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Abstract

Caffeine is the most consumed psychoactive substance in the
world. The effects of caffeine have been studied using cognitive
and motor measures, quantitative electroencephalography (qEEG)
and event-related potentials. However, these methods are not
usually employed in combination, a fact that impairs the interpreta-
tion of the results. The objective of the present study was to
analyze changes in electrophysiological, cognitive and motor vari-
ables with the ingestion of caffeine, and to relate central to periph-
eral responses. For this purpose we recorded event-related poten-
tials and eyes-closed, resting EEG, applied the Stroop test, and
measured reaction time. Fifteen volunteers took caffeine (400 mg)
or placebo in a randomized, crossover, double-blind design. A
significant reduction of alpha absolute power over the entire scalp
and of P300 latency at the Fz electrode were observed after caffeine
ingestion. These results are consistent with a stimulatory effect of
caffeine, although there was no change in the attention (Stroop)
test or in reaction time. The qEEG seems to be the most sensitive
index of the changes produced by caffeine in the central nervous
system since it proved to be capable of detecting changes that
were not evident in the tests of cognitive or motor performance.
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Introduction

Caffeine is believed to be the most con-
sumed psychostimulant. Different laborato-
ries have investigated its mechanisms of

action at the cellular and behavioral level,
including inhibition of phosphodiesterase,
mobilization of calcium from the sarcoplas-
mic reticulum, activation of adenylate cy-
clase and, most notably, as an antagonist of
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adenosine (1,2). Caffeine also exerts modu-
latory effects on the central nervous system
(CNS), especially cognitive functions (1-4).
The modulatory responses generated by caf-
feine were first reported in 1912 based on
performance data (5,6), and electrophysi-
ological indices have been used since 1943
(7). However, the effects of this substance
on the central and peripheral nervous sys-
tems, and the underlying mechanisms, are
still under study (8,9). Numerous experi-
ments have shown that caffeine improves
cognitive performance by increasing alert-
ness and attention and by reducing fatigue
(9-12). The excitatory effects of caffeine are
detected in cortical cellular substrates (1-
3,9). In the CNS, caffeine acts primarily as
an adenosine antagonist (9,13,14). How-
ever, multiple components are needed to
account for the totality of its effects (1,3).
Specifically, caffeine enhances the release of
neurotransmitters such as catecholamines,
serotonin and acetylcholine, associated with
vasoconstriction in the brain and vasodilata-
tion in peripheral organs (5,13). Accord-
ingly, it decreases cerebral blood flow (15)
and increases brain metabolism. The de-
crease in cerebral perfusion is probably a
consequence of the vasoconstriction caused
by catecholamines and inhibition of the vaso-
dilatory effect of adenosine. In this context,
quantitative electroencephalography (qEEG)
and event-related potentials (ERPs) have been
used to monitor the effects of caffeine on
brain dynamics (15-19). EEG and ERP data
provide a neuropsychophysiological estima-
tion of brain processes which are linked to
behavior (20-23). The spectral attributes of
the EEG are susceptible to changes under
cognitive demands such as attention (24,25).
For example, the theta band has been associ-
ated with a variety of mental tasks, mainly
those that involve continued concentration
(26). It has also been demonstrated that the
EEG power distribution throughout the cor-
tex is reduced by caffeine ingestion, espe-
cially when subjects have their eyes open

(6,15,27). Specifically, alpha absolute power
decreases in several brain sites. The effects
of caffeine and other methylxanthines on
ERPs are controversial (3,9). The ability of
the CNS to discriminate and select the appro-
priate information has been explored by
evoked potential techniques (23,28).

Few ERP experiments have attempted to
correlate the modulatory effects of caffeine
on cognitive processes, attention and arousal
in terms of P300 amplitude and latency
(16,29-32). A combination of peripheral be-
havioral responses such as reaction time and
attention together with central electrophysi-
ological responses may contribute to the
understanding of caffeine’s mechanisms of
action. Thus, the present investigation com-
bines an attention task, reaction time, qEEG,
and ERP to examine the effects of 400 mg
caffeine on CNS responses.

Subjects and Methods

Subjects

The sample consisted of 15 individuals, 6
males and 9 females ranging in age from 21
to 38 years (26 ± 5 years), weighing 49 to 83
kg (67 ± 14 kg), moderate caffeine users
(i.e., 1-2 cups of coffee per day). All subjects
were healthy, right-handed, non-smokers,
and free of cognitive deficits, and none of
them was using oral contraceptives or any
psychoactive or psychotropic substance at
the time of the test. To ensure that subjects
did not present any impairment in physical or
mental health, a questionnaire was applied.
The questionnaire also aimed at identifying
possible P300 biological determinants, such
as food intake, body temperature, fatigue,
and drugs, among others. Subjects were not
allowed to consume alcoholic or caffeine-
containing beverages during the 10 h prior to
the test, or during the test. They were sub-
mitted to a standardized test (Stroop test) for
the ability to identify colors (see below) in
order to exclude possible defects in color
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vision. Subjects signed a consent form which
thoroughly described the experimental pro-
cedure. The experiment was approved by the
Ethics Committee of the Psychiatric Insti-
tute.

Study design and procedures

Subjects received 400-mg gelatin cap-
sules (caffeine or placebo) on two different
occasions in a randomized, double-blind,
crossover study. Capsules were manufac-
tured by the University Pharmacy (UFRJ).
The procedures consisted of a two-day treat-
ment: placebo and caffeine. The procedures
were standardized according to the follow-
ing routine: electroencephalographic record-
ing, administration of the word color Stroop
test and visual ERP. EEG was recorded 30
min after caffeine or placebo ingestion.

Electroencephalogram recording

The study design respected the norms of
the International Pharmaco-EEG group (33).
Subjects were seated comfortably in a sound-
and light-attenuated room, while the EEG
was collected from 20 monopolar leads for 5
min (eyes-closed, alert/resting). The data
were collected from subjects with their eyes
closed in order to record cortical activity in
the absence of external stimuli, thereby mini-
mizing visual artifacts. Electrodes were po-
sitioned according to the International 10/20
System referred to linked earlobes with ground
at FPz. All electrode impedances were kept
below 5 kΩ. The signal was amplified with
a gain of 22,000, analogically filtered be-
tween 0.01 Hz (high-pass) and 100 Hz (low-
pass), and sampled at 240 Hz using a
Braintech-3000® (EMSA-Medical Instru-
ments, Rio de Janeiro, RJ, Brazil) EEG acqui-
sition system. The EEG was recorded by
means of the ERP Acquisition software
(Delphi 5.0®, Borland-Inprise) developed at
the Brain Mapping and Sensorimotor Inte-
gration Laboratory, employing the following

digital filters: notch (60 Hz), high-pass of
0.3 Hz and low-pass of 25 Hz. Visual inspec-
tion was used to detect and eliminate arti-
facts. Eye-movement artifacts were moni-
tored with a bipolar electrode montage using
two 9-mm diameter electrodes attached above
and on the external canthus of the right eye.

Data analysis

At least 2 min of artifact-free data were
extracted from the EEG record for quantitative
analysis. A Matlab 5.3® (Mathworks Inc.,
Naticj, MA, USA) routine was implemented to
perform a spectral analysis. For each of the 20
monopolar leads, absolute power (µV2) was
computed for the delta (1.0-3.5 Hz), theta
(4.0-7.5 Hz), alpha (8.0-12.0 Hz), and beta
(13-25 Hz) frequency bands.

Stroop test

The Stroop test evaluates focused atten-
tion and assesses the integrative power of
cognitive mechanisms in reaching decisions
based upon information from two different
modalities (lexical and perceptual) (26). First,
subjects were asked to read the names of
different colors. Then, to name the printed
color of a word denoting a different color;
for example, read the word “blue” printed in
green (color-word interference). Subjects
were asked to perform the task as quickly
and as accurately as possible. The Stroop
color-naming task is a classic paradigm that
elegantly illustrates important concepts such
as automaticity and interference. The Stroop
paradigm has been in use for over fifty years
and has been described as the gold standard
of attentional measures (34). The criteria
analyzed were execution time and raw score
(i.e., number of correct answers).

Event-related potential stimulation protocol

The ERP recordings were obtained ac-
cording to standard guidelines (35). During
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the visual task, lights were turned off so that
subjects would concentrate exclusively on
the monitor screen. A 15” monitor was
placed in front of the volunteer. The visual
stimulus was presented on the monitor by
the ERP Acquisition software, developed
in Delphi 5.0. ERPs were recorded from
the 20 electrodes. The task employed the
oddball paradigm, in which two stimuli are
presented randomly, with one occurring rela-
tively infrequently. Subjects were asked to
discriminate target (infrequent) from non-
target or standard stimuli (frequent). In the
present experiment, target stimuli were rep-
resented by a square and non-target stimuli
by a circle, both yellow with black back-
ground. In each block, the number of non-
target stimuli preceding each target stimulus
was random, with 95% probability of occur-
ring between 1 and 4 (uniform distribution)
and 5% probability of occurring between 5
and 7. Such distribution resulted in an ex-
pected mean value of 2.7 non-target stimuli
for each target stimulus (target/non-target
ratio of 1/2.7), but the real value was ran-
domly different for each test. Thus, for 100
target stimulations, an average of 270 non-
target stimuli were presented. The target/
non-target ratio was 1/2.7. Subjects were
instructed to respond as quickly as possible
to the target stimulus by pressing a button in
a joystick (Model Quick Shot-Crystal
CS4281, Quickshot®, USA). Epochs regard-
ing target stimuli were considered and aver-
aged only when subjects responded within
150 to 1000 ms. The P300 was identified as
the largest positive-going peak amplitude of
the waveform within a time window of 250-
500 ms in relation to a pre-stimulus baseline.
The baseline was defined as the mean voltage
over 120 ms before the onset of the stimulus.
Each individual was subjected to one block
of approximately 370 trials. In this protocol,
the square was presented 100 times in each
block. The stimulus appeared on the screen
for 0.75 s, with the same time interval be-
tween stimuli.

Reaction time

The reaction time resulting from the
pressing of a button in the joystick after each
target stimulus was used as an index of
motor performance. Reaction times were
subsequently averaged to yield a final value
for each subject. Missed stimuli were not
considered. Although reaction time is inde-
pendent of ERP measures, it was used to
verify subject alertness during the task.

Statistical analysis

Preliminary descriptive analyses revealed
that none of the evaluated qEEG indices had
a normal distribution. To obtain a better
approximation to a normal distribution, the
absolute power was subjected to a log trans-
formation (log absolute power, LAP). More-
over, to reduce the number of statistical
comparisons, LAP values of 12 analyzed
electrode sites were grouped into 4 scalp
quadrants: right-anterior (mean of Fp2, F4
and F8), left-anterior (mean of Fp1, F3 and
F7), right-posterior (mean of T6, P4 and
O2), and left-posterior (mean of T5, P3 and
O1). A three-way ANOVA, situation (pla-
cebo vs caffeine) by area (right-anterior vs
left-anterior vs right-posterior vs left-poste-
rior) by band (delta vs theta vs alpha vs beta)
was implemented for LAP data followed by
the Scheffé post hoc test. Then, three-way
ANOVA followed by the Scheffé post hoc
test was applied to analyze possible differ-
ences between anterior (Fp1, Fp2, F3, F4,
F7, and F8) and posterior (T5, T6, P3, P4,
O1, and O2) regions according to situation
and to all frequency bands. Since the alpha
band is prominent during eyes-closed EEG
recording, a two-way ANOVA was applied
to compare anterior and posterior regions in
the two experimental conditions (i.e., caf-
feine and placebo) in this specific frequency
band (8-12 Hz). A paired t-test was per-
formed to compare P300 latency and reac-
tion time in the caffeine and placebo condi-
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tions. Wilcoxon’s test was used to compare
amplitude and Stroop raw score (SRS). The
level of significance was set at P < 0.05 for
all statistical analyses.

Results

Motor and cognitive results

Reaction time and Stroop test. Results
were compared between the placebo and
caffeine conditions. The statistical analyses
indicated a nonsignificant shortening in
reaction time. The same result was observed
for Stroop execution time (SET). The
SRS was unchanged in both conditions.
Motor and cognitive results are shown in
Table 1.

Electrophysiological results

Visual event-related potential - P300.
Caffeine significantly shortened P300 la-
tency at Fz (caffeine = 313 ± 61 ms; placebo
= 339 ± 78 ms). Moreover, nonsignificant
shortenings at Cz (caffeine = 318 ± 63 ms;
placebo = 340 ± 77 ms) and Pz (caffeine =
331 ± 67 ms; placebo = 356 ± 76 ms) were
observed. Especially at Fz, P300 latency was
shorter with caffeine than with placebo.
P300 amplitude was higher in some individu-
als and lower in others, but the difference
between conditions was not significant (caf-
feine: Fz = 1.62 ± 1.84 µV, Cz = 1.63 ± 1.44
µV, Pz = 1.49 ± 1.46 µV; placebo: Fz = 1.72
± 1.68 µV, Cz = 1.80 ± 1.30 µV, Pz = 1.83
± 1.61 µV) (Figure 1).

Quantitative EEG. The variable analyzed
for all frequency bands was monopolar ab-
solute power. Figure 2 illustrates LAP values
for the four established cortical areas by
moment and band. A main effect was found
for condition (F (1,478) = 16.59, P < 0.0001)
and band (F (3,476) = 67.76, P < 0.0001),
and an interaction between area and band (F
(9,844) = 5.45, P < 0.0001) was observed.
Scheffé’s post hoc test indicated a difference

Table 1. Cognitive and motor performance variables for the caffeine and placebo
conditions.

Caffeine Placebo

Reaction time (ms) 382 ± 53 394 ± 45
Stroop execution time (s) 101 ± 15 105 ± 11
Stroop raw score 111 ± 1 111 ± 1

Data are reported as means ± SD.

Figure 1. P300 grand average. Event-related potential grand average for latency (ms) and
amplitude (µV) values for Fz, Cz and Pz electrode sites in the placebo and caffeine
conditions.
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Figure 2. Log absolute power
(LAP) values in the caffeine and
placebo conditions in the delta,
theta, alpha, and beta frequency
bands. Data are reported as
means ± SD. Electrodes were
applied to four quadrants: right-
anterior (Fp1, F3 and F7), left-
anterior (Fp1, F3 and F7), right-
posterior (T6, P4 and O2) and
left-posterior (T5, P3 and O1). A
significant LAP reduction was
observed in the caffeine condi-
tion (P < 0.05, three-way
ANOVA).
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Figure 3. Alpha log absolute
power values in anterior (frontal,
Fp1, Fp2, F3, F4, F7, and F8)
and posterior (parieto-occipital,
T5, T6, P3, P4, O1, and O2)
areas, in the two experimental
conditions. Data are reported as
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Figure 4. Alpha topography
maps. Cortical maps represent-
ing mean alpha log absolute
power values in the placebo (A)
and caffeine (B) conditions (N =
15). The figure illustrates the T
value of the difference be-
tween conditions (C). The
scales show log (vertical) and T
(horizontal) values, which varied
between 3 (blue) and 5 (yel-
low), and 1 (blue) and 3 (or-
ange), respectively.
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between alpha and beta in relation to the other
bands. A three-way ANOVA performed for
two areas (i.e., anterior and posterior), by
condition and band, revealed main effects of

condition (F (1,478) = 16.8, P < 0.0001)
and band (F (3,64) = 68.73, P < 0.0001). A
significant LAP reduction was observed
in the caffeine condition (total means: caf-
feine = 2.834 ± 0.74 and placebo = 3.076 ±
0.84). The analysis also revealed an interac-
tion between area and band (F (3,952) =
15.12, P < 0.0001). Scheffé’s post hoc test
indicated a difference between alpha and beta
in relation to the other bands (P < 0.001).

Figure 3 illustrates the results of two-way
ANOVA which revealed main effects of
condition (F (1,118) = 5.36, P < 0.05) and
area (F (1,118) = 8.62, P < 0.05). No
interaction was observed (P = 0.688).

Figure 4 illustrates the mean LAP values
for the study sample as a whole in the alpha
band (8-12 Hz). The cortical map shows a
significant LAP reduction after caffeine in-
gestion.
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Discussion

The objective of the present study was to
investigate the stimulant effects of caffeine
through cognitive, motor and electrophysi-
ological responses. Electrophysiological
measures, i.e., visual ERPs and qEEG, re-
vealed significant effects, whereas cognitive
and motor measures (Stroop and reaction
time) did not. Rarely has it been concluded
that electrophysiological measures are better
than the cognitive and motor variables to
identify the effects of caffeine on brain
activity (9,36). Along this line of thought, the
present discussion is divided into three sec-
tions: cognitive and motor measures, ERPs
and qEEG measures.

Cognitive and motor measures

The effects of caffeine on human perfor-
mance have been the focus of several inves-
tigations. To explore the action of caffeine on
cognitive variables, we exposed the partici-
pants to attentional demands. When SET and
SRS values were compared between the
caffeine and placebo conditions, the results
did not indicate significant changes in either
parameter, in agreement with data reported
by others (27,34). The ability of humans to
capture information from the environment is
very complex. Sensory detection is the pri-
mary step involved in decision-making pro-
cesses. Sensory data are compared to stored
long-term memory, generating perceptual
events and, consequently, motor actions.
Although the present findings suggest that
SET and SRS are not capable of detecting the
effects of caffeine on the CNS, there is
evidence that caffeine modulates the atten-
tional system, depending on dosage and on
subject arousal. The relationship between
arousal and cognitive responses takes the
form of an inverted U-shaped dose-response
curve. Performance is thought to be optimal
at intermediate levels of dosage and arousal
(3). Although there is no strong agreement

on the effects of caffeine on specific cogni-
tive operations, there are indications that
caffeine affects the attentional system. In a
study performed on rodents, it was shown
that caffeine increases concentrations and
rates of cerebral norepinephrine, dopamine
and serotonin utilization. These results were
obtained for neuroanatomic structures of the
limbic system and frontal cortex (37). How-
ever, in the present investigation no signifi-
cant differences were found. The same pat-
tern was observed for reaction time. In our
investigation, subjects were studied at rest,
while the effects of caffeine on behavioral
aspects seem to be more evident in a fatigue
situation (27,29). Behavioral responses are
related to the biological state (i.e., alertness,
fatigue, motivation) of the individual. Perfor-
mance decrement may be due to boredom
and fatigue and, thus, be counteracted by
caffeine. These effects may be explained by
the action of caffeine as an adenosine antago-
nist. Caffeine seems to delay fatigue by
blocking CNS adenosine receptors (38).
Adenosine inhibits the release of most brain
excitatory neurotransmitters, especially do-
pamine. Behaviorally, these changes are as-
sociated with reduced arousal and increased
sleep. In this sense, the stimulant effects of
caffeine are diminished when subjects are
rested.

Visual event-related potentials

P300 analyses have indicated a shorten-
ing of latency with caffeine ingestion (17-
19). In the present study, especially at the
frontal-cortex level, caffeine improved brain
dynamics by reducing latency at Fz. Shorter
latencies indicate an increase of information-
processing speed (23,39). P300 latency is
negatively correlated with mental function in
normal subjects, with shorter latencies being
associated with superior cognitive perfor-
mance (23). The other areas (Cz and Pz)
showed the same pattern of results, but with
no statistical significance. Differences in
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amplitude values were not statistically sig-
nificant. Some amplitudes decreased and
others increased in the caffeine condition.
These results could be explained by the wide
variability among subjects. Other studies that
have analyzed the interaction between ERPs
and caffeine are not conclusive. Some stud-
ies indicate a shortening of latency (17,18,29-
31), while others show an increase in ampli-
tude (28,32). However, the use of different
experimental conditions makes it impossible
to compare the results. It is known that P300
is an important measure for the evaluation of
cognitive processes, specifically the pro-
cesses of attention allocation and immediate
memory (23,28,39). The increase of P300
amplitude and/or reduction of latency are
associated with an enhancement of func-
tional dynamics that takes place after the
presentation of the target stimulus. The posi-
tive result observed in our experiment, i.e.,
shorter latencies, suggests that P300 latency
is also a sensitive measure for the observa-
tion of the effects of caffeine in the brain
during a cognitive process. ERP studies
indicate that caffeine has an effect on atten-
tion, which is independent of specific stimu-
lus characteristics. The main concept is that
caffeine modulates information processing
through an effect on the perceptual system
and output-related processes (9).

Quantitative electroencephalographic
analyses

Among the qEEG results, the reduction of
absolute power, especially in the alpha band,
agreed with reports from different laboratories
(9,15,27). In this frequency band, CNS de-
pressors are associated with an increase of
EEG power and stimulants are associated with
a reduction of power over the entire scalp (40).
In the present study, a reduction of absolute
power was observed on the entire scalp. How-
ever, in studies with results similar to ours, the
significant results were obtained in subjects
tested with their eyes open (15); when subjects

closed their eyes, the reduction was not statis-
tically significant. A possible explanation for
our results in the eyes-closed condition might
be the dosage (400 mg), which was higher
than that used in previous studies (200 mg).
Similarly, a reduction of power density in the
lowest delta band was observed in the sleep
EEG. However, there was no reduction of
other physiological measures such as heart
rate (19).

In this context, we may conclude that the
ingestion of caffeine generates a reduction of
P300 latency after a visual stimulus and re-
duces cortical power when individuals are at
rest. The literature presents hypotheses that
can account for these responses. An increase
of neurotransmitter release may be associated
with the reduction of P300 latency, making the
transmission of electrical impulses faster. The
reduction of EEG power may be related to an
increase in brain metabolism, a reduction in
cerebral blood flow and vasoconstriction caused
by caffeine ingestion.

Finally, we may conclude that the changes
produced by caffeine ingestion, although
depending on the state of the individual and
on dosage, can be more easily quantified
through qEEG measures. In a recent review,
the authors compared caffeine studies with
behavioral measures, EEG data and ERP
measures and concluded that the EEG sup-
ports the general belief that caffeine acts as
a stimulant (9). The present results corrobo-
rate this conclusion, since the individuals did
not exhibit significant differences in cogni-
tive and motor variables or in P300 ampli-
tude, while there was a significant reduction
in EEG absolute power. Possibly, the effects
of caffeine ingestion are more evident in the
CNS than in the peripheral nervous system.
Behavioral effects may be more closely re-
lated to peripheral motor processes, with an
improvement in performance being more
evident in a fatigue situation. Additional stud-
ies are needed in order to elucidate the modu-
latory mechanisms of caffeine in the central
and peripheral nervous systems.
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