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Abstract – This article deals with a new approach in sleep characterization that combines EEG source localisation
methods with standard frequency analysis of multielectrode EEGs. First, we describe the theoretical methodology and
the benefits that we get from a three-dimensional image (LORETA) of the cerebral activity related to a frequency
band. Then, this new application is used as signal-processing technique on sleep EEG recordings obtained from young
male adults using four frequency bands (δ 0.5–3.5 Hz, θ 4.0–7.5 Hz, α 8.0–12.5 Hz and � 13.0–32.0 Hz) in different
sleep stages. Finally, we show that the obtained results are highly consistent with other physiological assessments
(standard EEG mapping, functional magnetic resonance imaging, etc.), but give us more realistic additional
information on the generators of electromagnetic cerebral activity. To cite this article: A. Coatanhay et al., C. R.
Biologies 325 (2002) 273–282. © 2002 Académie des sciences / Éditions scientifiques et médicales Elsevier SAS
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Résumé– Localisation de source EEG : analyse fréquentielle durant le sommeil.Nous présentons dans cet arti-
cle une nouvelle approche, qui permet de combiner les avantages des méthodes de localisation de sources EEG et
l’analyse fréquentielle liée aux techniques de cartographies EEG classiques pour l’étude du sommeil. Après une
présentation théorique, ce nouveau traitement des signaux EEG, à la fois fréquentiel et tridimensionnel, a été appliqué
à l’analyse de différents stades de sommeil chez de jeunes adultes. Les résultats ont ainsi montré que les différentes
périodes de sommeil se caractérisaient par des changements de localisation des sources associées aux bandes de
fréquences δ (0,5–3,5 Hz), θ (4,0–7,5 Hz), α (8,0–12,5 Hz) et � (13,0–32,0 Hz). De plus, nous avons pu établir que
les résultats ainsi obtenus étaient cohérents avec les observations provenant d’autres méthodologies (cartographies
EEG classiques, imagerie par résonance magnétique, etc.). Pour citer cet article : A. Coatanhay et al., C. R. Biologies
325 (2002) 273–282. © 2002 Académie des sciences / Éditions scientifiques et médicales Elsevier SAS
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Version abrégée

Depuis quelques années, les nouvelles techniques
exploratoires de l’activité cérébrale (imagerie fonction-
nelle par résonance magnétique, tomographie par émis-
sion de positron, localisation numérique de sources
EEG et MEG) apportent une connaissance tridimen-

sionnelle plus précise du cerveau. Toutefois, les tech-
niques classiques de cartographies EEG conservent
l’avantage d’être peu contraignantes et de permettre
une analyse fréquentielle. Ces dernières gardent donc
une place privilégiée pour l’étude du sommeil. Nous
avons cherché à intégrer les analyses en bandes de
fréquences à une technique de localisation de source
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nommée Loreta (Low Resolution Tomography). Cette
méthode de localisation a été développée par Pascual-
Marqui. Elle repose sur une modélisation de l’influence
des sources de courant sur les électrodes au niveau du
scalp d’un sujet, et sur une technique d’inversion. Une
source de courant, appelée dipôle et notée js, située dans
une région précise du cerveau et dont les moments sont
définis � jx, jy, jz �, donne lieu à un champ électrique
superficiel, mesuré par un réseau d’électrodes collées
sur le scalp. Dans notre cas, nous avons considéré un
réseau de 21 électrodes, situées à des positions standard
sur de scalp (Fp1, Fpz, Fp2, F7, F3, Fz, F4, F8,T3,C3,
Cz, C4, T4, T5,P3, Pz, P4, T6, O1,Oz, O2 dans le
système 10–20 standard) et 2394 sources élémentaires
réparties uniformément dans la matière grise du cerveau.
Grâce à un modèle analytique où les différentes parties
de la tête (cerveau, crâne, scalp) sont identifiées à des
couches sphériques constituées de milieux à la conduc-
tivité connue, on calcule l’influence d’une source élé-
mentaire sur chacune des électrodes. Le potentiel élec-
trique global observé au niveau du scalp sera supposé
être la somme de chacune des contributions élémen-
taires. Ainsi, entre les moments des dipôles et les
valeurs du potentiel électrique mesuré par les élec-
trodes, on construit une relation linéaire :

E
s

= M ⋅ J
s

où E
s

(21 lignes) correspond aux potentiels électriques

observés par chaque électrode, J
s

(3 × 2394 lignes) est
composé des moments de chaque dipôle et M est une
matrice de transition (21 lignes et 3 × 2394 colonnes).
En calculant une pseudo inversion de la matrice M
(infinité de pseudo inverses possibles), on peut estimer
l’intensité des sources élémentaires d’après l’activité
électrique mesurée par le réseau d’électrodes. Cette
estimation étant faite, on reporte les zones sources les
plus importantes sur une imagerie issue de la résonance
magnétique (MRI), afin d’en donner une interprétation
fonctionnelle. La méthode LORETA permet le calcul
d’une pseudo inversion de M telle que la distribution
énergétique de sources EEG soit la plus lissée possible.
Le plus souvent, la méthode LORETA sert à localiser la
réaction cérébrale face à un stimulus (sonore, visuel,
sensitif, etc.). On effectue la localisation de sources à
l’instant où la réponse au stimulus est observée (poten-
tiel évoqué). Comme cette localisation est très sensible
au bruit de l’électroencéphalographie (EEG), on réitère
l’opération (stimulus + observation de la réaction) de
nombreuses fois, et on considère la moyenne des
localisations issues des réactions aux stimuli. Cette
méthode présente l’avantage de permettre de travailler
avec un rapport signal sur bruit très fort et de localiser

clairement la ou les sources liées à ce potentiel évoqué.
Notre approche est différente, car nous n’utilisons plus
de stimulus et nous calculons la localisation moyenne
sur une période (10 min) et non plus à un instant donné.
Nous cherchons à identifier l’activité cérébrale de fond
indépendamment des événements transitoires. De plus,
notre principal objectif est de préciser les localisations
associées à différentes bandes de fréquences. Pour des
raisons inhérentes à la méthodologie LORETA, cet
objectif ne peut être atteint en observant directement les
localisations obtenues par un simple filtrage. Le point
essentiel est de pouvoir travailler avec une imagerie
relative. Dans le cas de l’EEG sommeil, on distingue
quatre bandes fréquentielles importantes : δ
(0.5–3.5 Hz), θ (4–7.5 Hz), α (8–12.5 Hz) et �
(13–32 Hz). Les localisations associées à ces bandes
fréquentielles subissent une normalisation, puis une
estimation de leur importance spécifique. Plus précisé-
ment, nous comparons la distribution d’amplitude
obtenue en filtrant sur une bande de fréquence donnée
(band) à la distribution obtenue à partir du signal filtré
sur la bande totale (full). Pour chacun des dipôles, nous
calculons le changement relatif à une bande de
fréquence : (band–full)/full. Ainsi, nous pouvons
estimer, dans les régions de la matière grise, l’activité
cérébrale relative associée à une bande de fréquence
donnée.

Nous avons appliqué notre méthode originale à
l’étude du sommeil chez un groupe de 19 jeunes adultes
mâles. Trois périodes de 10 min ont été sélectionnées :
une période de sommeil paradoxal (REM sleep) en fin
de nuit (4e cycle REM–non REM), une période de
sommeil profond (stade 3 ou 4) en début de nuit (1er

cycle) et une période de sommeil léger (stade 2) en
milieu de nuit (2e ou 3e cycle). La période de sommeil
paradoxal s’est caractérisée par une activité δ relative-
ment plus importante dans les lobes frontaux supérieurs,
voire même dans le cortex moteur. De même, pour la
bande de fréquence θ, une activité spécifique a pu être
remarquée des deux côtés de la partie occipitale du
cerveau (cortex visuel). La période de sommeil profond
(stade 3 et 4), quant à elle, s’est distinguée par une
activité relative prédominante dans le lobe temporal
gauche inférieur, les lobes frontaux supérieurs jouant
un rôle moindre. Nous avons également pu remarquer
des activités α et θ plus postérieures que celle observée
lors du sommeil paradoxal. Lors de la période de
sommeil léger (stade 2), les distributions tridimension-
nelles de l’activité cérébrale semblaient être intermédi-
aires entre celles obtenues pour le sommeil paradoxal et
le sommeil profond. Enfin, nous avons pu établir que,
pour toutes les périodes, l’activité � se localisait prin-
cipalement dans la région du gyrus cingulaire postérieur.
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De même, la bande de fréquence δ semblait marquée
par une activité plus grande du coté droit tout au long
de la nuit.

Tout en conservant une certaine circonspection, nos
constatations ont confirmé des travaux antérieurs dans

le domaine de la cartographie EEG classique. Nous
avons également pu établir des liens avec d’autres
approches méthodologiques très différentes (localisa-
tion de source MEG, imagerie par résonance magné-
tique, tomographie par émission de positron).

1. Introduction

In recent years, the widespread implementation of
sophisticated new technologies in the field of functional
brain imaging has given rise to a revival in research
devoted to the topography of human brain activity
during sleep. For instance, using very short half-life
isotope (oxygen-15) and powerful three-dimensional
statistical techniques, positron emission tomography
(PET) studies have yielded original data on the func-
tional neuroanatomy of human sleep (reviewed in [1]).
Recent advances in functional magnetic resonance
imaging (fMRI) techniques will soon allow even more
precise description of the spatio-temporal brain activi-
ties and regional interactions during sleep. Thus, Löv-
blad et al. [2] recently showed selective activation or
deactivation of specific brain areas in rapid eye move-
ment (REM) sleep using silent sequences (allowing the
subject to sleep during echo-planar acquisitions) and
new device allowing the acquisition of electrophysi-
ological signals in the magnetic field.

It has however to be kept in mind that both afore-
mentioned PET and fMRI techniques are measuring
regional cerebral blood flow (rCBF), an indirect marker
of neuronal activity. For instance, in certain circum-
stances, neurogenic control of local CBF, due to the
presence of nerve fibres in the vicinity of cerebral
vessels, would alter the link between neuronal activity
and rCBF [1]. In this regard, registration of topographic
properties of EEG sleep signals could provide addi-
tional information that could complement rCBF data. It
has been shown that sleep EEG activity is not a
homogenous global phenomenon and that regional
differences of EEG frequency band depend on sleep
stage and cortical area [3–10]. More recently, magne-
toencephalography (MEG) signals have been used for
source localisation during sleep [11, 12]. The advantage
of MEG over EEG in source localisation is due to the
fact that MEG is mainly sensitive to primary currents,
and not as sensitive as EEG to conductivity changes,
which results in a better spatial accuracy. But there are
limitations in using MEG, one reason being that the
type assessment is, as yet, not very accessible for
clinicians; moreover, due to the discomfort of staying in
a fixed position, very few subjects are able to remain
for a period long enough to enter various sleep stages

(deep and paradoxical sleep stages for example). We
have been seeking for a more versatile approach and
multi-electrode EEG recording seems to be more appro-
priate to study all night sleep. Both MEG and EEG
source modelling rely on a discrete number of dipoles,
and, most of the time, source identification in sleep
research concerns transient physiological signals
(k-complexes for example), and only a very limited
number of potential dipoles are taken into account [11,
12]. Maquet and Phillips [13] suggested however that
techniques using distributed solutions where each voxel
is a possible current source, such as the low-resolution
electromagnetic tomography (LORETA) method [14],
are probably more suitable for obtaining three-
dimensional measurements of the brain activity during
sleep.

In this paper, we deal with EEG source estimation
(LORETA) averaged for long time series associated
with different steady states during sleep. Moreover, we
present a methodology to compute an EEG source
estimation related to a given frequency band.

2. Materials and methods

2.1. EEG source estimation

In a general way, the EEG source estimation must be
regarded as an inverse problem. By way of a scalp-
montage, surface electrical fields are recorded continu-
ously. These fields are mainly generated by the cortical
pyramidal cells that can be considered as sources of
current, and called elementary dipoles. The pyramidal
cells are situated in the grey matter of the brain. The
EEG source estimation problem consists of calculating
the position and the orientation (three coordinates) of
these elementary dipoles from the distribution of scalp
potentials.

A large number of mathematical approaches can be
used for computation, but every method needs explicit
or implicit assumptions about the physical properties
and geometrical configuration of the pyramidal cells in
the brain. For example, a specific stimulus (auditory,
visual, etc.) usually causes a significant change of the
scalp electrical field that reflects the activation of
pyramidal cells restricted to a small area in the grey
matter (auditory cortex, etc.). So, the source estimation
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of these evoked potentials often assume that the elec-
trical field is only generated by a single or a few
dipoles. The difference between the electrical field
approximation on the basis of this assumption and the
actual experimental electrical field is attributed to
unknown sources or recording noise.

With regard to a study during a long period of time
(several minutes), thousands or more pyramidal cells
contribute to the electrical fields and the mathematical
approach must take into account a wide distribution of
dipoles. In this point of view, the LORETA algorithm
developed by Pascual-Marqui uses 2394 dipoles evenly
distributed in the grey matter. For an elementary dipole
js at a given position, we compute the contribution of its
electrical field, including its three moments � jx, jy, jz � at
each electrode of the array. The head is modelled by
homogenous conductive sphere (brain) surrounded by
inner (skull) and outer (scalp) shells of differing con-
ductivity (three sphere model). Then, an exact math-
ematical expression [15, 16] gives the lumped electrical
influence on each electrode of dipoles located inside the
first sphere (brain). Consequently, a linear formalism
between the 2394 dipoles and the 21-electrode network
(Fp1, Fpz, Fp2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4,
T5, P3, Pz, P4, T6, O1,Oz, O2 in the standard 10–20
system, see [17]) can be established:

E
s

= M ⋅ J
s

where E
s

(21 lines) is composed by the electrical values

observed at each electrode, J
s

(3 × 2394 lines) is
composed by the moments of each dipole and the M
matrix (21 lines, 3 × 2394 columns) express the linear
relation between dipoles and electrode values. Unfor-
tunately, this inverse problem is very ill posed, and the
only solution to compute dipoles moments as a function
of electrode values is the pseudo-inverse M matrix
estimation (an infinite number of pseudo-inverse
methods are possible) . The LORETA method [14]
consists in choosing the pseudo-inverse M matrix that
gives the smoothest distribution of dipole moments.
Pascual-Marqui [18] shows that this pseudo inverse
matrix is in the form:

Mpseudo − inverse = W − 1 MT
�MW − 1 MT

�
+ ,

where �MW − 1 MT
�

+ denotes the Moore–Penrose
pseudo-inverse of �MW − 1 MT

� , and W is a particu-
lar positive definite matrix of dimension (3 × 2394 by
3 × 2394) [14].

As a standard head model reference, LORETA makes
use of the three-shell spherical head model registered to
the Talairach human brain atlas [19], available as a

digitised MRI from the Brain Imaging Centre, Montreal
Neurological Institute. Topological adjustments of sphe-
rical model and realistic head geometry use EEG
electrode coordinates reported by Towle et al. [20].

In few words, LORETA method computes an esti-
mation of the electrical activity distribution in the grey
matter (standard anatomical head model) from the EEG
cartographic recording (electrode array) of a subject.

This estimation is computed at each sample point and
provides an instantaneous representation of cerebral
activity. According to this short theoretical presenta-
tion, LORETA method seems very appropriate with
evoked potential (transient EEG reactions) studies to
monitor information processing. More, evoked poten-
tials are usually characterised by a high signal to noise
ratio that leads to very favourable conditions for
LORETA method application. Nevertheless, we are
going to show that, with take of precautions, LORETA
is a very interesting tool to study long-term and
spontaneous EEG activity too.

2.2. Frequency approach

For sleep analysis, the all-night cerebral activity is
most of time described as a series of sleep stages (deep
sleep, light sleep, awake, paradoxical sleep, etc.). Each
sleep stage presumably corresponds to a fundamental
behavioural state that can be classified by the spectral
composition of the EEG signals. For example, a decrease
of vigilance (awareness) is associated with a rise of low
frequency components of the EEG signal. In a simpli-
fied way, the EEG signal during sleep, may be split up
in four frequency bands: δ 0.5–3.5 Hz (low frequen-
cies), θ 4.0–7.5 Hz and α 8.0–12.5 Hz (medium fre-
quencies), � 13.0–32.0 Hz (high frequencies). By now
many classical investigations have confirmed these
frequency bands during sleep that have led researchers
to build automated detection device to classify sleep
[21]. Moreover, on the one hand, the quantification by
spectral power has been validated as a method for
characterising pathologies and pharmacological effects.
On the other hand, the combination between localisa-
tion methods and frequency analysis of the sleep EEG
signals remains an unexplored domain.

Our methodological approach consists in selecting a
period of time (several minutes) inside each continuous
sleep stage. During this period, the EEG signal of each
electrode (21 signal recordings sampled at 128 Hz) is
processed with a pass band filter (a moving finite-
duration window (2 s) and a fast Fourier transform).
Next, we compute the LORETA distribution at each
sample of this period, and finally a time average gives
us estimation of the cerebral activity related to a
frequency band. To make easier the comparison between
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different frequency bands, this average estimation has
been normalised on the mean dipole amplitude (whole
volume). The operation is repeated for each one of the
four frequency bands given above.

At first sight, it might be thought that this filtering
process provides us with a localisation image related to
each frequency band. As a matter of fact, so obtained
images are nearly the same: an important density in the
central positions of the head that scatter in more
occipital areas. An argument may be suggested to
explain the similarity of the image pattern: the signal to
noise ratio is low in the present case. The average
localisation for a quite long time, emphasize the global
influence of the white noise. In the LORETA method, a
weight, inversely proportional to the gain that depends
on the depth, is applied to each point source of the
mesh. This leads to preferential solutions at the centre
of the head in case of white noise. So, the previously
obtained images are mainly due to the white noise, and,
to a large extent, correspond to this weight distribution.

As a consequence, the frequency approach in itself
does not lead to a relevant imaging methodology. To
solve this fundamental problem, we advocate a relative
imaging methodology. In concrete terms, to point out
the specificity of each frequential normalised average
distribution, we compare these distributions with the
normalised average distribution for the full frequency
band (0.5–32.0 Hz). And the computation for each band
of the relative density consists in the difference of each
estimated dipole amplitude with regard to this full
frequency distribution: (band–full)/full.

To sum up, this method gives an estimation of the
regional relative cerebral activity associated with a
frequency band during a determined EEG condition for
each individual subject.

2.3. Statistical validation

A lack of contribution for a particular frequency to
the cerebral activity results in a relative difference that
equals zero. So, comparisons to test null hypothesis
(t-values), i.e., that this relative difference equals zero,
have been carried out for each voxel. For each fre-
quency band, the global three-dimensional distribution
of the voxel-by-voxel t-values was visualised in a
Talairach human brain atlas. The red and blue colour
corresponds to positive and negative differences from
the full spectrum, respectively. Comparisons between
sleep stages are made in a qualitative way, and only
obvious differences by visual inspection are described.

2.4. Recording procedure

The recording study population was a group of 19
young male (mean age: 25.8 years, SD = 6.6) healthy

volunteers. After one habituation night, the all-night
sleep of each subject was recorded from a 28-electrode
array: using a common linked-ear reference. The elec-
tronic device used for amplification and analogue
filtering (type: Bessel order 2) was adjusted to 0.5–32 Hz
as cut-off frequencies. The EEG signals were digitised
at a sampling rate of 128 Hz. Afterwards, each all-night
recording was analysed and, for each 30 s epoch, the
sleep stage was visually identified, according to Rechts-
chaffen et Kales, by at least two confirmed scorers.
Then, 21 EEG electrodes were selected and our fre-
quency approach in source localisation was applied to
periods of 20 consecutive epochs of paradoxical sleep
(REM sleep), deep sleep (slow wave sleep) and light
sleep (stage 2). For the display of the so-obtained
three-dimensional distributions in the Talairach atlas,
the LORETA–KEY software, developed by
R.D. Pascual-Marqui, was used. Results are shown in
the three orthogonal brain views, sliced at the level of
the region of the maximum positive t-value.

3. Results

3.1. Paradoxical sleep (REM sleep)

For each subject, the epoch of 10 continuous minutes
of paradoxical sleep was selected at the end of the
night, during the fourth REM–non REM cycle. The
results are shown in Fig. 1; it can be noticed that, in a
general way (cf. Figs. 2 and 3), generators for the low
frequency activity (δ-band) are localised in anterior
regions, and higher frequency activity (θ-, α- and
�-bands) in more posterior regions.

δ-Band relative activity is located predominantly in
the superior frontal lobe and more pronounced in the
motor cortex. For θ- and α-bands, an obvious asym-
metry between right and left hemisphere can be
observed. The relative source-activity of θ-band is
important in both sides of the occipital part of the brain
(visual cortex), but a relative positive contribution is
observed in the right temporal lobe, whereas the rela-
tive activity is negative in the left temporal lobe. In the
same way, the relative influence of the alpha band is far
more important in the right temporal lobe.

With regard to the �-band activity, the distribution
seems more central and the maximum is located in the
region of posterior cingulate gyrus.

3.2. Deep sleep (slow wave sleep)

The three-dimensional distribution of relative activ-
ity for each frequency band during 10 min of continu-
ous slow wave sleep (either stage 3 or stage 4) in the
first REM–non-REM cycle is shown in Fig. 2. For the
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Fig. 1. Paradoxical sleep (REM sleep). Images of voxel-by-voxel t-statistics of brain regional electrical activity for four frequency bands.
The structural anatomy is shown in grey scale (white-to-black). Left: axial slices, seen from above, nose up; centre: sagittal slices, seen
from the left; right: coronal slices, seen from the rear. The location of the maximal t-value is graphically indicated by black triangles on
the coordinates axes.
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Fig. 2. Deep sleep (slow wave sleep). For details, see legend of Fig. 1.
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Fig. 3. Light sleep (stage 2). For details, see legend of Fig. 1.
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δ-band, we can notice that the superior frontal lobe is
far less important, and the maximum of the relative
activity is localised predominantly in the left anterior
inferior temporal lobe. Concerning θ and α frequency
bands, the relative activity is important in the right
parietal and occipital lobes. The localisation of the
cerebral activity for the �-band does not seem to be
fundamentally different from that for the paradoxical
sleep period.

3.3. Light sleep (stage 2)

The third period of sleep that we explored consists of
10 min of continuous stage 2 sleep during either the
second or the third REM–non REM cycle. From a
global point of view, the distribution of the cerebral
activity, related to light sleep, occupies an intermediate
position between deep sleep and paradoxical sleep. For
the δ-band, the most abundant relative activity is found
in the left inferior frontal lobe (Fig. 3). For the θ-activity,
the distribution of positive and negative areas is not
very different from that for paradoxical sleep. The
maximum, however, is observed in the right parietal
and occipital lobes (cf. deep sleep). Concerning α-band
again, an asymmetry is present, with maximal cerebral
activity in the right inferior posterior temporal lobe.

4. Discussion

As far as we are aware, this paper presents the
frequency-dependent EEG source localisation related
to sleep stages for the first time. In previous papers,
generations of sleep rhythms were, most of time,
interpreted on basis of the surface topographies of EEG
recordings [22–28]. In this article, we try to estimate
the EEG sources, and the results can be compared with
EEG mappings under acceptance of certain premises.
The effect of an EEG source on the scalp potential
depends on the position, the amplitude and the orien-
tation of this current source. Due to its position and
orientation, a high-intensity deep source can be difficult
to detect from a direct recording of the EEG potentials.
On the contrary, a weak source close by may have a
greater influence on electrodes. Moreover, the observed
EEG potential over the scalp results from a combina-
tion of several sources. So, three-dimensional source
reconstruction must lead to a more realistic image than
a simple mapping of the global effect over the scalp.

Nevertheless, some aspects of source localisation and
EEG mapping can be compared. For example, the
prevalence of the low frequencies in anterior brain
regions and the higher frequencies in posterior posi-
tions, consistently shown in our figures, have already
been described in many EEG mapping studies [9].

About the low frequency distribution and sleep stage,
Armitage et al. [23] affirm that δ-activity in slow wave
sleep was more asymmetrical than in stage 2. Our study
not only confirms these statements, but provides even
more accurate information. In fact, we have noticed
that the maximum of δ-activity during slow wave sleep
was located in the left inferior temporal and in the left
inferior frontal lobe during stage 2. So, this source
localisation change involves a less asymmetrical EEG
observation over the scalp during stage 2. Our analysis
is in agreement with the suggestion Sekimoto et al. [25]
that there exist distinct lateralities in the quantity of
δ-waves in the central region, reflecting the functional
asymmetry of the brain. Our three-dimensional analysis
can be also confirmed by a MEG study [29], in which
one subject reached a deep sleep stage. An important
δ-activity was detected in the left temporal area during
this sleep stage. In paradoxical sleep (Rapid Eye
Movement Sleep), the localisation of the δ-power in the
superior frontal cortex is most likely related to the
ocular activity and is coherent with direct EEG and
EOG traces. Concerning higher frequencies, we have
noticed that α-activity was more significant in the right
hemisphere, regardless of the sleep stages. In an EEG
mapping study, Benca [28] also established a tendency
for a rightward shift in α-power during sleep.

In summary, we find many points in common between
our approach and EEG mapping investigations, but our
methodology allows comparison with other three-
dimensional physiological assessments too. If we
assume that high frequencies (θ, α and �) result from
an energy-consuming process and low frequencies (δ)
from an economical process, we could fit activated
areas for rCBF or magnetic resonance imaging methods
(MRI) to those of high-frequency sources and deacti-
vated areas to low-frequency sources. Our approach
only considers localisation in the grey matter that
renders results difficult to be fully compared to those
obtained with rCBF or Magnetic Resonance Imaging.
Despite fundamental difficulties, common observations
can be made indeed. A MRI study of Lovblad and al.
[2] proved that visual cortex is more activated during
paradoxical sleep. This statement seems to be very
consistent with the θ activity seen in Fig. 1. Similarly,
the δ-activity observed in the temporal lobe during
slow wave sleep seems to be in relation with the
deactivation in some mesiotemporal cortical areas
observed by Maquet [13] using an rCBF device.

5. Conclusion

The approach that we presented in this article con-
stitutes a promising methodology to study the cerebral

281

To cite this article: A. Coatanhay et al., C. R. Biologies 325 (2002) 273–282



electrical activity. Based on EEG mapping recordings,
our method is a low-cost and non-invasive technique
that can be applied for a nearly unlimited period of
time. The use of Fourier analysis of the electrical signal
distinguishes the (possibly functional-relevant) activi-
ties in different frequency bands. In addition to classical
EEG mapping methods, we report a three-dimensional
way to analyse generators of the cerebral activity.

In fact, we showed that our method provides a very
detailed description of physiological changes in neu-

roanatomical substrates that correlate to sleep during
different stages; the interpretation is compatible to
those derived on the basis of other techniques (classical
EEG mapping, MRI, rCBF). As a consequence, this
paper offers an argument in favour of the validation of
the presented methodology as a tool for in-depth
exploration of cerebral electromagnetic activity; the
way is open for clinical applications in sleep distur-
bance or study of drug effects, for instance.
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