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Ca}eine is a widely!consumed psychoactive substance whose stimulant e}ects on mood\ attention and performance
are largely recognised[ The central nervous system pharmacodynamic pro_le of a single oral dose of a new slow
release "SR# ca}eine formulation "599 mg# was assessed in a randomised\ double!blind\ crossover\ placebo!controlled
study[ Twelve young\ health\ male\ sleep!deprived "for 25 h# subjects were studied using EEG and various measures
of psychomotor and cognitive functions\ including critical ~icker fusion "CFF#\ choice reaction task "CRT#\ tracking\
continuous performance task "CPT#\ Stroop test\ body sway and subjective evaluation "Stanford Sleepiness Scale#[
Ca}eine signi_cantly "p ³ 9=94# antagonised the detrimental e}ects of sleep!deprivation on EEG "i[e[ produced a
signi_cant decrease in delta and theta relative power and a signi_cant increase in alpha and beta "01Ð39 Hz# relative
power# and psychomotor performance "signi_cant increase in speed of reaction on the CRT and Stroop tests\
signi_cant decrease in body sway\ signi_cant increase in accuracy of the CPT and signi_cant reduction in subjective
sedation# compared to placebo[ The e}ect peaked 3 h after dosing and was maintained until the end of sleep
deprivation "i[e[ 13 h after dosing#[ In conclusion\ the present results demonstrate that a single dose of ca}eine SR
possesses alerting e}ects which are able to reverse the deleterious e}ect of 25 h sleep deprivation for at least 13 h[
Copyright Þ 1999 John Wiley + Sons\ Ltd[
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INTRODUCTION

Ca}eine is widely consumed in beverages to obtain
mild central nervous system "CNS# stimulant
e}ects[ The typical ca}eine content of beverages is
74Ð004 mg per cup of brewed co}ee "064 ml#\ 59Ð
54 mg per cup of instant co}ee and 39Ð49 mg per
cup of tea "Barone and Robert\ 0873#[ It is the
most widely used psychoactive drug today and is
a signi_cant component of may soft drinks and
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medication "Barone and Roberts\ 0885#[ It has been
estimated that about 79 per cent of adults in the
USA are regular ca}eine consumers\ with an aver!
age intake of approximately 199Ð149 mg "Barone
and Roberts\ 0873^ Gilbert\ 0873^ Schreiber et al[\
0877#[

An immediate release formulation of ca}eine\ as
well as ca}eine from beverages\ has been studied
using a variety of behavioural tasks for many years
"for review see Weiss and Laties\ 0851^ Sawyer et
al[\ 0871^ Dews\ 0873^ Lader and Bruce\ 0878^
Benowitz\ 0889^ Nehlig et al[\ 0881^ Koelega\ 0882^
Battig and Welzl\ 0882^ Sawynok\ 0884#[ These
studies showed the stimulant properties of ca}eine
on mood\ attention and performance[ Like other
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drugs of abuse\ ca}eine has psychoactive and rein!
forcing e}ects\ its use often becomes habitual\ and
tolerance and discontinuation syndrome may result
with repeated exposure "Gri.ths and Woodson\
0877a\ 0877b\ 0877c^ Holzman\ 0889^ Silverman et
al[\ 0881#[ Its stimulant discriminative and rein!
forcing e}ects are weak compared to amphetamines
"Weiss and Laties\ 0851^ Dews\ 0873^ Koelega\
0882^ Warot et al[\ 0882# and usually its use does not
become compulsive "Heischman and Henning_eld\
0880\ 0881#[

Its e}ects on mood and performance are modest[
Nevertheless\ ca}eine does have signi_cant e}ects
on vigilance\ speed of reaction\ alertness and sleep[
Low and moderate doses of ca}eine "19Ð349 mg#
are usually associated with dose!dependent
improvement of arousal\ daytime alertness and vig!
ilance in both sleep!deprived and fully rested indi!
viduals "Lumley et al[\ 0876^ Zwyghuizen!
Doorenbos et al[\ 0889^ Walsh et al[\ 0889^ Frewer
and Lader\ 0880^ Jarvis\ 0882^ Koelega\ 0882^
Kaplan et al[\ 0886# and in some aspects of psycho!
motor performance and cognitive functions\ such as
reaction time\ sustained attention and information
processing "Clubley et al[\ 0868^ Bruce et al[\ 0875^
Liebermann et al[\ 0876a\ 0876b^ Zwyghuizen!
Doorenbos et al[\ 0889^ Koelega\ 0882^ Kaplan et
al[\ 0886#\ and predominantly positive subjective
e}ects on mood characterized by increased well!
being\ energy and concentration "Clubley et al[\
0868^ Liebermann et al[\ 0876a\ 0876b^ Gri.ths
and Woodson\ 0877a\ 0877b\ 0877c^ Gri.ths et al[\
0878\ 0889^ Stern et al[\ 0878^ Warot et al[\ 0882^
Kaplan et al[\ 0886#[ These bene_cial e}ects were
particularly evidenced when testing occurred under
conditions of ca}eine deprivation or total absti!
nence in regular users "Gri.ths et al[\ 0878^ Stern
et al[\ 0878#[ The acute administration of these doses
increases alertness\ stimulates attention and
restores performance degraded by factors such as
fatigue and boredom "Weiss and Laties\ 0851^
Lorist et al[\ 0883# or experimental conditions used
to amplify these e}ects such as partial or total sleep
deprivation "Rosenthal et al[\ 0880^ Penetar et al[\
0882^ Lorist et al[\ 0883#[ In contrast\ higher single
doses are associated with more aversive e}ects\ such
as an increase in negative mood and dysphoric
reactions\ characterised by increases in anxiety\
nervousness and tenseness[ This was shown by Loke
et al[ "0874# following doses of approximately 319
mg\ Chait and Gri.ths "0872# after 799 mg\ Roache
and Gri.ths "0876# after 599 mg and Kaplan "0886#
after 499 mg[ Tolerance to these e}ects may develop

over a few days after multiple doses "Gri.ths and
Woodson\ 0877a\b\c^ Zwyghuisen!Doorenbos et
al[\ 0889^ Sawynok\ 0884# but are incomplete
"Jarvis\ 0882#[

Ca}eine and its methylxanthine metabolites
mediate their e}ect by binding to adenosine A0 and
A1 receptors and antagonizing the e}ects
of endogenous adenosine with the following po!
tency pro_le] theophylline× ca}eine× theobromine
"Daly\ 0871#[ Ca}eine|s inhibition constant "Ki#
values are 33 and 39 mmol:l for A0 and A1 receptors\
respectively "Daly\ 0882#[ These concentrations cor!
respond to the plasma concentrations encountered
following consumption of normal amounts of
ca}eine "Sawynok\ 0884#[ The behavioural stimulant
potencies of methylxanthine correlate with their
a.nity for adenosine receptors "Snyder et al[\ 0870#[
In vivo\ ca}eine treatment stimulates behavioural
activity as it occupies the adenosine A0 subtype
receptor "Kaplan et al[\ 0881#[

The study objective was to determine the CNS
pro_le of a new slow release "SR# ca}eine for!
mulation on EEG and psychomotor and cognitive
functions in sleep!deprived\ normal subjects[ A
single dose safety study had shown that the maxi!
mal tolerated dose of this new formulation was 0799
mg "Gandon et al[\ 0885#[ This formulation shows
a delayed Tmax "2Ð5 h\ mean value 3 h#\ a lowered
plasma peak concentration "Cmax#\ and a longer
elimination half!life "4Ð7 h#[

Sleep deprivation was used as a model to sensitise
ca}eine e}ects[ The most notable e}ects of sleep
deprivation are increased sleepiness and reduced
alertness[ Other alterations induced by sleep depri!
vation have been reported in mood\ motivation and
cognitive abilities[ Sleep loss is known to diminish
~exibility and preservation\ to reduce motivation\
to deteriorate the capacity for sustained and selec!
tive attention due to the lowering of the arousal
level and to accelerate the deterioration of per!
formance such as prolongation of reaction time and
increase in errors of vigilance or choice reaction
tasks over time on task "Kjellberg\ 0866a\ 0866b^
Mikulincer et al[\ 0878^ Newhouse et al[\ 0878^
Bensimon et al[\ 0880^ Kolowsky and Babko}\
0881^ Batejat and Lagarde\ 0881^ Gorissen et al[\
0886#[ However\ short and long term memory are
not disrupted "Gorissen et al[\ 0886#[ Total sleep
deprivation is negatively correlated to performance
and has already been successfully used as a model
to assess the e}ects of ca}eine and other stimulant
drugs such as moda_nil\ an a0 adrenergic psycho!
stimulant "Bensimon et al[\ 0880^ Lagarde et al[\ 0884#[
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METHODS

Subject

Twelve healthy young male subjects between 08
and 16 years of age "mean SD�1722 years#\ who
weighed between 51 and 79 kg "69=025=0 kg# and
measured between 069 and 077 cm "06725 cm# in
height were enrolled in the study[ Their body weight
did not deviate by more than 04 per cent from the
Metropolitan Life Insurance Company Table[ Any
medication\ including drugs known to be potential
hepatic enzyme inducters or inhibitors\ psycho!
tropic drugs or antihistamine drugs\ was prohibited
from 04 days before dosing[ All volunteers were
screened during the 10 days preceding drug admin!
istration[ All participants were declared normal
after consultation of their medical histories and
the results of their physical examinations\ 01!lead
electrocardiogram\ EEG and routine laboratory
tests "complete blood count\ blood chemistry\
urinalysis and urine drug screen for cannabis\
cocaine\ amphetamines\ opiates and benzo!
diazepines#[ Their usual ca}eine or ca}eine!con!
taining beverage consumption was less than _ve
cups or glasses per day and they were thus not
expected to have withdrawal symptoms due to
ca}eine deprivation[ The study protocol was
approved by the Ethics Committee at the University
Hospital of the city of Brest "France# and written
informed consent was obtained from each subject
before his inclusion in the study[ All types of medi!
cation were prohibited from two weeks before the
study to the end of the clinical trial[

Study desi`n and medication

This was a single!centre\ randomised\ double!blind
crossover\ placebo!controlled\ single!dose study
consisting of two one!day treatment periods\ sep!
arated by a wash!out interval of at least seven days[
Subjects were randomly assigned to receive one
treatment each of placebo or ca}eine slow release
"SR# 599 mg "two capsules of 299 mg#[ The com!
pounds were administered in the presence of the
investigator between 7]99 pm and 8]99 pm and were
ingested with 049 ml of tap water approximately
0 h 29 min after a standardized dinner[ Ca}eine SR
was developed by NESTEC Ltd "Nestle� Research
Center\ Lausanne\ Switzerland#[

After a night of controlled sleep "D!0# in the
Clinical Pharmacology Unit\ the 25!h total sleep
deprivation started "on Days 0Ð1#[ Sleep depri!

vation was monitored continuously by four exper!
imenters "one physician\ one research nurse and
two psychologists# who were required to ensure
continuous wakefulness of the subjects[ On the trial
day\ four subjects were studied simultaneously[
Between test sessions\ the subjects were kept awake
by verbal or physical stimulation and were allowed
passive recreational activity only "i[e[ talking\
watching TV\ reading#[ They were not permitted
to perform activities such as playing cards\ video
games\ etc[\ which could modify their level of alert!
ness due to motivation factors[ They stayed in the
same ward[ They were authorised to walk\ to sit\
but not to lie on the beds[ The time course of the
evaluations during each study period is summarised
in Table 0[

Subjects abstained from smoking\ drinking xan!
thine!containing beverages "co}ee\ tea\ cola or soft
drinks# or alcohol during each treatment period and
the preceding 13 h[ No concomitant treatment was
permitted during the study[ All subjects were
trained before entering the trial to familiarise them
with the experimental tasks and to minimise any
learning e}ects[

Pharmacodynamics assessment

The various psychometric tests and other measures
"EEG\ body sway# used in this study have been
proved sensitive enough to assess total sleep depri!
vation "Batejat and Lagarde\ 0881^ Van Steveninck
et al[\ 0882#[

EEG recordin` and si`nal processin` Four EEG
leads "right fronto!temporal F3!T3\ left fronto!tem!
poral F2!T2\ right temporo!occipital T3!91\ left
temporo!occipital T2!90 according to the inter!
national 09Ð19 system# were recorded for 4 min
under resting conditions[ All the EEG recordings
were performed using subcutaneous needle elec!
trodes in a quiet room\ with dimmed lighting[ The
subjects lay on a bed with their eyes closed under
resting conditions[ These conditions enhance sen!
sitivity for measuring pharmacodynamic par!
ameters such as onset\ duration and peak activity[
The reference electrode was secured to the vertex[
EEG recordings were carried out with a 21!channel
Ence_a!type recorder "Alvar Electronic\ Montreuil\
France#[ Spectral analysis of these EEG recordings
was performed using software developed by the
French Army Research Centre and the Atomic
Energy Commission[ The four EEG channels were
acquired using an Intertechnique IN!0199 com!
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Table 0[ Conduct of a treatment period

D!0
6]29 pm Hospitalisation at Biotrial Clinical Pharmacology Unit
00 pm Sleep
D0
6 am Waking "Beginning of sleep deprivation#
6]34 am Breakfast
01]29 pm Lunch
3Ð6 pm Baseline measurements CTT\ CRT\ SSS\ CFF\
Ð Body sway\ Resting EEG\ ARCI\ CPT\ Stroop
6]29 pm Dinner
7]34 pm Blood sample for pharmacokinetics
8 pm H9 Drug administration
D1
01]99 pm "midnight# H2 CTT\ CRT
01]44 am Blood sample for pharmacokinetics
0 am H3 SSS\ CFF\ Body sway\ Resting EEG
2 am H5 ARCI\ CPT
3 am H6 Stroop
4 am H7 CTT\ CRT
5 am H8 SSS\ CFF\ Body sway\ Resting EEG
7 am H00 ARCI\ CPT
7]29 am H01 Breakfast
09 am H02 CTT\ CRT
00 am H03 SSS\ CFF\ Body sway\ Resting EEG
01]29 pm Lunch
0 pm H05 ARCI\ CPT
1 pm H06 Stroop
2 pm H07 CTT\ CRT
3 pm H08 SSS\ CFF\ Body sway\ Resting EEG
5 pm H10 ARCI\ CPT
5]29 pm Physical examination
Subjects were then taken home by taxi

ARCI] Addiction Research Center Inventory^ CFF] Critical Flicker Fusion^ SSS] Standford Sleepiness Scale^ CPT] Continuous
Performance Task^ CTT] Tracking Task^ CRT] Choice Reaction Task[

puter after analogue!to!digital conversion at the
rate of 199 Hz[ The program then computed stat!
istical parameters for distribution\ probability
density\ mean moment second order to fourth order
with kurtosis coe.cient for epochs of 4=01 s[ Arti!
fact rejections were initially performed on the basis
of amplitude to eliminate artifacts due to eye or
head movements and then on the basis of standard
deviation so as to preserve signal stationarity[ Arti!
fact!free 4=01!s epochs underwent spectral analysis
and Fast Fourier Transform "FFT# using the
Cooley Tuckey algorithm and application of Walsh
ponderation[ For each epoch\ total energy and delta
"9Ð3 Hz#\ theta "3Ð7 Hz#\ alpha "7Ð01 Hz#\ beta
ð"01Ð05 Hz\ "05Ð19 Hz#\ "19Ð29 Hz# and "29Ð39
Hz#Ł absolute and relative power were calculated
and averaged[

Critical ~icker fusion "CFF#[ This test evaluates the
critical ~icker fusion frequency using the method of
limits[ This is a means of measuring the ability to
distinguish discrete sensory data and is taken as an
index of cortical arousal[ The subject is seated and
asked to maintain foveal _xation of a light source
consisting of one red electroluminescent diode
located at a distance of 29 cm through a tunnel[ The
light source is turned on intermittently at increasing
then decreasing frequencies[ During the increasing
frequency phase\ the subject is asked to press on a
key when the ~ickering is replaced by the perception
of a continuous light signal[ This indicates the
fusion frequency[ Then\ during the decreasing fre!
quency phase\ the subject indicates the frequency
at which a ~ickering light is again perceived\ i[e[\
the ~icker frequency[ These two frequencies "mea!



CAFFEINE IN SLEEP!DEPRIVED PATIENTS

Copyright Þ 1999 John Wiley + Sons\ Ltd[ Hum[ Psychopharmacol[ Clin[ Exp[ 04\ 042Ð069 "1999#

046

sured in Hertz# are relatively stable in a given sub!
ject and reliably re~ect alertness and cortical
arousal[ The score is the mean values "in Hertz# of
three increasing and three decreasing phases from
09 to 49 Hz[

Choice reaction time "CRT#[ Sensory!motor per!
formance was assessed using the CRT\ which mea!
sures both Motor and Recognition Reaction Time
as well as Total Reaction Time[ The Leeds psy!
chomotor tester was used[ Subjects were required
to extinguish one of six LED lights\ illuminated
at random\ by touching the appropriate response
button[ The score recorded was the mean reaction
time of 49 stimuli presentations[

Critical trackin` task "CTT#[ The subject uses a
joystick to move a cursor horizontally on a com!
puter screen\ and attempts to keep its position mat!
ched as closely as possible to a target moving
according to a computer generated complex sine
wave[ Tracking accuracy\ in arbitrary units\ was
taken as the root mean square deviation of the
distance of the cursor from the target[ Thus\ low
scores re~ect high accuracy[

Continuous performance task "CPT#[ This is a sus!
tained attention task which lasts for 19 min[ At the
beginning of the task\ two digits\ one odd and one
even\ are randomly chosen[ The subject is then
shown 0199 digits at the rate of one per second and
is requested to detect 13 targets characterised by
the succession of the odd followed by the even digit[
The scores are the percentage of correct detections
and the mean reaction time "Rosvold et al[\ 0845#[

Body sway[ This is an objective\ sensitive\ reliable
and non!invasive method designed to assess the
e}ects of sedative drugs and alcohol on body sway
and vigilance "McClelland\ 0878#[ Body sway is rec!
orded using a force!platform[ Marks corresponding
to the subject|s foot size are _xed to the centre
of the platform so that the subject|s feet can be
accurately repositioned in order to obtain reliable
measurements[ Subjects are asked to stand erect
and motionless\ looking at a plumbline placed in
front of them[ Measurements of body sway "0 min
with eyes open and 0 min with eyes closed# are
recorded\ as recommended by the International
Society of Posturography "Kapteyn et al[\ 0872#[
The length and area of the postural oscillations are
then calculated[

Stroop test[ The Stroop test deals with focused
attention and assesses the integrative power of cog!
nitive mechanisms in reaching decisions based upon
information from two di}erent modalities "lexical
and perceptual#[ First\ the subjects were asked to
name a colour\ second\ to read the name of a colour\
and third\ to name the printed colour of a word
denoting a di}erent colour "colourÐword inter!
ference# under two conditions "simple and dual
interference conditions#[ Subjects were instructed
to perform the task as quickly and as accurately as
possible[ The task is believed to measure the degree
to which an individual is able to successfully sup!
press the con~ict between the two types of responses
"Stroop\ 0824#[ This test takes approximately 04
min[ The main criteria were the mean reaction time
and the accuracy "number of correct answers# in
interference conditions for colourÐword correct
answers[ The secondary criteria were the reaction
times under colour!naming and colourÐreading
conditions[

Standford sleepiness scale "SSS#[ This is a seven!
point self!rating scale of sleepiness where the inves!
tigator evaluates the most appropriate response
"Hoddes et al[\ 0862#[

Safety assessments

The safety assessments were based on study event
reports and the results of routine physical exam!
inations\ vital signs "blood pressure and heart rate#\
01!lead ECGs and routine laboratory tests[

Pharmacokinetics

Blood samples were collected before dosing and 3
h after dosing on day 0[ Ca}eine and its metabolites
were assayed using HPLC with liquidÐsolid extrac!
tion and a UV detection at 1=61 nm with a LOQ of
9=92 g:ml[

STATISTICAL ANALYSIS

Statistical analysis software SAS 5=01 release "SAS
Institute Inc[\ Cary\ NC# was used[ The level was
_xed at 9=94[ All test hypotheses were two!tailed[
The homogeneity of the baseline values was evalu!
ated using a three!way analysis of variance
"ANOVA# which tested for subject\ period and
treatment[ Four!factor ANOVA were then per!
formed testing for subject\ period\ treatment\ time
and time×treatment interaction on raw data or
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Table 1[ Summary of signi_cant EEG changes recorded eyes closed under resting conditions after single dose of
ca}eine SR "599 mg# in 01 sleep!deprived young subjects

Parameter EEG lead Ca}eine vs placebo

Total power F3!T3\ F2!T2\ T3!91\ T2!90 NS
Delta absolute power F3!T3\ F3!91\ T2!T2\ T2!90 NS
Delta relative power F3!T3\ T3!91\ T2!90 
"3Ð08 h#

F2!T2 NS
Theta absolute power F3!T3\ T3!91\ F2!T2\ T2!90 NS
Theta relative power F3!T3\ T3!91\ F2!T2\ T2!90 
"3Ð08 h#
Alpha absolute power F3!T3\ T3!91\ F2!T2\ T2!90 NS
Alpha relative power F3!T3\ T3!91\ F2!T2\ T2!90 	"03 h#
Beta "01Ð05 Hz# absolute power F3!T3\ T3!91\ F2!T2\ T2!90 	"3Ð08 h#
Beta "01Ð05 Hz# relative power F3!T3\ T3!91\ F2!T2\ T2!90 	"3Ð08 h#
Beta "05Ð19 Hz# absolute power# F3!T3\ T3!91\ F2!T2\ T2!90 NS
Beta "05Ð19 Hz# relative power F3!T3\ F2!T2 	"3 h#

T3!91\ T2!90 	"3Ð08 h#
Beta "19Ð29 Hz# absolute power F2!T3\ T3!91\ T2!90\ T2!90\ F2!T2 NS
Beta "19Ð29 Hz# relative power F3!T3\ F2!T2 	"3 h#

T3!91 	"3Ð08 h#
T2!90 	"3Ð08 h#

Beta "29Ð39 Hz# absolute power F3!T3\ F2!T2\ T2!90 NS
T3!91 	"3 h#

Beta "29Ð39 Hz# relative power F3!T3\ T3!91\ F2!T2\ T2!90 	"3 h#
Beta "01Ð39 Hz# absolute power F3!T3\ T3!91\ T2!90\ F2!T2 NS
Beta "01Ð39 Hz# relative power F3!T3\ T3!91\ T2!90\ F2!T2 	"3 h#

changes from baseline when appropriate[ Pairwise
comparisons were done using the LSmeans method[

RESULTS

EEG

The summarised results of the statistical analysis
are given in Table 1 and the results of delta "9Ð3
Hz#\ theta "3Ð7 Hz#\ alpha "7Ð01 Hz#\ beta "01Ð39
Hz# in T3!91 lead and beta "19Ð29 Hz# in T2!90 are
given in Figures 0 and 1[ There were no signi_cant
di}erences on baseline EEG measurements before
sleep deprivation between ca}eine and placebo on
any EEG parameter\ whatever the EEG lead[ A
single dose of ca}eine SR 599 mg did not sig!
ni_cantly change the total power[ It produced a
signi_cant decrease in absolute delta power and in
relative delta and theta power "Table 1#[ It also
produced a signi_cant increase in alpha relative
power "T2!90\ H03 only# and in beta "01Ð39 Hz#
absolute and relative power[ A trend "9=0³ p³
9=94# to a decrease was also observed in absolute
theta power "H3\ H8# and a trend to an increase in
absolute and relative beta power in the leads where

they were not statistically signi_cant[ The e}ects of
ca}eine were more pronounced on beta waves and
thus peaked 3 h after dosing with an increase of
between 099 and 199 per cent[ These e}ects per!
sisted up to the end of sleep deprivation "i[e[ 08 h
after dosing# "Figures 0 and 1#[ Thus\ a signi_cant
improvement or trend to an improvement in alert!
ness\ as demonstrated by the increase in absolute
and relative beta "01Ð39 Hz# power\ occurred after
ca}eine[

Psychomotor performance and co`nitive functions

The summarised results of the statistical analysis
are given in Table 2[ There were no signi_cant
di}erences between the treatment groups on the
baseline measurement done before dosing[ A single
dose of ca}eine SR 599 mg produced signi_cant
changes in several tests compared to placebo] a
signi_cant decrease in reaction times "total and rec!
ognition choice reaction time without modifying
motor time\ Stroop reaction time in a non!con!
~ictual situation#\ a signi_cant increase in CPT cor!
rects answers and a signi_cant decrease in body
sway area eyes open compared to placebo "Figure
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2#[ In addition\ no statistically signi_cant changes
were observed in the other performance tasks]
increase in CFF\ decrease in tracking distance\
decrease in CPT average reaction time and decrease

Figure 0[ Delta "9Ð3 Hz# "a#\ alpha "7Ð01 Hz# "b#\ and beta "01Ð39 Hz# "c#\ relative energy recorded eyes closed under resting
conditions in the T3Ð91 lead in 01 healthy sleep!deprived male subjects after a single oral dose of ca}eine slow release "599 mg# or
placebo[ Results are expressed as mean2sem

in the other body sway parameters "Figure 2#[ How!
ever\ all these changes demonstrated a tendency
towards an improvement in performance[ These
signi_cant changes occurred and lasted throughout
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Figure 0[ Continued

Figure 1[ Beta "19Ð29 Hz# EEG relative energy recorded eyes closed under resting conditions in the T2Ð90 lead in 01 healthy sleep!
deprived male subjects after a single oral dose of ca}eine slow release "599 mg# or placebo[ Results are expressed as mean2sem
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Table 2[ Summary of signi_cant changes in per!
formance and cognitive functions in 01 sleep!deprived
subjects after a single dose of ca}eine slow release "599
mg#[ Time of signi_cant change is given in parentheses

Parameter Ca}eine
vs placebo

CFF NS

CRT Total RT 
"2Ð07 h#
Recognition RT 
"2Ð07 h#
Motor RT NS

Tracking NS

CPT Accuracy 	"5Ð10 h#
RT NS

Stroop RT Interference NS
Naming 
"6 h#
Reading 
"6 h#

Body sway Area eyes open 
"3Ð08 h#
Area eyes closed NS
Length eyes open NS
Length eyes closed NS

SSS Sedation score 
"3Ð08 h#

NS � not signi_cant^ 	 � signi_cant increase^ 
 � signi_cant
decrease[ SSS] Standford Sleepiness Scale^ CFF] Critical Flicker
Fusion^ CRT] Choice Reaction Task^ CPT] Continuous Per!
formance Task^ RT] Reaction Time[

the duration of sleep deprivation "from 2 to 10 h
after dosing#[

Subjective evaluation

There were no signi_cant changes on subjective
evaluation between the two treatment groups on
the baseline measurement done before dosing[ A
single dose of ca}eine SR 599 mg produced a sig!
ni_cant reduction of the sleepiness score "Table 2\
Figure 3#[ All subjects also felt less tired throughout
the sleep deprivation period "from 3 to 10 h after
dosing#[

Safety

No serious adverse events were reported and no
drop!outs for safety reasons occurred during the
study[ The clinical safety was satisfactory[ Five
emergent adverse events were reported in four sub!
jects] two after placebo "two headaches in two sub!
jects#\ and three after ca}eine "one episode of

anxiety in one subject and one episode of trembling
and diarrhea in another#[ All the subjects recovered
spontaneously within 7 h[ No clinically relevant
changes occurred in routine laboratory tests[

Pharmacokinetics

The mean "2sem# plasma concentrations of
ca}eine and its metabolites obtained before dosing
were similar for both treatment groups[ Mean
values were below 9=0 mg:ml for ca}eine\ par!
axanthine and theophylline and should thus be con!
sidered as negligible[ Mean values of theobromine
were approximately 0 mg:ml[ These are the values
obtained after one day of ca}eine withdrawal\
because theobromine|s terminal half!life is longer
than that of ca}eine and its other metabolites[
These concentrations were very low after dosing
with placebo[ Four hours after ca}eine SR intake\
the mean 2sem plasma concentrations were
4=3729=51 mg:ml for ca}eine\ 0=9529=95 mg:ml for
theobromine\ 9=0229=90 mg:ml for theophylline
and 0=0729=00 mg:ml for paraxanthine "Table 3#[

DISCUSSION

Ca}eine SR produced a signi_cant improvement
in several EEG parameters and objective tests of
performance[ Ca}eine signi_cantly reduced relative
slow EEG waves and signi_cantly increased the
absolute and relative EEG beta energies recorded

Table 3[ Plasma concentrations of ca}eine and its
metabolites

Ca}eine 599 mg Placebo

H9 H3 H9 H3

Ca}eine "mg:ml#
Mean 9=941 4=372 9=926 9=917
SD 9=970 1=038 9=930 9=935

Paraxanthine "mg:ml#
Mean 9=933 0=073 9=915 9=905
SD 9=986 9=281 9=960 9=935

Theobromine "mg:ml#
Mean 0=082 0=948 0=101 9=800
SD 9=240 9=110 9=595 9=371

Theophylline "mg:ml#
Mean 9=929 9=014 9=917 9=910
SD 9=927 9=926 9=921 9=914
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under resting conditions\ especially in the 01Ð05 Hz
and 19Ð29 Hz ranges[ This e}ect occurred through!
out the brain areas\ peaked 3 h after dosing for the
beta waves and lasted throughout the sleep depri!
vation period\ i[e[ more than 08 h after dosing[

Figure 2[ E}ects of a single oral dose of ca}eine slow release "599 mg# or placebo on choice reaction time "CRT# "a#\ CFF "b#\
tracking "c# and body sway area eyes open "d#\ in 01 young sleep!deprived normal subjects[ Results are expressed as mean2sem

Thus\ a single dose of ca}eine SR 599 mg was able
to counteract the sedative EEG e}ects produced
by sleep deprivation "increase in slow waves and
decrease in fast beta waves of EEG recorded under
resting conditions#[ In addition\ ca}eine SR also
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Figure 2[ Continued

improved psychomotor and cognitive performance]
it reduced signi_cantly reaction times "total and
recognition reaction time of the choice reaction
time\ Stroop reaction time#\ body sway area "eyes
open# and accuracy "per cent of correct responses
of the CPT#[ All the other parameters changed\ even

if not signi_cantly\ in the same way\ suggesting
improvement] increase in CFF\ decrease in track!
ing\ decrease in CPT reaction time\ and decrease in
the other body sway parameters[ Finally\ subjects
also felt less tired after ca}eine on subjective evalu!
ation "SSS score#[ These e}ects\ as well as the EEG
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Figure 3[ E}ects of a single oral dose of ca}eine slow release "599 mg# or placebo on the Stanford Sleepiness Scale in 01 young
sleep!deprived normal subjects[ A high score means more sedated[ Results are expressed as mean2sem

e}ects\ lasted until the end of sleep deprivation "for
the 10 h duration of the assessment period after
dosing#[ A previous study has already shown that
a single dose of 599 mg slow release formulation of
ca}eine was able to increase subjective alertness
and sleep onset latency the night after a morning
dose in 019 healthy subjects "Sicard et al[\ 0885#[ In
addition\ another study showed that a single dose
of 299 and 599 mg of slow release ca}eine was able
to counteract the detrimental e}ects on per!
formance of a 29 h sleep deprivation in 13 male and
female volunteers "Lagarde et al[\ 0885#[

Finally\ in another study\ such a formulation at
a dosage regimen of 299 mg twice daily was also
shown to signi_cantly antagonize the performance
decrement in attention and cognitive performance
of various tasks "cancellation task\ tracking\ choice
reaction time etc[ produced by a 53 h sleep depri!
vation in 05 healthy subjects[ Recovery per!
formances were not impaired "Doireau et al[\ 0886#[

The e}ects of ca}eine on performance\ attention
and mood have been extensively studied in healthy
well!rested volunteers[ Depending on the dose level
administered\ a single dose of ca}eine may produce
either improvements or no change in certain types
of behaviourial tasks or in contrast more negative
e}ects\ especially on subjective scales or ques!

tionnaires in healthy volunteers[ Low to inter!
mediate doses "generally³ 349 mg# have been
shown to signi_cantly shorten reaction time
"Clubley et al[\ 0868^ Lieberman et al[\ 0876\ 0876b^
Koelega\ 0882^ Kaplan et al[\ 0886#\ increase tap!
ping rate "Clubley et al[\ 0868^ Kaplan et al[\ 0886#
and processing rate in DSST or Stroop or rapid
visual information processing tasks "File et al[\
0871^ Fewer and Lader\ 0880^ Hasenfratz and Ba�t!
tig\ 0881\ 0883^ Kaplan et al[\ 0886# and improve
vigilance on sustained attention tasks "Clubley et
al[\ 0868^ Lieberman et al[\ 0876a\b^ Zwyghuisen!
Doorenbos et al[\ 0889^ Frewer and Lader\ 0880^
Koelega\ 0882#[ These dose levels also have positive
stimulant and euphoric e}ects on mood and sub!
jective evaluation\ characterised by signi_cant
increases in arousal\ alertness\ concentration\ wake!
fulness\ energy\ vigour\ sense of well!being and
pleasantness "Clubley et al[\ 0868^ Lieberman et al[\
0876a\ 0876b^ Stern et al[\ 0878^ Gri.ths et al[\
0877a\ 0877b\ 0877c\ 0878\ 0889^ Warot et al[\ 0882^
Hasenfratz and Ba�ttig\ 0883^ Kaplan et al[\ 0886#[
In contrast\ higher dose levels "499 mg or more#
produced some disruption in psychomotor per!
formance as well as rather unpleasant and aversive
subjective e}ects\ including anxiety\ excitement\
tension\ nervousness\ irritability and adverse
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somatic e}ects\ such as restlessness\ agitation chills\
trembling and nausea "Chait and Gri.ths\ 0872^
Roach and Gri.ths\ 0876^ Uhde et al[\ 0873^ Loke
et al[\ 0874^ Loke\ 0877^ Kaplan et al[\ 0886#[ High
doses of ca}eine "09 mg:kg# have also been shown
to provoke aversive anxiogenic e}ects in normal
subjects "Charney et al[\ 0873^ Uhde et al[\ 0873^
Mattila et al[\ 0877^ Brockwell et al[\ 0880^ Chait\
0881^ Hasenfratz and Ba�ttig\ 0883# and induce even
greater e}ects in patients with panic disorders or
generalised anxiety disorders "Charney et al[\ 0874^
Bruce et al[\ 0881#[

Apart from the dose level used\ some method!
ological issues may explain possible discrepancies
between the results of studies exploring e}ects of
single dose of ca}eine in healthy young subjects on
performance and showing either bene_cial e}ects
or non signi_cant changes[ Firstly\ not all subjects
are sensitive to the stimulant e}ects of ca}eine[
Lorist et al[ "0883# indicated that six out of 29
subjects did not show arousing e}ects of ca}eine[
Secondly\ psychomotor performance tasks are
dependent upon motivation of the subject and the
e}ect of a drug on performance could be masked by
the stimulating nature of the assessment measure[
Practise and learning e}ects must be controlled by
familiarisation and training to the task prior to
entry in the study[ Tests of short duration are also
less sensitive and e}ects of drugs are usually most
reliably detected using a sustained task[ As the task
progresses\ performance falls o} due to boredom
and fatigue and thus can be counteracted by ca}eine
"Weiss and Laties\ 0851#[ Use of electrophysio!
logical measures also improves the detection of mild
e}ects\ as these measures do not need voluntary
participation of the subject and are not sensitive
to motivation and training[ Finally\ young healthy
subjects under normal conditions are already at a
high level of performance and are working fairly
close to their optimum performance "ceiling e}ect#[
It is thus easier to demonstrate a sedative and
impairing e}ect than an improvement in perform!
ance[

Electrophysiological studies "EEG\ multiple
sleep\ latency tests\ event!related potentials# are
useful and very sensitive to demonstrate psycho!
stimulant e}ects[ In man\ psychostimulant agents
generally increase fast beta relative power and
decrease slow delta and theta relative power on
EEG recorded under resting conditions[ This was
clearly demonstrated for amphetamines "Herrm!
ann\ 0871^ Saletu\ 0876^ Patat et al[\ 0885#[ The
alerting and arousing e}ects of ca}eine cause a shift

in EEG power towards faster components of low
amplitude\ characterised either by an increase in
relative power spectral densities in the beta range
or a shift of the dominant frequencies of the alpha
and beta to higher frequencies accompanied or not
by a decrease in delta\ theta and alpha waves or
amplitudes "Goldstein et al[\ 0852^ Bruce et al[\
0875^ Saletu et al[\ 0876^ Etevenon et al[\ 0875\ 0878^
Benowitz\ 0889^ Dimpfel et al[\ 0882^ Hasenfratz
and Ba�ttig\ 0881\ 0883^ Lorist et al[\ 0883^ Smulders
et al[\ 0886#[ In order to better understand possible
con~icting e}ects observed on EEG after admin!
istration of ca}eine\ caution must be taken in the
interpretation of the data due to methodological
issues[ The recording conditions "either eyes closed
under resting conditions or eyes closed during a
vigilance task and even eyes open during a task#\
the electrode location and the use of monopolar
or bipolar recordings "i[e[ the area of the brain
recorded#\ the expression of the results "absolute or
relative power spectral densities# etc[ may in~uence
the nature of the results[ Alpha activity is mainly
localized on the parieto!occipital posterior part of
the brain and is recorded under resting conditions
eyes closed[ It is a relaxed awake state which dis!
appears when the eyes are open or when subjects
concentrate on a task[ In contrast\ beta activity
predominates over central and frontal areas on the
anterior part of the brain and is more frequent with
eyes open[ It corresponds to alertness and con!
centration on a task and is thus often associated
with low amplitude theta waves when recorded eyes
open[ Theta activity often occurs on the central
and temporal areas and when recorded eyes closed
under resting conditions may be linked to sleepi!
ness[ Finally\ delta waves may occur on all regions
and\ when they predominate\ correspond to sleep[
Ca}eine thus mainly produced a signi_cant increase
in beta "19Ð29 Hz# relative power\ sometimes
accompanied by a decrease in slow delta and theta
relative powers when recorded eyes closed under
resting conditions[ Alpha relative power may either
increase or remain unchanged[ In contrast\ rec!
ording during a mental or performance task "reac!
tion time#\ either eyes closed or eyes open\ may
produce a decrease in total power as well as a
decrease in some absolute energy bands\ including
theta\ alpha and beta "Bruce et al[\ 0875^ Dimpfel
et al[\ 0882^ Kaplan et al[\ 0886#[ The paradoxal
increase in delta absolute power observed after a
single dose of ca}eine by Clubley et al[ "0868# may
be explained by the small amount of ca}eine "099
mg# administered\ the EEG area recorded "FzÐPz#
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and the delay of EEG recording under resting con!
dition "2 h after the intake of an immediate release
ca}eine formulation#[ Bartel et al[ "0880# dem!
onstrated that a single dose of 399 mg theophylline
signi_cantly reduced EEG spectral amplitude for
theta\ alpha and beta "02Ð20 Hz# bands as well as
total power recorded in OzÐCz derivation with the
subjects eyes closed\ compared to placebo[ Analysis
of the relative power values extrapolated from this
paper indicates that\ in contrast to absolute power\
relative theta power is lower and relative beta "02Ð
20 Hz# power is higher after theophylline than after
placebo[ Tolerance to these EEG e}ects developed
over 3 weeks of treatment[ Dimpfel et al[ "0882#
recorded EEG eyes open under relaxed rest and
after a cognitive load condition while the subjects
performed a concentration task using mapping
techniques[ Power spectral density was calculated
for each electrode and analysis was performed using
absolute power in comparison to baseline "and not
to placebo# in both conditions[ The course of EEG
changes during the demanding situation mainly
shows an increase in all frequency ranges in the
occipital region and an increase in theta and beta
"08Ð24 Hz# power in frontal areas[ In addition\
theta waves also increased to a lesser extent in the
parietal and central areas and alpha power
decreased in the frontal areas in contrast to the
occipital region[ This corresponds with knowledge
of cortical activity under cognitive load "Rap!
pelsberger et al[\ 0875#[ Administration of ca}eine
199Ð399 mg in the relaxed state induced a decrease
in absolute power in all frequency ranges of the
EEG[ This decrease predominates in the alpha and
theta ranges in nearly all the electrodes and
extended to the delta and beta waves in only a
few electrodes[ The e}ect on delta power was more
pronounced with the 399 mg dose level[ These _n!
dings are similar to those described by Saletu et al[
"0876# and Benowitz "0889#[ The ca}eine!depen!
dent decrease in theta power and the decrease in
delta power seen under relaxation conditions after
399 mg were not observed during the concentration
performance test in the presence of ca}eine[ The
power increase during the cognitive load was sig!
ni_cantly smaller for the alpha range\ but greater
in the theta as well as beta "08Ð24 Hz# ranges
"Dimpfel et al[\ 0882#[ All these results show that
caution is needed in the interpretation of EEG data
from di}erent assessment and data processing
methods as well as di}erent techniques of statistical
analysis[

It is possible to decrease the level of performance

of the subjects either by studying fatigued or sleep
deprived subjects[ Sleep deprivation is negatively
correlated to performance[ The highest correlations
have been shown with longer duration of total sleep
deprivation "three nights#\ with speed rather than
accuracy measures of performance and with work!
paced rather than self!paced tasks "Kjellberg et al[\
0866a\ 0866b^ Koslowsky and Babko}\ 0881^ Mil!
kulincer et al[\ 0878^ Newhouse et al[\ 0878^ Batejat
and Lagarde\ 0881^ Gorissen et al[\ 0886#[ On the
one hand\ stimulation from the task seems to be a
potent motivator and may counteract the e}ects of
total sleep deprivation[ On the other hand\ pro!
longed monotonous and:or continuous tasks "such
as auditory vigilance or continuous performance
task\ or highly demanding cognitive tasks# are sen!
sitive to even one night of total sleep deprivation
"Glenville et al[\ 0867^ Horne and Pettitt\ 0874^
Wimmer et al[\ 0881#[ Neurophysiological measure!
ments\ such as quantitative EEG or body sway\
which are not in~uenced by training or motivation\
are also highly sensitive to total sleep deprivation[
The main deprivation e}ects on all vigilance par!
ameters occurred mainly at night rather than during
the day[ Circadian rise in performance during the
day may counteract the fall due to total sleep depri!
vation\ with both e}ects being additive at night
"Batejat and Lagarde\ 0881^ Marks and Folkhard\
0873#[ The return to normal values occurred
rapidly\ usually after an 7!h recovery of sleep[ Total
sleep deprivation was used in this study as a model
to assess the alerting e}ects of ca}eine SR[ Indeed\
larger improvements have already been dem!
onstrated after ca}eine on various performance
tasks\ including choice!reaction task\ sustained
attention task\ on MSLT\ on EEG and on event!
related potentials after fatigue or partial or total
sleep deprivation than in well!rested subjects "Weiss
and Laties\ 0851^ Rosenthal et al[\ 0880^ Lorist et
al[\ 0883^ Penetar et al[\ 0882#[

Another way to produce an arti_cial decrement
in performance in healthy young volunteers is to
administer sedative drugs such as benzodiazepines[
Ca}eine was shown to counteract the e}ects of
benzodiazepine on mood\ attention and sensori!
motor coordination[ Ca}eine 64Ð149 mg reversed
the e}ects of lorazepam 1=4 mg on DSST\ symbol
copying and subjective relaxation and calm mea!
sured by visual analogue scales\ but not its e}ects
on a cancellation task or a verbal learning memory
task "File et al[\ 0871#[ Ca}eine 199Ð499 mg was
also shown to antagonise the deleterious e}ects of
diazepam 09Ð19 mg on DSST\ muscle relaxation



CAFFEINE IN SLEEP!DEPRIVED PATIENTS

Copyright Þ 1999 John Wiley + Sons\ Ltd[ Hum[ Psychopharmacol[ Clin[ Exp[ 04\ 042Ð069 "1999#

056

measured by Maddox wing\ critical ~icker fusion\
as well as subjective calmness and sedation "Mattila
et al[\ 0871^ Ghoneim et al[\ 0875^ Loke et al[\ 0874^
Roache and Gri.ths\ 0876#[ Finally\ Johnson et al[
"0889a\ 0889b# demonstrated that ca}eine 149 mg
taken early in the morning is able to signi_cantly
antagonized next day hypnotic!induced drowsiness
in subjects treated by ~urazepam "29 mg# or tri!
azolam "9=4 mg# and enhanced alertness in the sub!
jects who received bed!time placebo[ These e}ects
on daytime sleepiness were evidenced on multiple
sleep latency tasks as well as on subjective evalu!
ation "Standford Sleepiness Scale#[ Ca}eine also
reduced the performance impairment on psy!
chomotor task "DSST\ choice reaction time# pro!
duced by these hypnotics\ but the improvement in
performance was not statistically signi_cant[

Finally\ ca}eine was shown to decrease sleepiness
in increasing latencies to sleep onset and to improve
daytime alertness as measured by multiple sleep
latency "MSLT# tasks in both sleep!deprived and
fully rested subjects "Lumley et al[\ 0876^ Zwyghu!
izen!Doorenbos et al[\ 0889^ Walsh et al[\ 0889^
Penetar et al[\ 0882#[

All these published data\ using either electro!
physiological methods "EEG\ MSLT#\ various tests
exploring attention\ vigilance or psychomotor per!
formance and information processing or subjective
evaluation of sedation\ clearly showed bene_cial
alerting properties of ca}eine taken either as a
beverage or as an immediate release formulation\
especially in the dose range between 099 and 399
mg[ The present results demonstrate that a single
dose of a new slow release formulation of ca}eine
developed by NESTEC Ltd possesses alerting
e}ects able to reverse the deleterious e}ects on EEG
and various performance tasks of sleep deprivation
and to maintain performance during limited "25 h#
sleep deprivation[ Potential use concerns the treat!
ment of jet lag syndrome and the pharmacological
management of limited sleep deprivation or
extended duty[ It may thus be useful in several
situations where vigilance must be maintained\ for
instance\ when driving[
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