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Study Objectives: This study sought to establish the effects of caffeine
on sleep inertia, which is the ubiquitous phenomenon of cognitive perfor-
mance impairment, grogginess and tendency to return to sleep immedi-
ately after awakening.

Design: 28 normal adult volunteers were administered sustained low-
dose caffeine or placebo (randomized double-blind) during the last 66
hours of an 88-hour period of extended wakefulness that included seven
2-hour naps during which polysomnographical recordings were made.
Every 2 hours of wakefulness, and immediately after abrupt awakening
from the naps, psychomotor vigilance performance was tested.

Setting: N/A

Participants: N/A

Interventions: N/A

Measurements and Results: In the placebo condition, sleep inertia was
manifested as significantly impaired psychomotor vigilance upon awaken-
ing from the naps. This impairment was absent in the caffeine condition.
Caffeine had only modest effects on nap sleep.

Conclusions: Caffeine was efficacious in overcoming sleep inertia. This
suggests a reason for the popularity of caffeine-containing beverages
after awakening. Caffeine’s main mechanism of action on the central ner-
vous system is antagonism of adenosine receptors. Thus, increased
adenosine in the brain upon awakening may be the cause of sleep inertia.
Key words: Sleep inertia; awakening; caffeine; adenosine; sleep depri-
vation; nap sleep; function of sleep

INTRODUCTION

THE NEUROBIOLOGICAL BASIS OF SLEEP INERTIA?
WHICH REFERS TO THE COGNITIVE PERFORMANCE
IMPAIRMENT, GROGGINESS AND TENDENCY TO
RETURN TO SLEEP IMMEDIATELY AFTER AWAKENING?
IS UNKNOWN. Documented cognitive deficits due to sleep
inertia include simple and complex reaction time, complex sim-
ulation, letter cancellation, logical reasoning, mental arithmetic,
vigilance, and memory—in addition to confusion and disorien-
tation—as reviewed by Dinges in 1990.3 Sleep inertia appears to
be worse under sleep-loss conditions#56 and to vary in magnitude
and duration with circadian phase.4” Evidence suggests that sleep
inertia may be associated with the sleep stage at the end of
sleep89 as well as the overall depth of sleep and the intensity of
non-REM sleep.410.11,12

Sleep inertia is particularly problematic and potentially dan-
gerous in operational settings314 in which a high level of perfor-
mance is required during the one to two hours after awaken-
ing.1516 Countermeasures could provide insight into the mecha-
nisms underlying sleep inertia. The present study is the first to
employ a pharmacological approach to this end: sustained low-
dose caffeine administration. Specifically, we investigated the
effects of caffeine on sleep inertia under sleep-loss conditions.

METHODS
Experimental Design

In a laboratory experiment involving sleep restriction with
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continuous monitoring, normal healthy subjects with a history of
moderate caffeine intake were studied. Subjects did not use any
alcohol, tobacco, and/or medications in the two weeks before and
the 10 days during the experiment. Subjects also refrained from
caffeine intake (except as per experimental condition outlined
below). After one adaptation day and two baseline days in the
laboratory, subjects underwent 88 hours of extended wakefulness
with a total of seven two-hour naps scheduled to occur at 12-hour
intervals. Subjects were randomized to receive either sustained
low-dose caffeine (0.3 mg/kg per hour) or placebo (double-blind)
in the last 66 hours of the 88-hour extended wakefulness period
except during naps. Every two hours of wakefulness, and imme-
diately after abrupt awakening from the naps during sleep inertia,
neurobehavioral performance was tested.

Subjects and Procedures

This laboratory study was approved by the Institutional
Review Board of the University of Pennsylvania. Written
informed consent was obtained from all subjects. Twenty-eight
normal healthy subjects (all male; mean age 29 years, range
21-47 years) with a history of moderate caffeine intake partici-
pated in the study. All subjects were screened using a medical,
psychiatric, and sleep/wake history, as well as physical and labo-
ratory examinations. Subjects did not use any caffeine, alcohol,
tobacco, and/or medications in the two weeks before the experi-
ment, as verified by means of blood and urine screens and ques-
tionnaires. Caffeine withdrawal effects usually last no longer
than one week.1718 None of the subjects reported any caffeine
withdrawal effects.

The laboratory experiment began with one adaptation day and
two baseline days with bedtimes from 23:30 until 07:30.
Subsequently, subjects underwent 88 hours of extended wakeful-
ness with a total of seven two-hour naps scheduled every 12
hours, from 14:45 until 16:45 and from 02:45 until 04:45.
Subjects were awakened from the naps abruptly by a staff mem-
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Figure 1—Timeline diagram of the study protocol. Gray areas display sleep periods (the last 8-hour baseline sleep on the left, seven 2-hour naps, and the first 8-hour
recovery sleep on the right). Baseline sleep (BS) took place from 23:30 until 07:30, naps (numbered gray bars) were scheduled every 12 hours from 14:45 until 16:45
and from 02:45 until 04:45, and recovery sleep (RS) started at 23:30 after 83 hours of extended wakefulness. Time of day is shown on the bottom of the diagram,
and hours of extended wakefulness (including the time spent napping) are shown on the top. Starting 22 hours into the 88-hour extended wakefulness period (as indi-
cated with the arrow above the diagram), subjects received a pill of 0.3 mg/kg caffeine (n=15) or placebo (n=13) every hour except during naps. Neurobehavioral per-
formance testing (marked with stars in the diagram) began at 08:00 after the last baseline sleep, and occurred every 2 hours except during naps, as well as within 5
minutes after abrupt awakening from each nap. Analyses focused on the consecutive 12-hour segments of the experiment around each of the last five naps (i.e., naps
3 through 7), which involved differential pharmacological conditions. Each of these 12-hour segments (indicated by boxes marked with Roman numerals on the top
of the diagram) consisted of two performance test bouts preceding a nap, and four performance test bouts following a nap.

ber calling their names loudly. At times when no nap sleep was
scheduled, subjects were kept awake under continuous behav-
ioral monitoring. They were allowed to read, watch movies, and
interact with laboratory staff to help them stay awake, but no vig-
orous activities were permitted.

Starting 22 hours into the 88-hour period of extended wake-
fulness (i.e., 45 minutes after the second nap), subjects received
either 0.3 mg/kg caffeine (n=15) or placebo (n=13) in a pill every
hour except during naps. Thus, subjects received sustained low-
dose caffeine equivalent to about a quarter cup of coffee per
hour!® or placebo (randomized double-blind) for 66 hours, but
they were led to believe that the content of each pill varied ran-
domly between placebo and caffeine. At 1.5-hour intervals on 2.0
average, blood samples were taken via an indwelling intra-
venous catheter for assessment of blood plasma concentrations of \

. . 1.0

caffeine (Emit assay, Syva Company). Blood plasma concentra- !
tions for 2 of the 15 subjects in the caffeine condition were miss-
ing. After the 88-hour extended wakefulness period, subjects
stayed in the laboratory for three recovery days. The laboratory
was maintained in less than 50 lux of light at all times. During
scheduled sleep times, all lights were turned off (less than 1 lux).
A timeline diagram of the study design is shown in Figure 1.
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Figure 2—Blood plasma concentrations of caffeine. Means (in mg/l) and stan-
dard errors of the mean (vertical bars) are shown for 13 subjects. They received
0.3 mglkg of caffeine hourly (except during naps) starting 22 hours into the 88-
hour extended wakefulness period in the laboratory. The last baseline sleep (on
the left) and the seven 2-hour naps occurring every 12 hours are marked with
Recordings and Analyses gray bars. Times of caffeine pill administration are indicated with tic marks on the

] ) ] top of the graph. The five 12-hour segments used for data analyses are indicat-
Starting at 08:00 in the first hour of extended wakefulness, and  ed with Roman numerals on the top of the graph.

then every two hours except during naps, subjects’ neurobehav-
ioral performance was tested on a 30-minute computerized
assessment battery. The battery included a 10-minute high-load  placebo conditions. Each laboratory sleep period was recorded
psychomotor vigilance task?® starting five minutes after the  polysomnographically (EEG C3/02; EOG LOC/ROC; EMG;
beginning of testing. For this validated task, which has been  ECG) and scored using conventional criteria.?s In addition, the
shown to be sensitive to sleepiness and performance  EEG (C3) was subjected to spectral analysis to derive slow-wave
deficits,21.22.23.24 number of lapses (reaction times longer than 500 energy (power in the 0.5-4.0 Hz frequency band, integrated
ms), average of the 10% fastest reaction times, and average of the  across non-REM sleep). All subjects had relatively normal base-
reciprocal of the 10% slowest reaction times were analyzed. After  line sleep.

performance testing, subjects filled out a 20-item survey of Analyses focused on the consecutive 12-hour segments of the
symptomatic experiences (e.g., headache, irritability), which  experiment around each of the last five naps. This part of the
revealed no significant differences between the caffeine and  experiment involved differential pharmacological conditions.
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Figure 3—Psychomotor vigilance performance and sleep inertia. Mean number
of performance lapses (total per test bout) and standard errors of the mean (ver-
tical bars) on the psychomotor vigilance task are shown. Dotted lines indicate the
placebo condition; solid lines indicate the caffeine condition. The data are pre-
sented as collapsed over the consecutive 12-hour segments around the last five
naps of the experiment. Thus, the abscissa is collapsed over p.m. and A.m. times
of day; naps (gray bar) took place from 14:45 until 16:45 and from 02:45 until
04:45. Sleep inertia was consistently observed immediately after each nap in the
placebo condition, but not in the caffeine condition.

Each 12-hour segment consisted of two performance test bouts
preceding a nap, and four performance test bouts following a nap.
The third test bout in each segment fell immediately after the nap
(i.e., during a period in which sleep inertia would be expected to
be present). Analyses involved repeated-measures analysis of
variance (ANOVA) with Huynh-Feldt correction, considering
segment number by test bout by condition for psychomotor vigi-
lance performance, and considering nap number by condition for
nap sleep variables. Furthermore, Student’s t-tests were applied
for comparisons of means between the two conditions. All data
analyses were completed blind to pharmacological condition.

RESULTS
Caffeine Concentrations

As mentioned above, analyses focused on the consecutive 12-
hour segments of the experiment around each of the last five
naps. During these segments, which each contained six psy-
chomotor vigilance test bouts, significant plasma concentrations
of caffeine (t;>4.4, p<0.001) were detected in the caffeine con-
dition, but not in the placebo condition. Caffeine concentrations
in blood plasma are shown in Figure 2. When asked whether caf-
feine or placebo was administered in the previous hour, subjects’
success in perceiving what they had received was not signifi-
cantly better than chance (placebo condition: t;,=-0.599, p=0.56;
caffeine condition: t4=-1.480, p=0.16), and there was no differ-
ence between conditions (t6=0.259, p=0.80).

Psychomotor Vigilance Performance
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Repeated-measures analysis of variance (ANOVA) of the
number of lapses on the psychomotor vigilance task yielded a
significant test bout by condition interaction (Fs3=4.901,
p=0.003). Post-hoc t-tests showed that this was due solely to the
test bouts following immediately after each nap (t;33=2.585,
p=0.011). Paired-samples t-tests further revealed that for the
placebo condition, the number of lapses during these test bouts
(14.3 on average) was significantly higher than the number of
lapses during the preceding (pre-nap) test bouts (8.5 on average,
t54=3.503, p=0.001) and the succeeding (post-nap) test bouts (9.1
on average, t5,=5.164, p<0.001). In contrast, for the caffeine con-
dition, the number of lapses during the test bouts immediately
following nap sleep (7.5 on average) fell slightly below the num-
ber of lapses during the preceding (pre-nap) and succeeding
(post-nap) test bouts (8.4 and 8.1 on average, respectively,
p>0.3). Figure 3 shows the number of psychomotor vigilance
lapses across test bouts, collapsed over the five 12-hour seg-
ments. Figure 4 shows these data for each separate 12-hour seg-
ment. The panels in Figure 4 might suggest differences in the
magnitude of sleep inertia in the placebo condition for daytime
versus highttime naps, or for later versus earlier naps. However,
the psychomotor vigilance profiles for each of the two conditions
did not vary significantly across the five panels in Fig. 4
(F20,520:0.885, p:054)

The difference between conditions for the test bouts immedi-
ately following nap sleep was also reflected in the results for the
10% fastest reaction times (p<0.001) and the reciprocal of the
10% slowest reaction times (p=0.017) on the psychomotor vigi-
lance task. No differences in psychomotor vigilance between the
two pharmacological conditions were found before pill adminis-
tration began (p>0.6). Also, no differences between conditions
were detected during the pill administration period when test
bouts immediately following the naps were excluded from the
analysis (p>0.5). Due to the limited time for nap sleep in the 88-
hour period of extended wakefulness, however, overall psy-
chomotor vigilance performance decreased significantly across
the pill administration period in both pharmacological conditions
(F4,104:7'152! p:OOOZ)

Polysomnography

Repeated-measures ANOVA of polysomnographically deter-
mined sleep latency across the last five naps yielded a significant
effect of pharmacological condition (F4104=8.838, p=0.006);
sleep latency was on average 9.7 minutes longer in the caffeine
condition than in the placebo condition. For total sleep time,
repeated-measures ANOVA vyielded significant effects of nap
number (F4104=6.274, p<0.001) and pharmacological condition
(F1,26=9.636, p=0.005), and a significant nap number by condi-
tion interaction (F4104=3.516, p=0.015). Post-hoc t-tests revealed
that the third (t;=3.442, p=0.002) and sixth (t,,=2.165, p=0.040)
nap periods only, had shorter sleep durations in the caffeine con-
dition than the placebo condition.

For rapid eye movement (REM) sleep, a significant effect of
pharmacological condition was found (F;,6=4.531, p=0.043),
with the caffeine condition resulting in an average of 5.2 minutes
less REM sleep than the placebo condition. Repeated-measures
ANOVA of non-REM sleep yielded a significant nap number by
condition interaction (F4104=2.830, p=0.034). Post-hoc t-tests
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Figure 4—Psychomotor vigilance performance and sleep inertia for each of the five analyzed 12-hour segments of the experiment. Mean number of performance
lapses (total per test bout) and standard errors of the mean (vertical bars) are shown. Dotted lines indicate the placebo condition; solid lines indicate the caffeine con-
dition. Left-hand panels (segments |, 1l and V) correspond to daytime naps (gray bars; from 14:45 until 16:45), and right-hand panels (segments Il and V) correspond
to nighttime naps (gray bars; from 02:45 until 04:45). The psychomotor vigilance profiles for each of the two conditions did not vary significantly across the five con-
secutive 12-hour segments.
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revealed that the third nap only, had significantly less non-REM
sleep in the caffeine condition than in the placebo condition
(t26=3.580, p=0.001). For slow-wave energy, a marker of the inte-
grated intensity of non-REM sleep,2¢ a trend for a nap number by
condition interaction was found (F4,104=2.129, p=0.089), with
post-hoc t-tests indicating less slow-wave energy in the caffeine
condition for the third (t,6=2.502, p=0.019) and fourth (t,s=2.754,
p=0.011) naps only.

DISCUSSION

Caffeine is considered the most widely used central nervous
system stimulant.2® It is readily available for oral consumption,
coffee being the most common source.2’” Many people take caf-
feine in the form of a cup of coffee after awakening, at a time
when the homeostatic drive for sleep would be expected to be
reduced?¢é and there would appear to be no reason to use a stimu-
lant. However, the consumption of a caffeine-containing bever-
age could be effective to counter the influence of an adverse cir-
cadian phase for awakening.2® This in an unlikely explanation,
though, as sleep inertia occurred after nighttime as well as day-
time naps in the present study, and caffeine was equally potent as
a countermeasure in both instances.

As part of a large body of contradictory literature, it has been
suggested that caffeine intake after awakening is related to negat-
ing withdrawal effects from the caffeine abstinence during
sleep.1929 The present study did not provide any support for this
hypothesis. Sustained low-dose caffeine was beneficial after
awakening from each of the five naps, while clearly no caffeine
abstinence occurred during this period of sustained low-dose caf-
feine administration.

It has also been proposed that caffeine after awakening may
help to suppress the build-up of homeostatic drive for sleep at a
time when this build-up is believed to occur at a much faster rate
than later during wakefulness.30 In the present study, however, no
difference between pharmacological conditions was detected in
psychomotor vigilance performance when test bouts immediate-
ly following the naps (i.e., those affected by sleep inertia) were
excluded from the comparison, which indicates that the build-up
of homeostatic drive for sleep was the same in both conditions.
The proposed effect of caffeine on the homeostatic drive for
sleep® has recently been disputed by others3! as well. For indi-
viduals following a regular nighttime sleep schedule, the sleepi-
ness associated with the build-up of homeostatic drive for sleep
after awakening is countered by increasing circadian drive for
wakefulness.3233 Therefore, explaining the consumption of caf-
feine-containing beverages after awakening in the morning in
terms of the homeostatic drive for sleep,3° would require individ-
uals to take caffeine prophylacticly rather than in reaction to a
need for caffeine already felt. It is unlikely that millions of indi-
viduals around the world would do this spontaneously.

Based on the present findings, we hypothesize that people take
caffeine-containing beverages shortly after awakening as a coun-
termeasure for sleep inertia, whether or not they are explicitly
aware of this. A caffeine-containing beverage, such as coffee,
provides a bolus of caffeine that reaches its peak blood plasma
concentration within half an hour after intake on average.34 It is
essentially completely bioavailable, and passes the blood-brain
barrier almost immediately.3> This results in a similar pharmaco-
logical state as was achieved by means of sustained low-dose caf-
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feine administration in our study. Thus, with a caffeine-contain-
ing beverage after awakening, sleep inertia can be reduced much
more quickly than the one to two hours it may take to dissipate
naturally.1516 Caffeine did not appear to lose its efficacy to elim-
inate sleep inertia over days in the experiment. Furthermore, the
elimination of sleep inertia did not appear to depend on the pres-
ence of caffeine during prior sleep (see below). Consequently,
drinking a caffeine-containing beverage after awakening may be
similarly efficacious for eliminating sleep inertia.3¢ This may be
the reason why many people habitually drink caffeine-containing
beverages, such as coffee, after awakening.

In subjects not deprived of sleep, caffeine has been reported to
interfere with the expression of non-REM sleep.3” Therefore, it
would be possible that sustained low-dose caffeine reduced sleep
inertia in our study by diminishing prior non-REM sleep. There
are several lines of evidence against this. Firstly, caffeine elimi-
nated sleep inertia consistently in the face of increasing pressure
for non-REM sleep due to the limited amount of time for sleep
across the 88 hours of extended wakefulness. Secondly, we found
evidence that non-REM sleep onset was delayed, but no evidence
that non-REM sleep duration or intensity was consistently sup-
pressed by caffeine across all five naps potentially affected.
Thirdly, the restorative effect of the naps on overall psychomotor
vigilance appeared to be equivalent in both conditions, as no dif-
ference was detected for the number of psychomotor vigilance
performance lapses when test bouts immediately following the
naps (i.e., during sleep inertia) were excluded from the compari-
son. In conclusion, caffeine’s elimination of sleep inertia
appeared not to be dependent on a reduction of prior non-REM
sleep.

The caffeine concentrations observed in blood plasma are a
good indicator of the caffeine concentrations in the brain.38
Caffeine (1,3,7-trimethylxanthine) and its major metabolite3®
paraxanthine (1,7-dimethylxanthine) are known to antagonize
adenosine receptors in the brain.“° This is caffeine’s main mech-
anism of action on the central nervous system#! for the caffeine
concentration range used in the present study. Hypothesizing that
the function of sleep is restoration of brain energy metabolism,
Benington and Heller#2 postulated that cerebral glycogen deple-
tion during extended wakefulness induces increasing adenosine
release, augmenting the drive for sleep through binding at A;
adenosine receptors. They argued that during subsequent non-
REM sleep, the resynthesis of cerebral glycogen would be possi-
ble while adenosine release continues. Upon abrupt awakening
from non-REM sleep, increased levels of adenosine and the cor-
responding vigilance-reducing and sleep-inducing effect4 could
persist until adenosine is removed by reuptake or metabolism.
This may cause the phenomenon of sleep inertia—a testable
implication of the hypothesis of Benington and Heller.42

Indeed, sleep inertia appears to intensify with prior sleep
loss,456 and it is more severe when awakening occurs from non-
REM sleep than from REM sleep.89 In the present study, which
involved sleep loss (i.e., less than four hours of sleep per 24
hours), 85% of awakenings occurred out of non-REM sleep in the
placebo condition, for which sleep inertia impairment in psy-
chomotor vigilance performance was consistently seen. Sleep
inertia after awakening from nap sleep was not evident in the caf-
feine condition. Furthermore, no difference between conditions
was detected for psychomotor vigilance during test bouts not
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immediately following nap sleep, indicating that caffeine’s effect
was specific to sleep inertia. These observations are all in line
with the above implication of the hypothesis of Benington and
Heller,*2 suggesting that adenosine may be a neurobiological sub-
strate of sleep inertia.
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