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Abstract

We investigated resting EEG and auditory P300 during free smoking and 36 h of enforced smoking abstinence in 12 healthy volunteers.
Resting EEG was recorded on 19 scalp leads and auditory P300 was obtained by an oddball paradigm task. Spectral analysis of EEG
(absolute and relative power, mean frequency), latency and amplitude of auditory P300 were considered for statistical analysis. EEG changes
were not significant during free smoking but were significant during smoking abstinence. Theta absolute power increased by +57%
(P<.001), whereas alpha and delta absolute power increased by +26% (P<.01) and +19% (P <.01), respectively; theta absolute power
change was delayed and prolonged. Alpha mean frequency reduced by — 0.31 Hz (P <.001), whereas delta, theta and betal mean frequency
increased by +0.13 Hz (P<.05), +0.09 Hz (P<.05) and +0.23 Hz (P<.01), respectively. Auditory P300 amplitude and latency were
unaffected by smoking abstinence. Resting EEG, but not auditory P300, was sufficiently sensitive to detect changes during enforced smoking

abstinence, and EEG bands had different temporal changes.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Quantitative EEG techniques have been largely used to
study pharmacological effects on human brain activity.
Recording of healthy subjects in eye-closed, resting (but
alert) conditions show alpha (8—13 Hz) waves dominating
the parietooccipital cortex. Most investigators analysed the
dominant alpha frequency (mean and peak frequency) as a
reliable brain measure, whereas less attention has been paid
to theta absolute power or beta activity variations.

Cigarette smoking has been associated with subjective
mood changes and increased alertness and arousal (Knott,
1998; Knott et al., 1998). The recognition of these effects,
however, remained somewhat more elusive in laboratory
assessments. The EEG is a noninvasive technique to assess
central nervous system arousal and regional changes in
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brain activity. Earlier studies (Ulet and Itil, 1969; Knott
and Venables, 1977; Herning et al., 1983) indicated that
statistically significant EEG power spectra changes accom-
panied short-term nicotine abstinence. Different studies
have recognised that short-term (1—10 days) nicotine absti-
nence is associated with the slowing of EEG, as given by an
increase in theta power and a decrease in alpha frequency
(Pickworth et al., 1989; Knott, 1990). These EEG changes
have been reported more recently (Gilbert et al., 1999a) also
with prolonged (31 days) nicotine abstinence. EEG infor-
mation on electrocortical effects of nicotine administration
suggested that nicotine could have direct effects, rather than
simply reversing the abstinence-induced EEG slowing
(Foulds et al., 1994). It has been outlined that while
improving arousal, nicotine can enhance attention, learning,
and memory (Warburton et al., 1992). Behavioural assess-
ments have rarely found such performance improvements;
thus, additional electrophysiological tests were introduced
to validate cognitive tasks. Event-related potentials (ERPs)
are a time-differentiated waveform recorded on the scalp
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that correlate with information processing. In particular the
P300, a positive wave occurring between 250 and 500 ms
following the onset of a meaningful event has been assumed
to be a measure of mnemonic, attentional, and decision-
making activity (Donchin and Johnson, 1978; Picton, 1992).

Most of the studies mentioned above investigated EEG
and P300 changes with a single or daily interval measure-
ment. We explored the resting EEG and the auditory P300
during free smoking and smoking abstinence by means of
measurements repeated two to three times a day. The main
hypothesis was that repeated EEG assessments could better
recognise time onset of EEG band changes and their time
course. No specific hypothesis was made for auditory P300
other than it could detect task changes if sufficiently
sensitive.

2. Method
2.1. Study design

This was a randomised, double-blind, placebo-con-
trolled, two-period crossover study with a 10 days washout
in healthy volunteers. The study was set up to explore the
effects of both a placebo and an investigational smoking
cessation compound during free smoking and abstinence
conditions (Fig. 1). The research was performed at the
Clinical Pharmacology Unit of GlaxoSmithKline in Verona,
Italy. Here we are reporting the study design and proce-
dures related to the whole study, whereas results refer only
to the placebo treatment during free smoking and absti-
nence conditions. The aim of this paper is to compare the
resting EEG and auditory P300 during free smoking (Days
1 and 14) with abstinence (Days 15 and 16) conditions
(Fig. 1). The comparison between the placebo and the

smoking cessation compound will be the subject matter
of a separate paper.

Subjects were in the Unit (in-patients) from the evening
of Day — 1 to the morning of Day 2 and from the evening
of Day 13 to the morning of Day 17, whereas they were out
of the Unit (out-patients), from the afternoon of Day 2 to the
afternoon of Day 13, during each of the two study periods.
From the morning of Day 15 they started the abstinence
condition lasting 36 h. Subjects were randomly allocated to
receive, in a crossover design, the investigational smoking
cessation compound or matched placebo once a day (8
a.m.), from Day 1 to Day 16.

Twelve male smokers were enrolled. This sample size
was expected to provide the study a power of 80% to detect
a difference of 16 ms on Cz latency if the residual variability
was around 12 ms, as observed in a previous in-house study.
The subjects’ main characteristics were as follows: healthy
condition, age 20—41 (mean &+ S.D.: 28.9 &+ 6.7), smoking
> 15 cigarettes/day in the last year, Fagerstrdm nicotine
Tolerance Questionnaire (FTQ) =7 and <9, regular sleep/
wake-up schedule, right-handed and negative urine test for
drugs of abuse.

Subjects had to be not motivated to quit smoking; drink
on average less than 14 units of alcohol per week (1
unit = half pint of beer/1 glass of wine/1 measure of spirit);
refrain from alcohol for 24 h before each inpatient study
phase; refrain from smoking for 36 h during smoking
abstinence condition; follow a predefined standard diet
and refrain from coffee consumption (with the exception
of morning and lunch coffee) during each inpatient phase;
be free from any psychoactive drug administration during
the previous 3 months and from prescription or over the
counter current drug administration; read and comprehend
Italian and give signed informed consent before study
participation. Ethics Committee approval was obtained
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Table 1

Summary statistics (mean + S.D.) of EEG parameters at 4—10 h on Day 1 (free smoke, n=12), Day 14 (free smoke, n=9), and Day 16 (abstinence, n=9)

Log absolute power

Mean frequency (Hz)

Day 1 (free smoke) Day 14 (free smoke)

Day 16 (abstinence)

Day 1 (free smoke) Day 14 (free smoke) Day 16 (abstinence)

Delta 1.156 = 0.285 1.055+0.312 1.231 +0.260
Theta 1.045 £ 0.604 0.859 £+ 0.565 1.309 £ 0.618
Alpha 2.164 +0.814 1.979 + 0.654 2.211+£0.712
Betal 0.410 £+ 0.693 0.233 +£0.769 0.310 = 0.633

190+ 1.13 1.89 £0.13 2.02£0.09

5.85+0.30 5.83+£0.20 5.92+0.22

9.72+0.39 9.80 £ 0.47 9.50£0.38
14.32 +0.50 14.19+0.51 14.41 +£0.29

before the start of the study, which was conducted in
accordance with the Declaration of Helsinki.

2.2. Study procedures

Pharmacodynamic measurements, resting EEG, and au-
ditory P300 parameters were registered at predefined
times—during free smoking: before, 4 and 10 h after dosing
on Days 1 and 14; during smoking abstinence: 4 and 10
h after dosing on Day 15, before, 4 and 10 h after dosing on
Day 16. Measurements of Day 16 corresponded to 24, 28
and 34 h of smoking abstinence.

Electrophysiological measurements were performed in
accordance with the rules of the International Pharmaco-
EEG Group. A Sirius WR (E.B. Neuro) was used for all
EEG and auditory P300 recording and measurements.
Electrode impedance was kept below 5 K(), but values up
to 10 KQ were considered acceptable. Filter settings were
0.5 and 70 Hz and sampling frequency was 512 points.
During data acquisition the subjects sat on an armchair in a
soundproof room with their eyes closed.

The EEG signal from 19 scalp leads within a cap (10—20
system) was recorded using linked-ears reference, with one
additional channel for EOG monitoring. After visual exam-
ination, at least 150 EEG epochs of 2 s free from contam-
ination were analysed for a total of 5 min per recording.
Absolute and relative power spectrum and mean frequency
of delta (0.5—4 Hz), theta (4—8 Hz), alpha (8§8—12 Hz), and
betal (12—18 Hz) activities for all 19 derivations were
calculated.

The auditory P300 recording was made before the resting
EEG registration. At the screening, a check with the
acoustic signal set to 0 (normal value for a standard
population) was performed to assess if the subject had a
normal acoustic function. Between auditory P300 trials,
there was a resting period of at least 1 min.

A standard auditory oddball paradigm was used for
P300 generation. Two electrodes of the cap (Cz and Pz
according to the international 10—20 system) with binaural
ear link were used for the P300 evaluation. Filter settings
were 0.5 and 30 Hz, according to the IFNC recommended
standard for long-latency auditory ERP (Ebmeier et al.,
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Fig. 3. Mean + S.D. of changes from predose Day 1 of alpha mean frequency during free smoking and abstinence.

1992; Goodin et al., 1992, 1994). Subjects listened to a
series of two tones, with a frequency of 1000 Hz for
frequent and 2000 Hz for infrequent tones. Subjects were
asked to count the infrequent tones. The tones were
presented binaurally through earphones with duration of
50 ms (10-ms rise and 10-ms fall time) and the intensity
was 60 dB over the normal threshold. The intertone
interval was randomised between 1.2 and 2 s, with
frequent tones comprising 85% and infrequent comprising
15% of all tones. The total number of tones the subject
was asked to count was about 20.

Response to rare tone was recorded three times. Two
tracks with the shorter value for the P300 latency in Cz and
two tracks with the shorter value for the P300 latency in Pz
were chosen and then averaged to calculate mean curves for
Cz and Pz. The recording began 100 ms before the stimulus
and continued 1000 ms after. The amplitude of P300 was
calculated between prestimulus averaged EEG baseline and
the major positive peak occurring between 250 and 500 ms
poststimulus onset. The latency of P300 wave was slightly
different between parietal and central leads and was there-
fore individually measured in the point of major positivity.

Table 2

To check for smoking abstinence compliance, exhaled
carbon monoxide (CO) was measured at 0, 4, 10, 24, 28 and
34 h starting on Day 15. Alcohol breath test, for alcohol
abstinence compliance, was performed at the Unit admis-
sion on Days — 1 and 13.

2.3. Statistical methods

EEG power spectral analysis parameters and amplitude
and latency from auditory P300 were at first summarised for
each subject across the scalp electrodes by mean values.
Absolute and relative power were preliminarily transformed
by means of log and logit transformation, respectively.
Measurements taken after 4—10 h on Days 1 and 14, during
free smoking, and on Day 16, during abstinence, were then
averaged and adjusted for baseline, calculating the change
from predose Day 1 value. These changes from baseline
were compared between Day 14 and Day 1 and between Day
16 and Day 14 by analysis of variance (ANOVA), allowing
for the factors subject and day. Topographic maps were
produced for each EEG band. These descriptive significance
probability maps are based on the results of tests from

Summary statistics (mean + S.D.) of P300 parameters at 4—10 h on Day 1 (free smoke, n=12), Day 14 (free smoke, n=9), and Day 16 (abstinence, n=9)

Latency (ms)

Amplitude (uV)

Day 1 (free smoke) Day 14 (free smoke)

Day 16 (abstinence)

Day 1 (free smoke) Day 14 (free smoke) Day 16 (abstinence)

Cz
Pz

306.8 £21.2
300.0 £ 21.8

303.2+£22.2
301.6 +23.1

306.2 +£20.7
302.8 £ 18.8

9.39+3.27
9.21 £2.60

9.66 £ 3.35
8.56 +2.67

10.00 £+ 2.87
8.46 +£2.98
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Fig. 4. Mean £ S.D. of exhaled CO on Days 15-16 (abstinence).

ANOVA for independent electrodes. All the statistical anal-
yses were produced using SAS Version 8 for Windows.

3. Results

Spectral analysis of the resting EEG in different exper-
imental conditions and summary statistics are illustrated in
Table 1.

Changes occurring between EEG recordings of Days 1
and 14 during free smoking were not significant for any
band, with the exception of a mild decrease in alpha
absolute power (P <.05).

EEG scores were significantly changed by enforced
smoking abstinence. The absolute theta power greatly in-
creased (+57%, P<.001), corresponding to an increased
relative power (+32% P<.001). The delta and alpha
absolute powers increased to a lesser extent (+19%,
P<.01 and +26%, P<.01, respectively), without any
corresponding increase of their relative power. The mean
alpha frequency was reduced by abstinence (—0.31 Hz,
P<.001); minor changes involved delta and theta mean
frequencies with a shift to higher values (+0.13 Hz, P<.05
and +0.09 Hz, P<.05), as did betal mean frequency
(+0.23, P<.01).

Analysis of individual scalp leads was also performed,
attempting to evaluate differences in topographical changes
between free smoking and abstinence. The entire scalp
showed a highly significant increase (P<.001) in theta
absolute power, with the highest F' values found along the
right frontocentral and central electrodes: F4, F2, Fz and C4,
Pz, respectively. The entire scalp showed a highly signifi-

cant decrease (P<.001) in alpha mean frequency, with the
highest F values found over the central and parietocentral
electrodes: C4, C3 and Pz, respectively.

Finally, we have studied the temporal profile of the EEG
modifications. During the free smoking condition, the EEG
power spectra was not different between Day 1 and Day 14
and between each recording session (0 h, 4 h, 10 h). During
the abstinence condition, an increase in the absolute power
of theta activity was observed in the first recording (4 h) but
was greater in the successive recording (10 h), without any
modification thereafter (34 h of smoking abstinence), as
shown in Fig. 2. The shift to lower mean frequency of the
alpha activity, however, as shown in Fig. 3, occurred in a
short time after smoking cessation (4 and 10 h), became
greater in the 24-h recording with a trend of recovery
thereafter (34 h of smoking abstinence).

Summary statistics (mean and S.D.) of auditory P300
parameters in the different experimental conditions are
illustrated in Table 2. We have not found significant
modifications of latency and amplitude of auditory P300,
either from central or parietal scalp leads.

Exhaled CO, measured at 0, 4, 10, 24, 28, and 34
h starting on Day 15 to monitor for smoking abstinence
compliance, is reported in Fig. 4. As expected, CO concen-
tration decreased below 10 ppm after 10 h of abstinence
with a further decrease to around 5 ppm after 34 h.

4. Discussion

An increasing body of data is supporting specific
changes with resting EEG during smoking abstinence in
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cigarette smokers. These changes seem to be indicative of
worsened cigarette craving, arousal and mood.

We have observed EEG changes during the first days of
smoking abstinence: the alpha mean frequency shifted to a
lower value and the theta absolute power increased. In
agreement with previous reports, they are considered
overall effects of tobacco abstinence. Most studies suggest
that the nicotine component of tobacco smoke is respon-
sible for the EEG changes (Edwards and Warburton,
1988). Smoke-inhaled nicotine produces a shift in scalp
recorded activity from low (delta, theta, alphal) to high
(alpha2, beta) frequencies, a response profile not dissimilar
to that seen with other central stimulants such as amphet-
amine (Knott, 1990; Pickworth et al., 1997; Houlihan et
al., 2001). On the other hand, during tobacco abstinence
the spectral analysis showed a slowing of the EEG
characterized by decreasing alpha frequency and increasing
theta power (Pickworth et al., 1989; Gilbert, 1987; Dom-
ino, 1998). Statistically significant changes of the EEG
power spectra accompanied short-time nicotine deprivation
(Houlihan et al., 2001).

The follow-up of the EEG changes has been evaluated by
a few authors (Herning et al., 1983; Pickworth et al., 1989;
Gilbert et al., 1997; Knott and Venables, 1977). They
showed that in the first days of smoking cessation, EEG
and subjective and behavioural effects are at maximum:
alpha frequency decreased rapidly (5—29 h) and theta power
increased significantly within 29 h after deprivation, with
both these changes persisting for the duration of deprivation.
In agreement with the above authors, we have also found
that alpha frequency variations occurred rapidly (within 24
h of smoking abstinence) and reversing the day after (34 h of
smoking abstinence). A different trend was noted for the
modification of the theta absolute power: its enhancement
(4—10 h of smoking abstinence) persisted at the end of EEG
monitoring (34 h of smoking abstinence). The detection of
this finding can be attributed to the relatively short time
interval between repeated EEG assessments.

We have found topographical asymmetric EEG changes
not dissimilar to those seen by other authors. Topographical
specific EEG effects to nicotine deprivation can be due to
either lateralization of the alpha band power (Gilbert et al.,
1989, 2000) and to a larger amount of theta power in
frontal than in posterior cortex (Pickworth et al., 1989;
Gilbert, 1987; Gilbert et al., 1999b).

During smoking abstinence, affective and cognitive
changes similar to subclinical depression and related stress
response have been described (Covey et al., 1990; Gilbert et
al., 1999a). In depressive conditions EEG asymmetry, with
greater activation on right than left hemisphere, has also
been reported (Davidson et al., 1990; Tomarken and David-
son, 1990). These findings have led to the suggestion that as
in depressed people, in abstinent smokers the EEG asym-
metry could be due to a heterogeneous distribution or
activation of nicotine receptors (London et al., 1985; Gil-
bert, 1987; Knott et al., 1999).

More recently, brain investigations by means of func-
tional imaging have effectively shown that nicotine is
involved in regulating regional blood flow and regional
cerebral metabolism (Ghatan et al., 1998; Domino et al.,
2000). All these findings give very strong support for the
interpretation of power spectra EEG changes. Some authors
have supported the importance of nicotine/cholinergic
mechanisms mediating arousal and attention in healthy
subjects and a reversal effect of a nicotine-induced absti-
nence deficit (Foulds et al., 1996; Pineda et al., 1998;
Mancuso et al., 1999).

Because behavioural tasks provide limited information
on processing stages, additional investigation by ERPs have
recently been performed. In the present study, auditory P300
obtained by oddball acoustic paradigm did not show any
change between free smoking and abstinence. Other authors
who used auditory stimuli failed to report P300 latency
variation (Norton et al., 1991). On the other hand, studies
performed with a visual task showed that subjects who
smoke before their tests exhibit faster visual P300 latencies
than nonsmoking and smoking-deprived subjects (Pineda et
al., 1998; Houlihan et al., 1996). These conflicting results
could be due to differences in cortical arousal induced by
the auditory and visual tasks.

The discrimination task performed during the auditory
P300 recording is probably too easy and the underlying
processing activity does not involve relevant behavioural
changes. The specific changes, during different smoking
conditions, with visual P300, but not auditory P300, may
also be the result of the relatively greater concentration of
nicotinic receptors in the visual than in the auditory system
(Ghatan et al., 1998).

Desynchronization of the spontaneous activity of cells in
the cortex may represent one such mechanism of arousal,
probably correlated with a shift from lower to higher EEG
frequencies.

Statistical significance of the findings obtained should be
interpreted with care, in light of the consideration that the
statistical analysis of drug-induced EEG alterations has
proven problematic for several reasons including (1) the
considerable high intra- and inter-subject variability intrinsic
to EEG data, (2) the lack of independence and the collin-
earity between recording sites and EEG measures, (3) the
nonnormal distribution of EEG variables, and (4) the high
ratio of EEG variable to subject numbers and the imple-
mentation of numerous tests that will increase Type I errors
and may lead to erroneous conclusions (Knott, 2000).
Despite this caution, the evidence of the strong signals we
observed and the consistency of these patterns with those
reported in literature sustain our interpretation.

We conclude that the most relevant findings of this study
were the reduction of mean alpha frequency, the increase of
the absolute theta power, and the asymmetry of EEG during
smoking abstinence. However, although alpha, theta and
asymmetry changes of EEG were reported by previous
researches, the temporal difference between alpha and theta



V. Teneggi et al. / Pharmacology, Biochemistry and Behavior 77 (2004) 103—109 109

changes was not yet mentioned. These EEG results are
consistent with effects opposed to those occurring during
alertness. EEG asymmetries, in particular, can be associated
with changes of mood reported by abstinent smokers.
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