages and spectral power density. The change 
from baseline (Day 2) to Day 6 mean MSLT latency was posi-
tively and significantly correlated with the change in SWS from 
baseline (Night 2) to Night 6, for both the GBX group alone 
(r = 0.58 P < 0.05; see Figure 5), and for all subjects (r = 0.51, 
P = 0.001), but not for the PBO group (r = 0.18, ns). Change 
from baseline in MSLT was not significantly correlated with 
change in TST, as expected given the control over TST in this 
study, nor with changes in minutes of REM or stage 1. Change in 
minutes of stage 2 was not associated with change in MSLT for 
all subjects, and showed a trend toward a negative correlation in 
the GBX group. When changes in MSLT from baseline to Day 6 
were compared with changes in SWS averaged across Nights 3-6 
the correlation was lower for all subjects (r = 0.36, P < 0.05) and 
was not significant for GBX subjects (r = 0.28, ns).

Change from baseline to Day 6 MSLT scores for all sub-
jects were also positively associated with the change in power 
density from baseline to Night 6 in the 1-5 Hz band (r = 0.33, 

Salivary cortisol and Urinary catecholamines

Neither salivary free cortisol nor urinary catecholamine dif-
fered between groups during sleep restriction or recovery. Un-
adjusted mean salivary cortisol values (µg/dL), averaged across 
the 8 daily samples for the PBO and GBX groups, respectively, 
were 0.182 (± 0.057) and 0.171 (± 0.09) at baseline and 0.174 
(0.05) and 0.165 (± 0.04) on Day 6. Urinary epinephrine/creati-
nine mean ratios, for the 22:00-10:00 and 10:00-22:00 aliquots, 
were 6.3 (± 3.6) and 8.9 (± 5.4) at baseline and 5.8 (± 3.3) and 
8.4 (± 5.3) on Day 6 for the PBO group and 4.2 (± 2.2) and 7.8 
(± 2.6) at baseline and 4.6 (± 2.0) and 6.7 (± 2.2) on Day 6 for 
the GBX group. Urinary norepinephrine/creatinine mean ratios, 
for the 22:00-10:00 and 10:00-22:00 aliquots, were 18.2 (± 6.0) 
and 23.4 (± 8.7) at baseline and 19.5 (± 6.2) and 22.1 (± 6.5) 
on Day 6 for the PBO group and 16.1 (± 5.7) and 27.2 (± 9.3) 
at baseline and 18.3 (± 6.3) and 20.6 (± 8.1) on Day 6 for the 
GBX group.

Recovery period

There were no group differences on any PSG variable during 
recovery sleep on either Night 7 or 8. Spectral power density did 
not differ between groups on Night 7. SWS and spectral power 
density showed no differences between Night 7 and baseline.

Groups also did not differ on the MSLT, KSS, or other day-
time measures following recovery sleep. On Day 7, POMS Fa-
tigue was worse for PBO (8.33 ± 1.41) than for GBX (3.10 
± 1.51; P = 0.008). There were no group differences in other 

Table 3—Observed Mean (SD) Self-Reported Sleep Variables for Gaboxadol (GBX) and Placebo (PBO) Groups on Nights 1-8

 Screening / Baseline Sleep Restriction Recovery
 Night 1 Night 2 Night 3 Night 4 Night 5 Night 6 Night 7 Night 8
PBO GBX PBO GBX PBO GBX PBO GBX PBO GBX PBO GBX PBO GBX PBO GBX
Total Sleep Time (min)
N=21 N=19 N=21 N=19 N=20 N=19 N=21 N=20 N=21 N=20 N=21 N=20 N=20 N=20 N=20 N=18
517.0 539.8 500.7 500.8 317.6 333.9 311.0 318.7 325.5 314.7 304.8 306.1 635.7 652.5 556.0 582.1
(91.2) (44.7) (49.9) (31.5) (26.8) (44.1) (25.7) (45.0) (31.1) (35.9) (15.9) (18.4) (80.5) (57.1) (109) (84.7)
Sleep Latency (min)
N=21 N=20 N=21 N=19 N=21 N=20 N=21 N=20 N=21 N=20 N=20 N=20 N=20 N=20 N=20 N=19
29.0 27.8 18.2 14.5 12.2 7.8 8.9 6.8 8.4 5.7 8.2 5.7 29.7 14.8 50.0 44.0
(27.0) (20.3) (12.6) (9.4) (7.9) (5.3) (8.1) (4.7) (12.8) (4.5) (16.1) (4.7) (42.0) (14.1) (52.0) (46.0)
Wake After Sleep Onset (min)
N=19 N=20 N=19 N=18 N=19 N=17 N=20 N=13 N=16 N=14 N=18 N=15 N=20 N=20 N=20 N=17
27.2 16.8 13.5 21.2 2.9 1.9 3.0 2.3 6.0 2.5 3.6 5.1 30.2 35.3 42.1 45.9
(38.6) (13.8) (15.7) (30.6) (2.8) (3.4) (5.1) (3.1) (15.0) (3.6) (3.9) (15.3) (53.9) (37.2) (54.0) (60.0)
Number of Awakenings
N=21 N=20 N=21 N=18 N=21 N=20 N=21 N=20 N=21 N=20 N=21 N=19 N=20 N=20 N=20 N=19
2.9 3.0 2.9 2.3 1.4 0.3 1.0 0.3 0.9 0.4 1.1 0.3 3.1 2.4 2.8 2.7
(1.7) (2.3) (2.8) (1.3) (1.6) (0.6) (1.3) (0.5) (1.4) (0.6) (1.2) (0.5) (2.4) (1.7) (2.4) (1.7)
Sleep Quality Rating #

N=21 N=20 N=21 N=19 N=21 N=20 N=21 N=20 N=21 N=20 N=21 N=20 N=20 N=20 N=20 N=19
55.0 51.5 63.6 67.7 73.3 71.5 73.4 77.9 67.5 74.1 66.9 69.6 69.7 77.0 65.0 56.5
(21.4) (19.9) (23.1) (17.3) (18.9) (18.1) (17.4) (14.6) (23.1) (19.6) (19.8) (22.5) (19.3) (14.8) (21.8) (24.4)
Refreshed Upon Awakening Rating #

N=21 N=20 N=21 N=19 N=21 N=20 N=21 N=20 N=21 N=20 N=21 N=20 N=20 N=20 N=20 N=19
67.6 65.6 62.6 60.6 57.6 44.8 57.0 41.1 33.5 34.0 37.1 23.4 75.8 76.8 79.4 64.5
(21.6) (17.8) (25.1) (21.2) (22.5) (22.3) (25.5) (25.2) (18.3) (20.6) (18.3) (21.9) (18.1) (16.3) (21.1) (27.0)

# 100 mm analog scale rating; higher values are more positive
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number of studies,22,28-30 and we believe that this represents an 
enhancement of at least some of the normal physiological pro-
cesses associated with NREM sleep and is not simply an elec-
troencephalographic change. The most compelling finding in 

P = 0.052), but not for the 6-11 Hz band (r = 0.28, P = 0.099), 
or other frequency bands. Although the correlation between 
change from baseline to Day 6 MSLT and change in 1-5 Hz 
power density from baseline to Night 6 for GBX alone was 
higher (r = 0.44), it was not significant (P = 0.075), probably 
due to the smaller sample size in single group analyses. No as-
sociation was indicated for the PBO group (r = −0.10, ns).

KSS change scores correlated negatively with change in min 
of SWS (i.e, more SWS was associated with less introspec-
tive sleepiness) for all subjects (r = −0.33, P = 0.05); there was 
a trend for the GBX group (r = −0.44, P = 0.13), but not for 
the PBO subjects (r = −0.18, ns). No association between the 
change in minutes of TST, stage 2 or REM and KSS change 
scores was observed for all subjects or either group separately.

KSS change from baseline to Day 6 scores were significant-
ly correlated with change in power in the 1-5 Hz band for all 
subjects (r = −0.44, P < 0.01) and there was a trend for the 
GBX group (r = −0.44, P = 0.081). In addition, KSS change 
from baseline to Day 6 scores were significantly correlated with 
change in power in the 6-11 Hz band for all subjects (r = −0.43, 
P = 0.011); there was a trend for the GBX group, (r = −0.45, 
P = 0.068), and not in the PBO group (r = −0.31, ns).

Safety measures

No clinically relevant changes in vital signs, gait and bal-
ance, ECG, hematology, blood chemistry, or routine urinalysis 
were detected. No serious adverse effects were reported and 
no subject discontinued prematurely due to an adverse effect. 
Three subjects in each group reported one or more adverse ef-
fects. Two subjects reported dizziness with GBX. No other ad-
verse effect was reported by more than one subject.

diScUSSion

SWS was consistently increased by GBX 15 mg during the 
4-night sleep restriction period, relative to both baseline and to 
PBO values. Increased SWS with GBX has been shown in a 
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Figure 4—Psychomotor Vigilance Task (PVT) data for baseline 
(Days 1 and 2), sleep restriction (Days 5 and 6), and recovery 
(Day 7) conditions for the GBX group (filled symbols) and the 
placebo group (open symbols). Square root transformed lapses 
(Panel A), mean reaction time (Panel B), and mean of the slowest 
10% of reaction times (Panel C) are shown. Error bars indicate 
standard deviations. There were no group differences at any time 
during the study. See text and Table 4 for additional PVT data and 
analyses.
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Figure 3—Observed means for sleep latency on the MSLT on 
Days 1, 2, 5, 6, and 7 for both groups. Error bars indicate standard 
deviations. Least square mean sleep latency of Days 5 and 6 was 
significantly longer (P = 0.047) for the GBX group (filled sym-
bols) than for the placebo group (open symbols).
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Failure to show a beneficial effect of GBX on PVT perfor-
mance complicates interpretation of overall study results, es-
pecially since PVT performance was preserved during sleep 
restriction in a similar study of SWS enhancement with tiagabi-
ne.25 Close inspection of the effect of sleep restriction on PVT 
measures in the PBO group in the present study reveals a mini-
mal change with sleep restriction. In fact, the impact of sleep 
restriction was only about one-third as large as that in our prior 
study. For example, in the prior study 4 nights of sleep restric-
tion produced increases of 17% in mean reaction time (vs 5% 
in the present study), 44% in mean of the slowest 10% of reac-
tion times (vs 14.4%), and 91% in mean number of transformed 
lapses (vs 21%). With such a mild deficit produced by sleep re-
striction, separation of the two groups becomes extraordinarily 
difficult to demonstrate. Rather than focus on the differences 
in findings between the present research and our prior study, 
we believe the more relevant observation is the important simi-
larities in the results. Specifically, in two separate studies, us-
ing different pharmacologic manipulations, SWS enhancement 

support of this interpretation is the significant reduction in the 
degree of physiologically assessed sleepiness following sleep 
restriction in the GBX group as compared to the PBO group. 
The strong correlation between the increase from baseline in 
SWS and the change in MSLT from baseline further suggests 
that the SWS effect may contribute to the reduced impact of 
sleep restriction in a direct fashion.

There were PSG differences between GBX and PBO groups 
other than the increase in SWS during sleep restriction. Spe-
cifically, GBX reduced stage 1, WASO, REM, and number of 
stage shifts relative to PBO; although TST and stage 2 did not 
differ between groups. Although statistically significant, the 
absolute magnitude of the group differences is quite modest 
and is not likely to affect next day function when TST is held 
constant. The mean group differences in WASO, stage 1, and 
REM were 3, 9, and 7 min per night, respectively. The differ-
ences in number of stage shifts to wake or stage 1, a measure of 
sleep fragmentation,38 differed by an average of 7.2 per night, 
or about 1.4/h of sleep. That degree of difference in sleep frag-
mentation between groups would not be suspected to affect 
subsequent waking function when TST is held constant at 5 h. 
In a population-based study including 483 individuals without 
sleep disordered breathing the mean number of stage shifts to 
wake or stage 1 was 4.8 + 2.2/h.38 Thus, our group difference of 
1.4/h is approximately 0.6 of a standard deviation of the normal 
distribution for that measure.

The physiologic significance of the 2-min mean MSLT dif-
ference between groups appears to be substantial when com-
pared with the absolute difference on the MSLT with other 
interventions to reduce sleepiness. For example, modafinil 
200 mg administered to narcolepsy or shift work sleep disor-
der (SWSD) patients, produces significant increases in MSLT 
latencies with a magnitude between 1-2 min.39,40 The mean in-
crease in MSLT following treatment of sleep apnea with con-
tinuous positive airway pressure is approximately 1 minute.41 
These increases in MSLT latencies are judged to be clinically 
relevant because they are accompanied by improvements in 
quality of life, patient sleepiness ratings, clinician ratings of 
treatment effectiveness, and ability to maintain wakefulness 
or sustain attention. The KSS has been utilized infrequently in 
studies assessing interventions, but in 2 intervention studies, 
differences of a magnitude comparable to our findings were 
reported.39,42
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Figure 5—Relationship between change from baseline in mean 
minutes of slow wave sleep on Night 6 and change from baseline 
in mean MSLT latency on Day 6 for all subjects. GBX subjects 
= filled symbols; placebo subjects = open symbols. Solid line is 
regression line for all subjects. Pearson correlation coefficients 
adjusted for age and sex are r = 0.514 (P < 0.001) for all subjects, 
and r = 0.578 (P < 0.05) for GBX subjects.
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Table 4—Observed Mean (SD) PVT Variables for Gaboxadol (GBX) and Placebo (PBO) Groups on Days 1,2,5,6, and 7

 Baseline Sleep Restriction Recovery
 Day 1 Day 2 Day 5 Day 6 Day 7
 PBO GBX PBO GBX PBO GBX PBO GBX PBO GBX
N 21 20 21 20 21 20 20 20 20 20
Lapses, no. 0.8 (1.7) 0.7 (1.1) 1.2 (2.6) 0.7 (1.2) 1.5 (2.2) 1.7 (2.8) 1.8 (2.4) 1.6 (2.3) 0.6 (1.3) 0.8 (1.5)
Transformed lapses 1.7 (1.0) 1.7 (0.8) 1.9 (1.4) 1.7 (0.9) 2.1 (1.3) 2.2 (1.5) 2.3 (1.4) 2.2 (1.2) 1.5 (1.0) 1.7 (1.1)
Reaction time, msec 257.1 243.3 253.3 253.5 270.0 273.7 276.4 274.8 248.9 249.8
 (41.0) (30.4) (43.2) (36.0) (43.4) (50.6) (44.7) (38.2) (37.7) (37.9)
1/reaction time 4.1 (0.5) 4.3 (0.4) 4.2 (0.6) 4.2 (0.5) 4.0 (0.5) 4.0 (0.5) 3.9 (0.5) 3.9 (0.5) 4.2 (0.5) 4.2 (0.5)
Fastest 10% reaction time, msec 199.3 187.8 196.2 195.8 203.5 202.7 206.1 203.9 192.6 193.2
 (25.3) (18.6) (25.3) (22.3) (24.0) (22.6) (23.7) (25.7) (19.9) (20.1)
Slowest 10% reaction time, msec 368.8 364.8 372.3 379.2 421.2 455.2 431.3 434.6 352.8 377.6
 (85.0) (80.6) (94.7) (82.8) (125.0) (232.0) (124.0) (107.0) (91.6) (139.0)
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ulation. Consistent with that hypothesis is the dose response 
characteristic of the increase in SWA with GBX described 
elsewhere,29 similar to the increasing enhancement of SWA 
with increasing severity of sleep deprivation. Another observa-
tion which relates the neural activity of GBX to those of natu-
ral sleep is the activation of c-Fos expression by ventrolateral 
preoptic area (VLPO) neurons by GBX, at a level similar to 
the activation seen with spontaneous sleep.45 Other GABAergic 
drugs produce much lower levels of c-Fos expression in VLPO 
neurons when administered at sleep-promoting doses.46

Several lines of evidence support the concept that NREM 
sleep is generated locally, in neuronal networks or columns that 
are loosely coupled, rather than being reflective of a unitary 
brain state.47 In certain animals unihemispheric sleep reflects lo-
cal sleep regulation.48,49 In humans, parasomnia disorders have 
informed us that sleep is not necessarily manifest in the entire 
brain.50 Experimental studies have linked waking experience to 
local sleep measures.51 Moreover, the amount of SWS/SWA in 
brain areas has been demonstrated to reflect prior stimulation of 
that area during prior waking episodes.52-56 With the concept of 
local sleep regulation, (and specifically SWS regulation) in mind, 
it is remarkable that a SWS-behavior association was identified 
in the present study given the relatively gross measure of SWS/
SWA employed (as it is in most human sleep research).

In conclusion, the MSLT data and introspective sleepiness 
and fatigue findings from this study are consistent with the hy-
pothesis that enhanced SWS, in this study produced by GBX, 
reduces the physiological and introspective impact of sleep re-
striction. Moreover, the spectral power density changes seen 
with GBX are similar to those seen with homeostatic increases 
in sleep drive.
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during sleep restriction reduced the impact of sleep restriction 
on one or more metrics known to be sensitive to sleep loss. This 
supports the hypothesis that increased SWS/SWA has function-
al benefit.

None of the individual tests in the cognitive battery were 
sensitive to the degree of sleep restriction imposed in this study. 
The absence of a deficit on these measures with sleep restriction 
prevents detection of possible differences between groups.

The reduction of time spent in SWS which occurs with aging 
needs to be considered when discussing the function of SWS, 
since a parallel decline in the restorative value of sleep has not 
been definitively documented. Investigators have described that 
the SWS decline with healthy aging is predominantly, if not 
exclusively, the result of changes in EEG amplitude whereas 
EEG frequency patterns remain constant. As discussed recently 
by Bliwise43 the loss in EEG amplitude may reflect age-related 
changes in neuroendocrine or other humorally-mediated factors 
rather than a change in the restorative capacity of sleep. On the 
other hand, the EEG frequency pattern (which does not change 
with age), which is closely associated with neuronal synchrony 
may relate to certain aspects of restoration. Similarly, drug-re-
lated reductions in SWS such as that seen with benzodiazepines 
are predominantly the result of EEG wave amplitude reduction 
rather than EEG frequency alterations.44

With respect to the postulated restorative role of NREM sleep, 
it is quite interesting that in the current study both GBX and 
sleep restriction (i.e., PBO) produce power density increases 
at frequencies from 1 to 8 Hz. In fact, the shape of the spectral 
curve (see Figure 2) is very comparable between the two groups 
although the absolute amplitude is not similar. The difference in 
amplitude may be a dose effect, with dose being either amount 
of GBX or the amount of prior wakefulness. In any case, the 
shape of the spectral power density curve is consistent with the 
hypothesis that GBX produces EEG synchrony changes similar 
to those seen with naturally increased homeostatic sleep drive.

It is interesting to speculate that a sleep-promoting agent that 
elicits spectral changes similar to those observed during sleep 
following the development of a sleep debt, may be promoting 
sleep through mechanisms involved in homeostatic sleep reg-

Table 5—Pearson Partial Correlation Coefficients (Adjusted for Age and Sex), for all Subjects Combined and for Both the Gaboxadol (GBX) 
and Placebo (PBO) Groups Alone, Describing the Association Between Mean Change from Baseline in MSLT and KSS on Day 6 and Change 
from Baseline in Sleep Stage Amounts and Spectral Power Density in Specific Frequency Bands on Night 6

 All Subjectsa GBX Groupa PBO Groupa

 MSLT KSS MSLT KSS MSLT KSS
Power 1 - 5 Hz 0.331* −0.437** 0.443+ −0.435+ −0.100 −0.315
Power 6 - 11 Hz 0.284+ −0.426* 0.265 −0.452+ 0.018 −0.314
Power 12 - 14 Hz −0.175 −0.107 −0.229 −0.042 −0.027 −0.397
Power 15 - 17 Hz −0.001 −0.086 −0.074 0.080 −0.069 −0.182
Power 18 - 32 Hz 0.217 0.041 0.374+ 0.169 −0.263 −0.010
Stage 1 (min) 0.197 0.264 0.278 0.241 0.024 0.281
Stage 2 (min) −0.200 0.144 −0.447+ 0.183 0.158 0.110
Slow Wave Sleep (min) 0.514*** −0.326* 0.578* −0.444+ 0.181 −0.181
REM (min) −0.231 −0.015 −0.124 −0.316 −0.089 0.014

a sample sizes for all spectral measures were 37 for all subjects, 19 for GBX and 18 for PBO; for sleep stage measures the sample sizes were 
40 for all subjects, 20 for GBX and 20 for PBO.
*** P ≤0.001; ** P ≤0.01; * P ≤0.05; + P ≤0.10
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appendiX

The cognitive testing battery consisted of the following tests 
(end points in parentheses): complex reaction time (decision 
and transport time), digit symbol substitution (number attempt-
ed, percent correct), goal neglect (compliance with instruction 
before, after change in goal set and overall), lexical decision 
(decision time for primed and unprimed words, and non-word 
stimuli), motor tracking (Euclidian error), paced visual serial 
addition (number correct), simple reaction time (decision and 
transport time), spatial 1-back memory (number correct), spa-
tial 2-back memory (number correct), sustained attention to re-
sponse (number errors of omission and errors of commission, 
accuracy), serial reaction time (time to complete sequences and 
random trial blocks), verbal 1-back memory (number correct), 
verbal 2-back memory (number correct), verbal fluency (num-
ber correctly generated words, number incorrectly generated 
words).
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